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A B S T R A C T

Objective: Effective osteoarthritis treatments that enhance the anabolic/regenerative capacity of chondrocytes are
needed. Studying cartilage development processes may inform us of approaches to control chondrocyte differ-
entiation and anabolism and, ultimately, how to effectively treat OA. MicroRNAs are broad-acting epigenetic
regulators known to affect many skeletal processes. Previous reports from our group indicated that miR-181a-1 is
upregulated during chondrocyte differentiation. The goal of this study was to determine how the entire miR-
181a/b-1 cluster regulates in vitro chondrogenesis.
Design: Precursor miR-181a/b-1 was over-expressed in cartilage progenitor cells using lentiviral technology
Transduced cartilage progenitor cells were cultured as micromass pellets in hypoxic conditions and stimulated to
undergo chondrogenic differentiation for five weeks. Bulk RNA-sequencing and immunostaining was applied to
evaluate chondrogenic differentiation and matrix production.
Results: Immunostaining of cartilage pellet sections showed that miR-181a/b-1 increased mature type II collagen
and decreased expression of the chondroprogenitor type IIA collagen isoform. Bulk RNA-Seq at day 7 of chon-
drogenesis revealed upregulation of pro-anabolic genes such as COL2A1, COL9A2/3, COL11A2 and SNORC. Of the
genes significantly downregulated by miR-181a/b-1, aquaporin 9 (AQP9) was the top hit which decreased in
expression by over 14-fold. While a predicted target of miR-181a/b, our data showed that this miRNA cluster
likely suppresses AQP9 via an indirect targeting mechanism.
Conclusions: Our findings demonstrate a pro-differentiation/anabolic function for miR-181a/b-1 during in vitro

chondrogenesis that may be due, in part, to suppression of AQP9. Future studies are needed to elucidate the role
of this membrane channel protein in regulating chondrocyte differentiation and homeostasis.
1. Introduction

Osteoarthritis (OA) is a complex degenerative joint disease involving
articular cartilage breakdown, often leading to pain and loss of mobility
[1]. A better understanding of processes regulating cartilage develop-
ment and homeostasis can provide us with important information to
develop new regenerative therapies. Formation of articular cartilage
tissue involves a series of complex and highly orchestrated events, as
does post-natal homeostatic maintenance of mature cartilage tissue.
Epigenetic control of cartilage development and homeostasis has gained
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interest over recent years [2,3]. Among the epigenetic regulators that
have important functions in skeletal biology are microRNAs (miRNAs).

While many miRNAs have been reported to regulate cartilage
development and/or homeostasis, McAlinden et al. was the first to profile
miRNA expression in chondrocytes of the developing human embryonic
limb [4]. Analysis of differentially expressed miRNAs revealed
miR-181a-1 as significantly upregulated in hypertrophic chondrocytes,
suggesting that it may regulate chondrocyte differentiation and endo-
chondral bone formation. The gene encoding miR-181a-1 is located on
chromosome 1 near the gene encoding miR-181b-1. This miR-181a/b-1
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cluster is co-transcribed in vivo and processed to form the mature func-
tional strands, miR-181a-1-5p and miR-181b-1-5p that share the same
seed sequence [5,6].

To build on the miRNA profiling study by McAlinden et al. [4], Zheng
et al. [7] demonstrated that over-expression of miR-181a/b-1 enhanced in

vitro osteogenesis, in part, by increasing PI3K/AKT signaling and mito-
chondrial respiration. It has also been reported that injection of
miR-181a-5p mimics into rodent knee joints induced a catabolic response
[8] and thatmiR-181a-5p antagomir treatment couldmitigateOA symptoms
[9]. However, the function and mechanism by which miR-181a/b regulates
chondrogenesis is unknown. The goal of this study was to determine how
over-expression of miR-181a/b-1 in human cartilage progenitor cells (CPCs)
affects chondrogenic differentiation. Utilizing TGF-β-induced CPC pellet
cultures to study chondrogenesis, lentiviral-mediated miR-181a/b-1
over-expression was found to enhance anabolism, particularly type II
collagen production. To gain insights into miR-181a/b-1-mediated mecha-
nisms, bulk RNA-sequencing at day 7 of chondrogenesis demonstrated
enhancement of genes and cellular pathways associated with extracellular
matrix (ECM) synthesis and organization. Significant down-regulation of
genes less commonly associated with chondrocyte biology were also iden-
tified. These studies provide new information on a pro-anabolic, pro--
differentiation role of miR-181a/b-1 during CPC chondrogenesis. The
identified transcriptomic changes induced by over-expression of thismiRNA
cluster lay the foundation for future avenues of research.

