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Posttranscriptional Modification to Modulate Progenitor
Differentiation on Heterotypic Spheroids

Nazmiye Celik, PhD,1,2 Srinivas V. Koduru, PhD,3 Dino J. Ravnic, DO,4 Ibrahim T. Ozbolat, PhD,1,2,5–8

and Daniel J. Hayes, PhD2,5,6

Cell aggregates are widely used to study heterotypic cellular interactions during the development of vasculariza-
tion in vitro. In this study, we examined heterotypic cellular spheroids made of adipose-derived stem cells and
CD34+/CD31- endothelial progenitor cells induced by the transfection of miR-148b mimic for de novo induction
of osteogenic differentiation and miR-210 mimic for de novo induction of endotheliogenesis, respectively. The
effect of the microRNA (miRs) mimic treatment group and induction time on codifferentiation was assessed in
spheroids formed of transfected cells over the course of a 4-week culture. Based on gene and protein markers of
osteogenic and endotheliogenic differentiation, as well as mineralization assays, our results showed that miRs
directed cell differentiation and that progenitor maturity influenced the development of heterotypic cellular
regions in aggregates. Overall, the success of coculture to create a prevascularized bone model is dependent on a
number of factors, particularly the induction time of differentiation before combining the multiple cell types in
aggregates. The approach that has been proposed could be valuable in creating vascularized bone tissue by
employing spheroids as the building blocks of more complex issues through the use of cutting-edge methods
such as 3D bioprinting.
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Impact Statement

Biofabrication of heterotypic adipose-derived cell aggregates using miRs has implications for those aiming to drive simultane-
ous differentiation of osteogenic and endotheliogenic components for 3D complex bone tissue generation. The findings shown
here suggest that the cross-talk between miR-induced progenitors is affected by the relative maturity of these osteogenic and
endotheliogenic progenitors.
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Introduction

D uring the past two decades, bone tissue engineering
techniques have become one of the most promising

alternative approaches for the treatment of critical-sized
bone defects.1–3 Three-dimensional (3D) scaffold-free con-
structs, such as cell aggregates, have received much attention
as they more accurately mimic the features of complex
native tissue microenvironment. Two-dimensional (2D) cul-
ture techniques have some notable limitations including a
limited expansion area, loss of cells’ clonal and differentia-
tion potential following long-term cell passaging, and a lack
of dynamic microenvironment that is similar to the native
tissue microenvironment, which play key roles in the regula-
tion of stem cell differentiation.4 In contrast to 2D, 3D cul-
ture methods are better able to recapitulate the native tissue
microenvironment and facilitate complex tissue formation
using multiple cell types. However, to realize this potential
in tissue engineering, a major hurdle must be overcome in
the development of sufficient vascular networks to deliver
nutrients, oxygen, and cytokines to maintain viability in
large-scale tissue grafts.2,3,5 As such, vascularization is argu-
ably the most important practical limitation in the use of cell
aggregates toward scalable biofabrication tissues.

A form of mesenchymal stem cell which has been isolated
from adipose tissue and called adipose-derived stem cells
(ADSCs) has generated much interest for potential use in
bone tissue regeneration. The use of these cells in vivo in
segmental defects has shown that they can promote osteo-
genesis and endotheliogenesis by secreting potent growth
factors such as bone morphogenic protein (BMP), vascular
endothelial growth factor (VEGF), and fibroblast growth
factor-2 .6–8 ADSCs have additionally been shown to be capa-
ble of endothelial differentiation and tube formation in cocul-
ture systems.7,9 Moreover, CD34 is an essential marker to
identify vascular endothelial progenitor cells (EPCs)10 and
CD31 is widely regarded as a marker for mature endothelial
cells (ECs).11 Our previous study showed that CD34+/CD31-

cells isolated from the adipose stromal vascular fraction
(SVF) showed VEGF-induced EC phenotype in vitro.12 How-
ever, there are still difficulties to be overcome in forming sta-
ble vascular structures capable of integrating with endogenous
vasculature in vivo.

Coculturing ECs or EPCs with osteoprogenitors has been
explored for promotion of vascularized tissue formation.13,14

Tissue engineering has used coculture systems that include
mature ECs and ADSCs to discover the functions of angio-
genic factors required to create mature and stable vascular
network growth.15–18 Several studies have also used cocul-
ture system of ADSCs for osteogenic tissue formation with
mature ECs, such as human umbilical vein endothelial cells
(HUVECs).19–21 Although HUVECs enhance osteogenesis
when cocultured with ADSCs in vitro, using of mature dif-
ferentiated cells such as HUVECs often results in poor tissue
integration, reduced tissue volume, and can result in a robust
host response.22–24 Studies have also showed that while the
rate of differentiation of stem cells to osteoblasts was
affected by the presence of mature ECs, mature osteoblasts
or stem cells did not affect the rate of differentiation of
EPCs.25 In addition, regardless of the cell maturation rates,
each cell type has specific nutrient requirements and requires

a corresponding specific medium composition. When multiple
distinct cell types are cocultured, they can have very different
media requirements to promote cell-type specific proliferation
and differentiation.

There is a need to have a better understanding of the molecular
mechanisms that modulate the codevelopment of osteogenic and
endotheliogenic differentiation in parallel from human stem cells.
This codifferentiation process may be achieved through transient
genetic modification of ADSCs using microRNAs (miRs). To
the best of our knowledge, no study has focused on the interac-
tions between paracrine factors and miRs specifically in ADSC
differentiation.26 It is particularly important because up to 30% of
human genes may be controlled by miRs, according to bioinfor-
matics studies.27 MiR expression has tissue or cell specificity,28

where they can act as key regulators in diverse biological proc-
esses, such as early development, cell proliferation, differentia-
tion, migration and apoptosis, depending on the expression of the
miR targets.29 MiRs have the ability to regulate a number of sig-
naling pathways and transcription factors involved in osteoblast
differentiation.26 Several miRNAs have been found that modulate
osteogenic differentiation in ADSCs, including miR-148b.24,30

Previous studies have showed that miR-148b induces osteogenic
differentiation de novo in bone marrow-derived stem cells
(BMSCs) and ADSCs by upregulating BMPs and inducing alka-
line phosphatase (ALP) activity.24,31–33 Studies have also revealed
that miR-210, known as the master hypoximiR,34 could induce
endothelial differentiation and angiogenesis.24,35–37 In this pro-
cess, miRs may be necessary for the commitment and differen-
tiation of ADSCs into specific lineages.37,38 Studies have
showed that the expression of paracrine signals are modulated
by miRs.39 Collectively, better understanding of the interac-
tions between paracrine signals and miRs, and of their effect
on the development of vascularized osteogenic tissues, will
help advance new strategies to improve treatment of segmental
bone defects caused by diseases, such as osteonecrosis,40

osteomylitis,41 and osteoporosis.42

In this study, we evaluated the impact of codifferentiation of
endothelial and osteogenic progenitor cells induced by miRs on
the development of early vascularization in heterotypic cellular
bone spheroids. In particular, we examined the codifferentiation
with miR-148b-transfected ADSCs and miR-210-transfected
CD34+/CD31- cells combined at different induction time points
toward osteogenic and endotheliogenic lineages, respectively.
We performed mineralization and biochemical essays, as well
as gene and protein level assessments of osteogenic and endo-
theliogenic differentiation markers.

Materials and Methods

Human ADSCs and CD34+/CD31- Cell Isolation
and Culture

With the patients’ consent and approval, conducted under the
Institutional Review Board protocol (IRB protocol #4972), sur-
gically discarded adipose tissues were obtained from patients,
undergoing elective panniculectomy at Pennsylvania State Uni-
versity (Hershey, PA). Human ADSCs and CD34+/CD31- cells
were isolated from these tissues. The tissue samples were
chopped and washed with Hanks balanced salt solution (HBSS)
several times to eliminate any remaining blood.12,24 Minced adi-
pose tissue was digested with 0.2% of collagenase (Gibco,
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Gaithersburg, MD) and incubated at 37�C on a shaker for
2 h. The collagenase-digested tissue was centrifuged for 10 min
at 2,000 rpm and the pellet was obtained. After resuspending
the pellet in red blood cell lysis buffer, large tissue particles
were removed by serial filtration through 40 lm and 100 lm
filters followed by centrifugation. The SVF was obtained by
resuspending the pellet in HBSS buffer and separating it on a
Ficoll gradient centrifuge for 30 min at 2,000 rpm. This pro-
duced the white layer band. For human ADSCs, the SVF was
resuspended in magnetic activated cell sorting (MACS) buffer
and passed through an AutoMACs Pro cell sorter (Milteyni
Biotec, CA) to separate ADSCs using CD90 microbeads. Flow
cytometry was performed to confirm the results with stem cell-
specific markers CD73 and CD9012. To isolate human CD34+/
CD31- cells, we first used Miltenyi Biotec, CA, microbeads to
remove CD31- cells from SVF. After the depletion of CD31,
the cells were sorted using autoMACS Pro (Miltenyi Biotec,
CA) and tagged with CD34+ microbeads. Flow cytometry was
used to assess the purity of isolated CD34+ cells. Briefly, BD
Cytofix (BD Biosciences PharMingen, Franklin Lakes, NJ) was
used to fix CD34+ cells after they were centrifuged to produce
a cell pellet.12 The cells were then washed and resuspended in
BD perm wash buffer for 10 min. CD34 cells were then resus-
pended in perm/wash buffer with primary antibody, CD34-
FITC, CD31-PE (BD Biosciences, Franklin Lakes, NJ), and
incubated at room temperature for 30 min and washed. Labeled
cells were acquired by a LSR-II flow cytometer (BD Bioscien-
ces, Franklin Lakes, NJ) and the data were analyzed using
FlowJo (Ashland, OR) software.12 Human ADSCs and CD34+/
CD31- cells that were previously sorted were cultured at
37�C with 5% CO2 in Dulbecco’s modified Eagle medium
(DMEM)/F12 supplement containing 20% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 lg/mL streptomycin.
Every 3 days, the cell medium was replaced.