2. Methods

2.1. Cartilage progenitor cell isolation

Utilization of human osteoarthritic joint tissue was approved by the
Washington University Human Research Protection Office (IRB ID#
201104119). Tissues were collected from six OA patients (all male, age
range 54–69 yrs with no history of smoking or diabetes) who underwent
knee replacement surgery at Barnes-Jewish Hospital (St. Louis, MO, USA)
after obtaining informed consent. Consent details are included in the
approved IRB protocol. Specimens were obtained in sterile containers
within 1 h after surgery and processed immediately. Cartilage progenitor
cells (CPCs) were isolated as previously described [10,11]. Briefly,
cartilage pieces were diced (~1 mm3) and digested in growth medium
(DMEM/F12 with 10 % FBS, 1 % penicillin/streptomycin, 1 % ampho-
tericin B) containing 0.025% collagenase and 0.025% pronase overnight
at 37 �C. The resulting cell suspension was plated on a fibronectin-coated
cell culture flask for 20 min. Non-adherent cells were removed, and
adherent cells were trypsinized and frozen in growth medium with 10 %
DMSO. CPCs were expanded up to passage 7 for experiments carried out
in this study.
Table 1
Primer sequences and Life Technologies miRNA assay IDs used for vector clonin
Bolded and italicized sequence indicates mutated sequence within miR-181a/b-5p bi

Amplicon Forward Primer

miR-181-a/b-1
Genomic

CTGGGGCACAGATAACCAATGT
TGTGGAGGTTTG

miR-181a-5p TaqMan miRNA assay ID 00048
miR-181b-5p TaqMan miRNA assay ID 00109
RNU44 TaqMan miRNA assay ID 00109
PPIA TCCTGGCATCTTGTCCATG
COL2A1 GGCAATAGCAGGTTCACGTACA
AQP9 GTGAGGACCACAACAGGTAGG
AQP9 30-UTR
WT

CTAGCGGGAAGATAAGTTGAG
TCCAAGAGCACACTGAAAGTTG
TGTTATCTAATGCATTCCTCTA
TCAGAAGATCAGTAGCTGGCTG

AQP9 30-UTR
MUT

CTAGCGGGAAGATAAGTTGAG
TCCAAGAGCACACTGAAAGTTA
TGTTATCTAATGCATTCCTCTA
TCAGAAGATCAGTAGCTGGCTG

2

2.2. Lentivirus generation and transduction

Human genomic pre-miR-181a-1 (NCBI Ref Seq: NR_029626.1), pre-
miR-181b-1 (NCBI Ref Seq NR_029612.1) and the intervening 61
nucleotide sequence was amplified by PCR (Table 1). The resulting miR-
181a/b-1 amplicon was inserted into the pLemiR backbone (Addgene)
using the Gibson Assembly Master Mix (New England Biolabs). Stocks of
pLemir lentivirus expressing pre-miR-181a/b-1 (LV-181) or a non-
silencing (NS) control RNA (LV-NS) [12] were prepared as previously
described [7,11] and titered using the Lenti-X™ qRT-PCR Titration Kit
(Takara Bio USA) according to the manufacturer’s instructions. Aliquots
of lentivirus stocks were stored at �80 �C and used within two
freeze-thaw cycles. Passage 7 CPCs were transduced with LV-181 or
LV-NS in growth medium containing 100 μg/mL protamine sulfate.
Transduced CPCs were cultured for 3 days prior to pellet formation. Cell
viability was assessed using brightfield microscopy.

2.3. Chondrogenic differentiation assay

Transduced CPCs were trypsinized and resuspended in chondrogenic
induction medium [serum-free high glucose DMEM containing TGF-β3
(10 ng/mL), 1 % ITSþ, dexamethasone (100 nM), ascorbate (100 μM), L-
proline (40 μg/mL)] [13]. Cells were seeded in 15 mL conical tubes (3 �
105 cells/tube) and centrifuged at 300�g for 5 min. Chondrogenic in-
duction media was refreshed three times per week for five weeks. CPC
pellets were incubated at 37 �C in 5 % O2 for the duration of the assay.
Non-transduced CPC pellets were used as controls.