Osteogenic and Endotheliogenic Differentiation with

Chemical Transfection via miRs

DMEM/F12, lipofectamine RNAiMAX transfection rea-
gent, and Opti-Minimum Essential Medium (MEM)-reduced
serum medium were purchased from ThermoFisher Scientific
(Waltham, MA). Custom oligonucleotides (miR-148b: 5¢-
UCAGUGCAUCACAGAACUUUGU-3¢; miR-210: 5¢-
CUGUGCGUGUGACAGCGGCUGA-3¢) were ordered from
Integrated DNA Technologies (Coralville, IA).24 Cells were
seeded in 175 cm3 cell culture flasks at a density of 1 · 106.
ADSCs were transfected by miR-148b and human CD34+/
CD31- cells were transfected by miR-210 mimic separately
when cells reached a confluence of 80% before being seeded
in opti-MEM medium (Gibco, Carlsbad, CA) for 24 h. Invi-
trogen Lipofectamine RNAiMAX transfection reagent was
used for transfection and mixed with miR-148b or -210
according to the manufacturer’s protocol. The transfection
process took over 24 h. The final concentration of miR-148b
and -210 in opti-MEM medium was determined to be 200 nM
per 175 cm3 cell-culture flasks. The final concentration of
miR-148b and miR-210 in the opti-MEM medium was 200
nM for a volume of 10 mL based on results from our previous
studies.24,43 The miRNA mimic solution in opti-MEM at a
concentration of 200 nM was transferred to 175 cm2 cell-
culture flasks and incubated at 37�C and 5% CO2 for 24 h.

Trypsinization was used to collect transfected cells for the use
in making of spheroids.

Transfection Efficiency

Custom fluorescence-labeled oligonucleotides (miR-210:
5¢ 6-Cy5-CUG UGC GUG UGA CAG CGG CUG A- 3¢;
miR-148b: 5¢ UCA GUG CAU CAC AGA ACU UUG U
6-FAM 3¢) were sourced from Integrated DNA Technologies
(Coralville, IA). Cells were seeded at an initial density of 2 · 105

in 75 cm2 cell-culture flasks. The ADSCs and CD34+/CD31-

cells were transfected, in separate flasks, by Fluorescein ami-
dite (FAM)-labeled miR-148b and Cy5-labeled miR-210
mimic, respectively. The transfected cells were collected by
trypsination to determine the transfection efficiency via flow
cytometry (BD Bioscience, USA). Three groups, unlabeled
(nontransfected) CD34+/CD31- cells, a 1:4 (CD34+/CD31-

cells: ADSCs) ratio of transfected cells, and Cy5-labeled (trans-
fected) CD34+/CD31- cells, were created for analysis. Approxi-
mately, 1 · 105 cells were collected for each flow cytometry
analysis by Phosphate Buffered Saline (PBS) with 0.2% FBS
(Supplementary Figs. S2–S3).

Osteogenic Induction by Differentiation Medium

Basal media HyClone DMEM/F12 (Hyclone, Marlbor-
ough, MA) was supplemented with 10% FBS and 1% antibi-
otic solution (10,000 lg mL-1 penicillin and streptomycin).
For the osteogenic differentiation as a positive control group,
basal media was supplemented with ascorbate-2-phosphate
(50 lM), dexamethasone (0.1 lM), and b-glycerophosphate
(10 mM) used for the culture of spheroids at 37�C and 5%
CO2. We changed the medium every 3 days.

Fabrication of Spheroids

To fabricate spheroids, both human ADSCs and CD34+/
CD31- cells were harvested with trypsin and collected by
centrifugation at 1,600 rpm for 5 min. Cells were reconsti-
tuted to 2.5 · 105 cells per mL consisting of a mixed popula-
tion of 80% ADSCs and 20% CD34+/CD31- cells in basal
medium. The cell suspension (200 mL) was pipetted into a
single well of a U-bottom 96-well microplate (Greiner Bio-
One, Monroe, NC). The plates were then placed in the incu-
bator for the formation of spheroid overnight at 37�C in a
humid atmosphere with 5% CO2. The basal medium used to
grow spheroids was changed every 3 days. The osteogenic
media was used to differentiate spheroids osteogenically as
the positive control group, and the medium was changed
every 3 days. The fabricated spheroids were removed from
the U-bottom wells by forcefully pipetting the growth media
up and down after 28 days of differentiation (Fig. 1).

We evaluated three different stages in our experiments. We
called the stages as the initial stage if the induction time was
2 days for the miR-148b transfection, the early stage if the
induction time was 6 days for the miR-148b transfection, and
the middle stage if the induction time was 12 days for the
miR-148b transfection. Each of the stages are also evaluated as
changing the induction time of miR-210 transfection as 2 days,
6 days, and 12 days. The reader is referred to Table 1 for the
groups’ information. In addition to Table 1, we evaluated sphe-
roids formed with only CD34+/CD31- cells after 2 days trans-
fection by miR-210, spheroids composed of CD34+/CD31-
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cells after 12 days transfection by miR-210, and spheroids
composed of nontransfected (control) CD34+/CD31- cells for
preliminary studies (Supplementary Fig. S1).

Gene Expression Using Quantitative Real-Time

Polymerase Chain Reaction

To evaluate the osteogenic and endotheliogenic gene
expression profiles using quantitative real-time polymerase
chain reaction (qRT-PCR), three different groups for initial,
early, and late stages were harvested at days 14 and 28. Sam-
ples were homogenized in TRIzol reagent (Life Technolo-
gies, Carlsbad, CA) and PureLink RNA Mini Kit (Thermo
Fisher Scientific, Waltham, MA) according to the manufac-
turer’s protocol. A Nanodrop (Thermo Fisher Scientific, PA)
was used to measure the concentration of RNA. Reverse tran-
scription was performed using AccuPower� CycleScript RT
PreMix (BIONEER, Daejeon, Korea) following the manufac-
turer’s instructions. Gene expression was analyzed quantita-
tively with SYBR Green (Thermo Fisher Scientific, Pittsburg,
PA) using a QuantStudio 3 PCR system (Thermo Fisher Scien-
tific, Waltham, MA). Osteogenic and endotheliogenic genes
evaluated included angiopoietin-1 (ANGPT-1), collagen type-1
(Col-1), platelet/EC adhesion molecule-1 (PECAM-1), runt-
related transcription factor-2 (RUNX2), osteocalcin (OCN),
BMP-4, bone sialoprotein (BSP), and ALP. Refer to Table 2
for the gene sequences. Expression levels for each gene were
then normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The fold change of ADSC spheroids after forma-
tion at Day 2 was set as one-fold and values in osteogenic
groups were normalized with respect to that of the group.43,44

Mineralization staining

Histological analysis was used to evaluate the hydroxyap-
atite deposition of spheroids for each group and stage fol-
lowing 14 and 28 days of culture. Spheroids were first
washed with Dulbecco’s Phosphate Buffered Saline (DPBS)
and then left overnight at room temperature (25�C) in 10%
neutral buffered formalin. Samples were gradually dehy-
drated in alcohol and embedded in paraffin using a Leica TP
1020 automatic tissue processor (Leica, Buffalo Grove, IL).
Then, samples were sectioned in 10-mm thickness. To evalu-
ate mineralization, the OsteoimageTM Mineralization Assay
(Lonza) was used. After three room temperature washes
with OsteoimageTM wash buffer, sectioned spheroids were
incubated for 30 min in the dark at room temperature with
2 mL of staining reagent.24

Immunofluorescence Staining and Histochemistry

Spheroids that had been cultured for 28 days were fixed in
10% formalin for 60 min after being rinsed three times with
DPBS for each group. Samples were processed through an
automated tissue processor (Leica TP 1020) and gradually
dehydrated in alcohol before being embedded in paraffin.
Samples were then divided into 10-mm-thick sections. Sam-
ples that had been sectioned were permeabilized for 10 min
in 0.2% Triton X-100, and then blocked for 60 min at room
temperature using 2.5% normal goat serum (NGS).24 Sam-
ples were incubated with antirunx2 primary antibody (1:500
in 2.5% NGS) to visualize osteogenic formation and anti-
CD31 primary antibody (1:500 in 2.5% NGS) to visualize
endotheliogenic differentiation. After three DPBS washes,

FIG. 1. The schematic diagram of the process to fabricate spheroids made of cells transfected by miR-210 and -148 b.
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the samples were incubated with goat antimouse Alexa Fluor
488 secondary antibody (1:200 in 2.5% NGS), goat antirab-
bit Alexa Fluor 647 secondary antibody (1:200 in 2.5%
NGS), and 4¢,6-diamidino-2-phenylindole (DAPI; 1:200 in
2.5% NGS) for 3 h. Stained samples were examined with a
Zeiss LSM 880 Airyscan confocal microscope.

To confirm spheroid morphologies, sectioned samples
were also stained with hematoxylin and eosin (H&E)
using the Leica Autostainer XL based on the manufac-
turer’s protocol. After the staining process, stained sec-
tions were mounted using a xylene substitute mountant
(Thermo Scientific, Waltham, MA) and stored at room
temperature for drying overnight. Stained samples were

imaged using an EVOS (Invitrogen, Waltham, MA) Auto
FL microscope.

Alizarin Red S Staining

Using the Leica Autostainer, sections were dewaxed and
then stained with Alizarin Red S in accordance with stand-
ard protocols. In brief, slices were incubated for 2 h at
room temperature with Alizarin Red solution (EMD Milli-
pore Corp., Billerica, MA). After removing excess dye,
four Deionized Water (DI water) washes were performed.
Coverslips were mounted to slides using the Xylene Sub-
stitute Mountant after being allowed to dry for 20 min at

Table 1. Spheroid Groups Transfected with miRs and the Control Groups

Stage Group name Description

Initial Stage 2Day-O + 2 Day-E Spheroids formed by ADSCs after 2 days of transfection by miR-148b, and
CD34+/CD31- cells after 2 days of transfection by miR-210 cultured for
28 days in basal medium

2 Day-O + 6 Day-E Spheroids formed by ADSCs after 2 days of transfection by miR-148b, and
CD34+/CD31- cells after 6 days of transfection by miR-210 cultured for
28 days in basal medium

2 Day-O + 12 Day-E Spheroids formed by ADSCs after 2 days of transfection by miR-148b, and
CD34+/CD31- cells after 12 days of transfection by miR-210 cultured
for 28 days in basal medium

Early Stage 6 Day-O + 2 Day-E Spheroids formed by ADSCs after 6 days of transfection by miR-148b, and
CD34+/CD31- cells after 2 days of transfection by miR-210 cultured for
28 days in basal medium

6 Day-O + 6Day-E Spheroids formed by ADSCs after 6 days of transfection by miR-148b, and
CD34+/CD31- cells after 6 days of transfection by miR-210 cultured for
28 days in basal medium

6 Day-O + 12 Day-E Spheroids formed by ADSCs after 6 days of transfection by miR-148b, and
CD34+/CD31- cells after 12 days of transfection by miR-210 cultured
for 28 days in basal medium

Middle Stage 12 Day-O + 2 Day-E Spheroids formed by ADSCs after 12 days of transfection by miR-148b,
and CD34+/CD31- cells after 2 days of transfection by miR-210 cultured
for 28 days in basal medium