2.4. RNA isolation

On days 7 and 35 of chondrogenesis, pellets were collected for RNA
isolation. Pellets were pooled to collect sufficient RNA for RNA-
sequencing and qPCR (day 7; 8–10 pellets) or just qPCR (day 35; 2–4
pellets). Pooled pellets were suspended in lysis buffer from Norgen Bio-
Tek’s Total RNA Purification kit for 5 min, then flash frozen in liquid
nitrogen. Frozen pellets were dissociated using a motorized pellet pestle
(DWK Life Sciences GmbH). RNA was extracted using Norgen BioTek’s
Total RNA Purification kit according to the manufacturer’s instructions.
Total RNA was quantified using a NanoDrop 2000 Spectrophotometer
(Thermo Fisher) then stored at �80 �C.

2.5. Quantitative polymerase chain reaction

To quantify miR-181a-5p and miR-181b-5p, a TaqMan microRNA
reverse transcription kit, TaqMan master mix with no UNG and TaqMan
primer/probe sets (Life Technologies Inc; Table 1) were used [11]. To
g and quantitative PCR. Bolded sequence indicates miR-181a/b-5p binding site.
nding site.

Reverse Primer

GA AGGGGCGGAATTTGCTACAACAGT
AGGAAGGTG

0 (Life Technologies Inc.)
8 (Life Technologies Inc.)
4 (Life Technologies Inc.)

CCATCCAACCACTCAGTCTTG
CGATAACAGTCTTGCCCCACTT
GCCACATCCAAGGACAATCAAG

TTG
AA

CCTT

TCGACAGCCAGCTACTGATCTTCT
GAAAGGTAGAGGAATGCATTAGAT
AACATTCAACTTTCAGTGTGCTCT
TGGACAACTCAACTTATCTTCCCG

TTG
CC
CCTT

TCGACAGCCAGCTACTGATCTTCT
GAAAGGTAGAGGAATGCATTAGAT
AACAGGTAACTTTCAGTGTGCTCT
TGGACAACTCAACTTATCTTCCCG
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measure mRNAs, reverse transcription using Superscript RT II (Life
Technologies Inc.) and qPCRwas performed using PowerUp SYBRmaster
mix (Life Technologies Inc.). PCR primer sequences are shown in Table 1.
Fold changes were calculated using the 2�ΔCt method using RNU44 as a
reference small RNA or PPIA as a reference mRNA.

2.6. Histology and immunofluorescence

Pellets (day 35)werefixed in 10%neutral-buffered formalin, embedded
in paraffin, sectioned (10 μm) and mounted on glass histology slides.
Safranin-O staining was carried out on deparaffinized slides with Weigert’s
Hematoxylin (1.5 min), 0.2 % Fast Green (2 min), and 0.1 % Safranin O (6
min). Samples were dehydrated and coverslipped using CytoSeal XYL
(Thermo Fisher). For immunofluorescent staining, deparaffinized sections
were treated with Proteinase K (10 μg/mL in 10 mM Tris-HCl, pH 7.5) for
20 min at 37 �C (COLII and COLIIA) or sodium citrate (10 mM in 0.05 %
Tween 20, pH 6.0) for 10 min at 90 �C (AQP9). Sections were rinsed,
blocked, then incubated overnight at 4 �C with the following primary an-
tibodies: COLII (1:200 dilution; a gift from Dr. David Eyre, University of
Washington, Seattle), COLIIA [14] (1:200 dilution; a gift from Dr. Linda
Sandell, Washington University, St. Louis), aquaporin 9 (AQP9) [15] (1:50
or 1:200 dilution; Alpha Diagnostics International Cat. No. #AQP91-A).
Sections were incubated with species-specific secondary antibodies (1:200
or 1:400 dilution) conjugated to Alexa fluorescent dyes (Invitrogen: goat
anti-rabbit Alexa 488; goat anti-rat Alexa 594) for 1 h at room temperature.
Sections were rinsed and coverslipped using DAPI mounting medium
(Electron Microscopy Sciences). Brightfield and fluorescent images were
taken on awhole slide imaging system (Hamamatsu Photonics Nanozoomer
2.0-HT System) using a 20X magnification lens or an inverted confocal
microscope (Leica DMi8) using a 63X magnification lens.

2.7. Quantitative assessment of histology and immunofluorescence images

Images of the Safranin-O and immunostained pellet tissue sections
were imported into ImageJ software for analysis. Total cross-sectional
area was quantified by converting the Safranin-O staining to an 8-bit
image and using the ImageJ “Threshold” tool. Positive staining area for
Safranin-O, COLII, COLIIA, and AQP9 slides were quantified using
appropriate color thresholds for each stain, and the positive area was
divided by the total area to obtain an area fraction.