12 Day-O + 6 Day-E Spheroids formed by ADSCs after 12 days of transfection by miR-148b,
and CD34+/CD31- cells after 6 days of transfection by miR-210 cultured
for 28 days in basal medium

12 Day-O + 12 Day-E Spheroids formed by ADSCs after 12 days of transfection by miR-148b,
and CD34+/CD31- cells after 12 days of transfection by miR-210
cultured for 28 days in basal medium

Controls Positive Control Group Spheroids formed by CD34+/CD31- cells and ADSCs cultured for 28 days
in osteogenic induction medium

Negative Control Group Spheroids formed by CD34+/CD31- cells and ADSCs cultured for 28 days
in basal medium

Table 2. Primer Sequences for Measured mRNAs by Reverse Transcriptase-Polymerase Chain Reaction

mRNA Forward primer (5¢?3¢) Reverse primer (5¢?3¢)

RUNX2 GGTTAATCTCCGCAGGTCACT CACTGTGCTGAAGAGGCTGTT
COL1 ATGACTATGAGTATGGGGAAGCA TGGGTCCCTCTGTTACACTTT
BMP4 TAGCAAGAGTGCCGTCATTCC GCGCTCAGGATACTCAAGACC
OCN TCACACTCCTCGCCCTATTG TCGCTGCCCTCCTGCTTG
ALP AGCTGAACAGGAACAACGTGA CTTCATGGTGCCCGTGGTC
BSP AACGAAGAAAGCGAAGCAGAA TCTGCCTCTGTGCTGTTGGT
PECAM-1 TAATACAACATCCACGAGGGTCC ACAAAATTGCTTGCTAAAGAAGTGG
ANGPT-1 GTTCAGTCAGGGGAGCAGAG CTCCAGACCCACCACAAGAT
GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA
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room temperature. The EVOS Auto FL microscope was
used to image differentiated cells with mineral deposits by
staining them brilliant red.

Statistical analysis

Each value was presented as mean – standard deviation.
One-way analysis of variance (ANOVA) was used to exam-
ine multiple comparisons, and a post hoc Tukey’s multiple-
comparison test was used to identify the individual differen-
ces through groups. At *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001, differences were deemed significant.
GraphPad Software Inc., La Jolla, California’s Prism soft-
ware was used for all statistical analysis.

Results

Initial Stage Differentiation of Heterotypic Cellular

Spheroids

To investigate the impact on codifferentiation of hetero-
typic cellular spheroids, as a function of miRNA mimic
treatment group and induction time, on the formation of min-
eralized bone-like tissue with osteogenic and endothelio-
genic induction, we examined three different differentiation
stages denoted as initial, early, and middle, assigned based
on the osteogenic induction time (Table 1). Differentiation
potential of these groups was characterized in detail and an
effective differentiation timeline was established before
combining inducted cells into spheroids to enable the forma-
tion of a prevascularized bone model (Fig. 1).

For the initial stage group, spheroids were formed using
2-day miR-148b (osteogenic) transfected ADSCs and miR-210
(endotheliogenic) transfected CD34+/CD31- cells at 2-, 6-, or

12 days after transfection. These cells were combined at a
4:1 ratio of ADSCs to CD34+/CD31- cells and cultured for
28 days in total in basal medium. In the early-stage group,
spheroids were formed using 6-day miR-148b transfected
ADSCs and miR-210 transfected CD34+/CD31- cells at 2-, 6-,
and 12 days after transfection at the same 4:1 ratio and again
cultured for 28 days in basal medium. For the middle stage
group, spheroids were formed using 12-day miR-148b-
transfected ADSCs and miR-210-transfected CD34+/CD31-

cells at 2-, 6-, and 12 days after transfection at the same 4:1
ratio and cultured for 28 days in basal medium (Fig. 1). In
the positive control group, spheroids were prepared using
nontransfected ADSCs and nontransfected CD34+/CD31-

cells mixed at a 4:1 ratio and cultured for 28 days in total in
osteogenic induction medium. In the negative control group,
spheroids were prepared using nontransfected ADSCs and
nontransfected CD34+/CD31- cells mixed at a 4:1 ratio and
cultured for 28 days in basal medium. All of the experimen-
tal groups are defined and presented in Table 1. On days 14
and 28, spheroids were collected for analysis of all groups.

For all stages and groups, osteogenic and endotheliogenic
differentiation of heterotypic spheroids were validated using
immunofluorescence (IF) staining showing RUNX2 and
PECAM-1 counterstained with DAPI, respectively.

Confocal images of the initial stage group showed the strong-
est expression of RUNX2 when 2-day miR-148b-transfected
ADSCs and 12-day miR-210-transfected CD34+/CD31- cells
were combined (2 Day-O + 12 Day-E) and cultured for 4 weeks
(Fig. 2a). Although all initial stage groups showed similar level
of RUNX2 expression at week 1, the group with 12-day CD34+/
CD31- cell transfection developed more evident RUNX2 expres-
sion at week 4 (Fig. 2a). Whereas IF images demonstrated that
PECAM-1 staining expressed well for all initial-stage groups at

FIG. 2. (a) Immunostaining (DAPI in blue, RUNX2 in green, and PECAM-1 in red) images of initial-stage groups at
weeks 2 and 4. Gene expression levels of initial-stage groups for osteogenic and endothelial markers at (b) weeks 2
and (c) 4. Scale bars in insets correspond to 100 mm (n = 3; p* < 0.05; p** < 0.01; p*** < 0.001; p**** < 0.0001).
DAPI, 4¢,6-diamidino-2-phenylindole; RUNX, runt-related transcription factor-2; PECAM-1, platelet/endothelial cell
adhesion molecule-1.
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weeks 2 and 4 (Fig. 2a). IF results for the initial-stage groups
showed that 2 days of miR-148b mimic transfection in ADSCs
did not induce robust osteogenic differentiation until they were
combined with 12 days miR-210-transfected CD34+/CD31- cells
in the same spheroid environment for 4 weeks (Fig. 2a).

The relative expression of osteogenic gene markers, includ-
ing COL-1, RUNX2, BMP-4, ALP, OCN, and BSP, and endo-
theliogenic gene markers, including PECAM-1 and ANGPT-1,
were assessed using RT-PCR for the initial stage groups at
weeks 2 and 4 (Figs. 2b, c). There was no significant difference
among transfected initial stage groups at week 2. However,
spheroids cultured in osteogenic induction medium (positive
control) showed significantly higher gene expression than
transfected groups for BMP-4 and OCN markers at week 2
(Fig. 2b). Similar to IF image results, RUNX2 gene expression
was*26-, 7-, and 7-fold higher in 2 Day-O + 12 Day-E group
compared with the groups including 2 Day-O + 2 Day-E,
2 Day-O + 6 Day-E, and the positive control, respectively, at
week 4 (Fig. 2c). Overall, all osteogenic markers but BSP
showed significantly higher gene expression in 2 Day-O + 12
Day-E group as compared with other transfected groups at
week 4. For the endothelial genes ANGPT-1 and PECAM-1,
there were no significant difference between groups at week
2. Although PECAM-1 was *10-, 5.3-, and 26.5-fold higher
in 2 Day-O + 12 Day-E group compared with 2 Day-O + 6
Day-E, and positive control groups, respectively at week 4.
For the initial stage groups, both IF and RT-PCR results
indicate that 12-day miR-210 mimic transfection supported
higher level of osteogenic differentiation in spheroids, whereas
2 days miR-210 transfection was capable for endotheliogenic
differentiation with a combination of 2 days of miR-148b
transfection at week 4.

To demonstrate the mineralization potential of spheroids
for all groups, Osteoimage� staining, an indicator staining
for hydroxyapatite deposition during bone formation, was
performed at weeks 2 and 4. The 2 Day-O + 12 Day-E group
exhibited the strongest fluorescent intensity among the initial
stage groups at week 4 (Fig. 3). However, all transfected
groups showed a large cluster of mineralization similar to
the positive control for the initial stage at week 4 (Fig. 3).

H&E images of spheroids of the initial stage group demon-
strated no significant difference between transfected groups at
week 2 (Fig. 4). Spheroids of the 2 Day-O + 12 Day-E group
showed stronger bone matrix deposition as compared with
other groups at week 4 (Fig. 4). In order to further confirm the
morphology and osteogenic differentiation of the initial stage
group spheroids, Alizarin Red staining was also performed at
weeks 2 and 4. Spheroids of the 2 Day-O + 12 Day-E group
exhibited the strongest Alizarin Red staining among the initial
stage groups similar to the positive control during the 4-week
differentiation process (Fig. 4).

Early-Stage Differentiation of Heterotypic Cellular

Spheroids

Confocal images of the early-stage group showed that
spheroids formed by 6-day miR-148b-transfected ADSCs
with either 6-day or 12-day miR-210-transfected CD34+/
CD31- cells exhibited a similar staining trend for RUNX2
with the positive control group at week 2. However, the
6 Day-O + 12 Day-E group showed greater staining of
RUNX2, whereas the 6 Day-O + 6 Day-E group showed
similar expression of RUNX2 as compared with weeks 2
and 4. Moreover, IF images of PECAM-1 exhibited a

FIG. 3. Osteoimage� staining of the initial-stage group spheroids along with negative and positive controls at weeks
2 and 4.
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stronger expression for spheroids of the 6 Day-O + 2 Day-E
or the 6 Day-O + 6 Day-E groups at week 4. Interestingly,
the 6 Day-O + 12 Day-E group exhibited the strongest
RUNX2 expression, whereas the 6 Day-O + 2 Day-E group
exhibited the strongest PECAM-1 expression at week 4
(Fig. 5a).

Gene expression of osteogenic and endotheliogenic markers
was also quantified by qRT-PCR for the early-stage groups at
weeks 2 (Fig. 5b) and 4 (Fig. 5c). The OCN marker showed
significantly higher gene expression for the positive control
group as compared with other transfected groups at week 2
(Fig. 5b). There were no significant differences among the
early-stage groups pertaining to RUNX2, ALP, BSP, and
ANGPT-1 gene markers at week 2 (Fig. 5b). In general, there
was an increased expression of these markers for the 6 Day-O +
12 Day-E group at week 4 compared with those at week 2. The
6 Day-O + 12 Day-E group had a significant difference for the
expression of PECAM-1 as compared with other groups at
weeks 2 and 4. Overall, RT-PCR for the early-stage group
results indicated that 12-day miR-210 mimic transfection sup-
ported a higher level of osteogenic and endotheliogenic differ-
entiation in spheroids at week 4 (Fig. 5c).