2.8. Bulk RNA sequencing and pathway analysis

RNA isolated from day 7 chondrogenic pellets (LV-NS, LV-181; n ¼ 4
different donors) were submitted for bulk RNA-Sequencing (RNA-Seq).
Libraries were prepared according to manufacturer’s protocol, indexed,
pooled, and sequenced on an Illumina NovaSeq X Plus. Basecalling and
demultiplexing were performed with DRAGEN and BCLconvert v4.2.4.
Reads were aligned to the Ensembl release 101 with STAR v2.7.9a [16],
and counts were derived from uniquely aligned unambiguous reads using
Subread:featureCount v2.0.3 [17]. Counts were imported into EdgeR
[18] for TMM normalization to adjust for library size. Using Limma [19],
weighted likelihoods based on the mean-variance relationship were
calculated, and log 2 counts-per-million were determined using voom-
WithQualityWeights [20] for differential expression analysis. Genes with
a Benjamini-Hochberg adjusted p-values �0.05 were considered signif-
icant. Global perturbations in Gene Ontology (GO) terms, MSigDB
Reactome pathways and MSigDB microRNA target gene sets (miRDB
v6.0) were analyzed using GAGE [21]. Raw and processed data has been
uploaded to the GEO depository (GSE262978).

2.9. MicroRNA target prediction

A search for predicted miR-181a/b-5p target mRNAs was performed
using the TargetScan database (http://www.targetscan.org/) [22] and
the miRanda algorithm [23].
3

2.10. Luciferase assay

Human AQP9 30-UTR wild-type (WT) and mutated (MUT) oligonu-
cleotide sequences (Table 1) were cloned into the pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega). Given that
TNF-α is a known target of miR-181a [24], plasmid pmirGLO-30UTR-TNF
(Addgene #153069) containing the human TNF-α 30UTR sequence
downstream of the luciferase reporter gene was used as a positive con-
trol. Plasmids were transfected into human embryonic kidney (HEK293)
cells, then cells were transduced with LV-181 or LV-NS. Cells were
incubated at 37 �C for 48 h, then luciferase activity was assessed with the
Dual-Glo® Luciferase Assay System (Promega) according to the manu-
facturer’s instructions on an Agilent BioTek Cytation 5microplate reader.

2.11. Statistical analysis

All experiments were carried out in triplicate with CPCs from 3 to 4
independent biological donors. Data are presented as mean � SD and
statistical comparisons were made using paired t-tests with pairing be-
tween CPCs from the same donor, except for RNA expression data which
was compared using ratio paired t-tests to better assess proportional
differences. Probability values were considered statistically significant at
p � 0.05.

3. Results

3.1. miR-181a/b-1 over-expression promotes chondrogenic differentiation

The ECM of chondrogenic pellet tissue sections was examined to
assess the effects of lentiviral-mediated over-expression of miR-181a/b-
1 (LV-181) compared to non-silencing RNA (LV-NS). Quantitative
analysis of Safranin-O-stained tissue sections showed a trend toward
increased staining intensity indicating higher levels of proteoglycan
synthesis (Fig. 1A–C; Supp. Fig. 1). Collagen composition was evaluated
by immunolocalization of mature type II collagen fibers and type IIA
procollagen, the COL2A1 isoform expressed by chondroprogenitor cells
[25]. Analysis of immunostained images showed a significant increase
in COLII positive area fraction in the LV-181 group (COLII; Fig. 1D–F;
Supp. Fig. 2). Conversely, there was a trend toward decreased COLIIA
positive area in LV-181 pellets compared to LV-NS (COLIIA; Fig. 1G–I;
Supp. Fig. 3). Over-expression of functional miR-181a/b-5p was
confirmed in the LV-181 group compared to LV-NS at day 7 and day 35
(Fig. 1J and K). There was a significant decrease in miRNA expression
over time in the LV-181 group which is expected in these viral trans-
duced cultures. At day 35, there is still significant over-expression of
the miR-181a/b. At day 7 and day 35, COL2A1 gene expression levels
were significantly increased in the LV-181 group (Fig. 1L) which agrees
with enhancement of type II collagen at the protein level (Fig. 1D–F). In
summary, miR-181a/b-1 over-expression appeared to promote chon-
drocyte differentiation as indicated by enhanced type II collagen gene
and protein expression, and reduction of the “chondroprogenitor” type
IIA collagen isoform.