For the early-stage group spheroids, there were no signifi-
cant difference among groups in terms of Osteoimage� stain-
ing at week 2. However, the 6 Day-O + 6 Day-E group
showed decreased calcium deposition at week 4 as compared
with that at week 2. Overall, all groups but the 6 Day-O +

6 Day-E group exhibited large clusters of calcium deposition as
similar to the positive control group at weeks 2 and 4 (Fig. 6).

Alizarin Red staining of the early-stage group sphe-
roids exhibited a substantial staining for calcium deposi-
tion on both the 6 Day-O + 2 Day-E and 6 Day-O + 12
Day-E groups at week 4. Although spheroids of the 6
Day-O + 6 Day-E group demonstrated less Alizarin Red
staining as compared with other transfected groups, the same
group demonstrated a high-density Extra Cellular Matrix
(ECM) deposition, which was visualized with a dark pink
color at week 4 (Fig. 7). H&E images for the 6 Day-O + 2
Day-E and the 6 Day-O + 6 Day-E groups showed mostly
nonmineralized tissue formation, which was identified as light
pink color at week 2, but increasing the transfection time of
miR-210 transfection (6 Day-O + 6 Day-E) resulted in
improved matrix deposition at week 4 (Fig. 7).

Middle-Stage Differentiation of Heterotypic Cellular
Spheroids

For the middle-stage group spheroids, there was no significant
difference between groups at Week 2 based on confocal images
(Fig. 8). Confocal images of middle-stage showed that spheroids
formed by 12-day miR-148b mimic-transfected ADSCs with
either 6-day or 12-day miR-210 mimic-transfected CD34+/
CD31- cells exhibited similar trend for RUNX2 expression with
respect to the positive control group at week 2. The 12 Day-O +
12 Day-E group showed a decreased RUNX2 staining at week

FIG. 4. Alizarin Red and H&E staining for the initial-stage group spheroids along with negative and positive controls
at weeks 2 and 4. H&E, hematoxylin and eosin.
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4 as compared with week 2. Moreover, IF images stained for
PECAM-1 exhibited a strong of the expression for spheroids of
the 12 Day-O + 2 Day-E or 12 Day-O + 6 Day-E groups at
week 4. Interestingly, the 12 Day-O + 12 Day-E group exhibited
the strongest RUNX2 expression, whereas the 12 Day-O + 2
Day-E group exhibited the strongest PECAM-1 expression at
week 4 (Fig. 8a).

As described before, RT-PCR was used to check gene
expression level of osteogenic and endotheliogenic markers for
the middle-stage groups at weeks 2 (Fig. 8b) and 4 (Fig. 8c).
The results revealed significantly higher OCN expression
for the positive control group as compared with other trans-
fected groups similar to results with initial and early-stage
groups at week 2 (Fig. 8b). There were no significant

FIG. 5. (a) Immunostaining (DAPI in blue, RUNX2 in green, and PECAM-1 in red) images of early-stage groups at
weeks 2 and 4. Gene expression levels of early-stage groups for osteogenic and endothelial markers at (b) weeks 2 and
(c) 4. Scale bars in insets correspond to 100 mm (n = 3; p* < 0.05; p** < 0.01; p*** < 0.001; p**** < 0.0001).

FIG. 6. Osteoimage� staining of the early-stage group spheroids along with negative and positive controls at weeks 2 and 4.

MICRORNA TRANSFECTED HETEROTYPIC CELLULAR SPHEROIDS 9

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f M

in
ne

so
ta

 T
w

in
 C

iti
es

 fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

8/
06

/2
4.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



differences among the early-stage groups in the expression
of RUNX2, ALP, BSP, and COL-1 at week 2 (Fig. 8a).
There was increased expression of all genes in the 12 Day-
O + 2 Day-E group at week 4 compared with those at week 2.
Overall, RT-PCR results indicate that 12-day of miR-148b
transfection supported higher level of osteogenic and endo-
theliogenic differentiation in spheroids when cocultured
with 2-day miR-210 transfected CD34+/CD31- progenitors
at week 4 (Figs. 8b–c).

For the middle-stage group spheroids, there were no sig-
nificant difference among groups except the negative con-
trol group in terms of Osteoimage� staining at week 2. The
12 Day-O + 2 Day-E and the 12 Day-O + 6 Day-E groups
showed increased calcium deposition at week 4 as com-
pared with those at week 2. Overall, all groups showed
considerable amount of calcium deposition at weeks 2 and 4
(Fig. 9).

Alizarin Red staining of the middle-stage group spheroids
exhibited a large red staining cluster as showing calcium
deposition for both the 12 Day-O + 2 Day-E and the 12 Day-
O + 6 Day-E groups at week 4. Although, spheroids of the
12 Day-O + 12 Day-E group demonstrated less Alizarin Red
staining as compared with other groups, the same group
demonstrated a high-density ECM deposition, which was
visualized with a dark pink color in the H&E images at week 4
(Fig. 10).

Discussion

In the recent years, we have substantially advanced our
understanding of the molecular contributors to osteogenic
and endotheliogenic commitment and maturation. However,
coculturing of progenitor cells in in vitro tissue models result
in complex interactions, which lead to difficulties in predict-
ing the differentiation outcomes. Understanding how the het-
erotypic progenitors interact with each other in these models
serves as a useful tool to study the phenomena of codifferen-
tiation and progenitor cell crosstalk. In this study, we dem-
onstrated an alternative differentiation strategy where miR-
148b- and -210 mimic-transfected progenitor cells were
combined into heterotypic cellular spheroids to be able to
understand how progenitor maturity impacts heterotypic dif-
ferentiation as a model for vascularized bone formation.

This system, using miR mimics to de novo induce differen-
tiation, was found to be more straightforward to implement
compared with the use of a mixture of osteogenic and endothe-
liogenic medium for heterotypic cell culture, which can result
in competitive differentiation signals, and hence failures of dif-
ferentiation. A coculture’s potential of success depends on a
wide range of variables, causing it to be a complicated and
unpredictable system.45 For example, cellular secretions con-
sist of extracellular vesicles and molecules which have both
local and distal effects referred to as paracrine signaling.46

FIG. 7. Alizarin Red and H&E staining for the early-stage group spheroids along with negative and positive controls
at weeks 2 and 4.
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Paracrine signaling is a way of cell-to-cell or cell-to-tissue
communication, where a cell releases out a signal that modifies
the function or differentiation of neighboring cells or tissue.47

Paracrine factors can induce surrounding cells to differentiate
into mature cells and modulate the activity of stem and progen-
itor cells that secrete paracrine signals.48 Cells from different
lineages and from the same cell lineages can communicate

with each other via paracrine signaling.47 In our study, we
evaluated the effect of paracrine signaling on the codifferentia-
tion of ADSCs and CD34+/CD31- cells toward osteogenic and
endotheliogenic lineages driven by miR-148b and -210 mimics,
respectively. In particular, we examined the differentiation
markers as a function of maturation time after transfection. We
realized that while miR-210 mimic induced the endotheliogenic

FIG. 8. (a) Immunostaining (DAPI in blue, RUNX2 in green, and PECAM-1 in red) images of middle-stage groups
at weeks 2 and 4. Gene expression levels of middle-stage groups for osteogenic and endothelial markers at (b) weeks 2
and (c) 4. Scale bars in insets correspond to 100 mm (n = 3; p* < 0.05; p** < 0.01; p*** < 0.001; p**** < 0.0001).

FIG. 9. Osteoimage� staining of the middle-stage group spheroids along with negative and positive controls at weeks 2 and 4.
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differentiation of CD34+/CD31- cells after only 2 days of trans-
fection in 2D culture (Fig. 2), miR-148b mimic required a mini-
mum of 6 days of 2D culture to stably induce the osteogenic
differentiation of ADSCs (Figs. 5–6).

Blood vessel formation in situ by vascular stem/progenitor
cells is known as vasculogenesis.49,50 It has recently been
reported that EPCs influence postnatal vasculogenesis proc-
esses.50 However, the process for developing stable blood ves-
sels is complicated and necessitates coordinated interactions
between ECs, and cells and tissues of the surrounding environ-
ment such as osteoprogenitors of regenerating bone tissue.51

On the other hand, during the development of long bones,
VEGF expression is upregulated before the formation of blood
vessels and is associated with the osteogenesis process.52

Indeed, it has been shown that the hypoxia inducible factor-a
(HIF-a) pathway plays a crucial role in coordinating osteogen-
esis and vascularization during the creation of long bones53

and miR-210 mimic over expression is known to induce
increased HIF-a.37,54 This increase in bone formation is owing
to enhanced vasculogenesis activity, which is mediated by ele-
vated levels of VEGF in HIF-a overexpressing osteoblasts.55

Multiple studies have shown that that the ability of stem cells
to secrete soluble factors, such as paracrine signals that alter the
tissue microenvironment, could have a greater impact than their
cellular transdifferentiation in affecting tissue formation.56,57

Our results showed that 2 days after miR-210 transfection of

CD34+/CD31- cells were sufficient to induce endotheliogenic
differentiation, regardless of the duration (2-, 6-, or 12-day) of
miR-148b mimic induction of ADSCs before forming sphe-
roids. However, miR-148b-transfected ADSCs were affected
by the maturity of miR-210-transfected CD34+/CD31- cells.
Longer posttransfection culture of miR-210-induced CD34+/
CD31- cells had a greater influence on the fate and differentia-
tion of miR-148b transfected ADSCs into a heterotypic sphe-
roid form, resulting in better osteogenic properties.

The interplay between miR-148b and -210 transfection also
resulted in antagonistic cross-talk between miR-induced progen-
itors if the posttransfection time was same, i.e., both ADSCs
and CD34+/CD31- cultured for 2, 6, or 12 days before spheroid
formation. This indicated that progenitors might have a negative
impact during the differentiation of surrounding immature cells
depending on the maturity of the progenitor population.

Conclusion

In this study, we fabricated heterotypic cellular spheroids
of ADSCs and CD34+/CD31- cells after their transfection by
miR-148b and -210, respectively. It was found that the matu-
rity of differentiating progenitors could have a significant
impact on the codifferentiation of heterotypic cultures. Both
agonistic and antagonistic cross-talk was observed between
miR-induced progenitors depending on the relative maturity
of these osteogenic and endotheliogenic progenitors. When

FIG. 10. Alizarin Red and H&E staining for the middle-stage group spheroids along with negative and positive con-
trols at weeks 2 and 4.
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osteogenic and endotheliogenic progenitors of similar matu-
rity were combined in a spheroid, both osteogenic and endo-
theliogenic marker expression was reduced, compared with
the spheroids made of progenitors with dissimilar maturity.
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