3.2. miR-181a/b-1 over-expression promotes cartilage anabolism

To determine the mechanism by which miR-181a/b-1 modulates
chondrogenesis, bulk RNA-Seq and pathway analysis were carried out
on day 7 RNA samples. Principal component analysis (PCA) shows
separation of LV-NS and LV-181 samples with higher variability be-
tween samples of the LV-181 group (Fig. 2B). We identified 75
significantly differentially expressed genes with a Benjamini-Hochberg
adjusted FDR p-value �0.05 and Log2(Fold Change) � 2 (Fig. 2B;
Supp. Table 1). Among the most significantly upregulated genes were
several markers associated with the mature chondrocyte phenotype
and cartilage anabolism including COL2A1, COL9A2/3, SNORC,
COL11A2, MATN4, and CSPG4. Analysis of COL2A1 expression via

http://www.targetscan.org/


Fig. 1. Chondrogenic differentiation enhanced by miR-181a/b-1 over-expression. A-I) Representative images and quantitative analysis of Safranin-O histology
(Saf-O; A-C), immunostaining for type II collagen (COLII; D-F), and type IIA pro-collagen (COLIIA; G-I) in pellet cultures after 35 days of chondrogenic induction.
Positive staining was quantified as a percentage of the total cross-sectional area for quantitative analyses (C, F, I). Comparison between NS vs. 181; *p < 0.05, n ¼ 4
CPC lines from independent donors. For histology and immunostaining, each dot represents the average from 3 to 4 pellets derived from CPCs of a single donor. J-L)
Relative abundance of miR-181a-5p (J), miR-181b-5p (K), and type II collagen (COL2A1) (L) expression following lentiviral overexpression of the miR-181a/b-1
cluster after 7 and 35 days. Comparisons between NS vs. 181, and day 7 vs. 35; *p � 0.05. n ¼ 4 CPC lines from independent donors. RNA was pooled from 7 to
10 pellets (Day 7) or 2–4 pellets (Day 35). Abbreviations: LV-NS, lentivirus encoding non-silencing miRNA sequence; LV-181, lentivirus encoding pre-miR-181a/b-1;
Saf-O, Safranin-O; COLII, type II collagen; COLIIA, type IIA pro-collagen. Histology and immunostaining images for all pellets are available in Supp. Fig. 1 (Saf-O),
Supp. Fig. 2 (COLII), and Supp. Fig. 3 (COLIIA).
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qPCR at day 7 (Fig. 1L) also showed enhanced expression in the LV-
181 group which agreed with the RNA-Seq data. GO biological pro-
cesses upregulated by LV-181 included cartilage anabolic pathways
such as skeletal system development and extracellular structure organiza-

tion (Fig. 2C; Supp. Table 1). Reactome biological pathways upregu-
lated in the LV-181 group included collagen biosynthesis and modifying

enzymes, collagen formation, and collagen chain trimerization (Fig. 2D;
Supp. Table 1). These findings support a role for miR-181a/b-1 in
promoting cartilage anabolism and ECM formation, particularly
collagen II synthesis.
4

3.3. miR-181a/b-1 downregulates potential target genes

RNA-Seq also revealed many significantly down-regulated genes in
response to miR-181a/b-1 over-expression during chondrogenesis
(Fig. 2A; Supp. Table 1). This was further evidenced by GAGE analysis
using the miRDB microRNA target gene set, which identified miR-181
predicted targets among the top enriched down-regulated sets (Supp.
Fig. 4). Some of these down-regulated genes were confirmed direct
targets of miR-181a/b, such as CBX7 [26] and TGFBR1 [27]. MiRanda
[23] was used to score miRNA-mRNA interactions for all protein-coding



Fig. 2. Differentially expressed genes following miR-181a/b-1 over-expression. A) Principal Component Analysis (PCA) plot showing transcriptome variability
across all samples. B) Volcano plot showing differentially expressed genes in CPCs after 7 days of chondrogenic induction following miR-181a/b-1 overexpression. P-
values are adjusted using the Benjamini-Hochberg false discovery rate. Top significantly perturbed GO biological processes (C) or perturbed Reactome biological
pathways (D) at Day 7 of CPC chondrogenesis following miR-181a/b-1 overexpression. For the full list of differentially expressed genes and enrichment analysis, refer
to Supp. Table 1.
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genes detected in the RNA-Seq readout (Fig. 3A), with a miRNA target
prediction threshold score of �140 [28]. Several targets of
miR-181a/b-5p that have been confirmed in vitro generated MiRanda
scores �140 with TGFBR1 being the highest with a score of 147. The top
significantly downregulated gene from our RNA-Seq analysis was
aquaporin-9 (AQP9; 14.54-fold decrease; p ¼ 2.5E-03) (Fig. 2A; Supp.
Table 1). Interestingly, AQP9 had a MiRanda score of 161 for
miR-181a/b-5p (Fig. 3A). These findings suggest that AQP9 may be a
direct target of this miRNA cluster.
5

3.4. AQP9 is an indirect target of mir-181a/b-1

To determine if miR-181a/b-5p directly targets AQP9, a dual lucif-
erase reporter assay was carried out using plasmids containing the wild-
type (WT) 30UTR of AQP9 or a or mutant (MUT) plasmid containing
mutations in the predictedmiR-181a/b binding site in the 30UTR of AQP9
(Fig. 3B). As a positive control, miR-181a/b binding to a known target
sequence in the 30UTR of TNF-α was also tested. We found that relative
luminosity was unchanged by LV-181 treatment in cells transfected with



Fig. 3. Aquaporin-9 is not a direct target of miR-181a/b-1. A) Predicted targets of miR-181a/b-5p based on MiRanda interaction scoring algorithm compared to
their linear fold change. B) Sequence of human wild-type (WT) AQP9 30UTR containing the predicted miR-181a/b binding site (blue), and the mutated (MUT) miR-
181a/b binding site in the AQP9 30UTR (grey). Seed sequence of miR-181a/b-5p is shown in yellow. For the luciferase assays, plasmids containing WT and MUT 30UTR
of AQP9 were transfected in HEK cells. C) Relative luminosity in HEK cells transduced with LV-NS or LV-181 together with WT or MUT AQP9 30UTR-containing
reporter plasmids. D) Relative luminosity in HEK cells transduced with LV-NS or LV-181 together with the reporter plasmid containing WT TNF-α 30UTR as a positive
control. Comparisons between NS vs. 181, and WT vs. MUT; n ¼ 4, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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AQP9 30UTRWT or MUT plasmids (Fig. 3C) while there was a significant
decrease in luminosity in LV-181 transduced cells containing the TNF-α
30UTR plasmid, as expected (Fig. 3D) [24]. This indicates that AQP9 is an
indirect target of miR-181a/b.

3.5. AQP9 expression is downregulated during chondrogenic

differentiation

We carried out RT-qPCR to confirm the indirect downregulation of
AQP9 by miR-181a/b-1 over-expression at both day 7 and day 35 of
chondrogenesis (Fig. 4A). Evaluation of AQP9 baseline expression in the
LV-NS group showed a trend toward decreased AQP9 expression at day
35 of chondrogenesis compared to day 7 (Fig. 4A). Statistical significance
was not reached due to one outlier with endogenously low AQP9

expression. We also evaluated a publicly available bulk RNA-Seq dataset
from Huynh et al. describing the transcriptome of MSCs during chon-
drogenesis (GEO accession: GSE109503) [29]. The chondrogenic assay
performed by Huynh et al. used the same chondrogenic medium, but a
different progenitor cell source (passage 4 human MSCs), and 20 % O2
culture conditions. Despite these differences, they showed higher AQP9
Fig. 4. Aquaporin-9 is downregulated by miR-181a/b-1 over-expression. A) qP
Comparisons between NS vs. 181, and day 7 vs. 35; *p < 0.05. n ¼ 4 CPC lines from in
7) or 2–4 pellets (Day 35). B) Expression pattern of AQP9 in human MSC chondrog

6

expression from day 0 to day 3 which decreased to negligible levels by
day 21 (Fig. 4B). Taken together, it appears that AQP9 expression de-
creases during in vitro chondrogenesis. Additionally, our studies show
that miR-181a/b-1 further suppresses AQP9 during chondrogenesis, but
likely not due to a direct targeting mechanism.

3.6. Aquaporin-9 protein expression in chondrogenic cells

We carried out immunolocalization of AQP9 protein in cells of day 35
CPC-derived chondrogenic pellet tissue sections. As a positive control, we
stained tissue from murine (C57BL/6) liver tissue since AQP9 is highly
expressed in the plasma membrane of hepatocytes [30]. As expected,
robust AQP9 expression was observed at the cell membrane of liver cells
(Fig. 5A). However, fluorescent staining patterns in tissue sections from
day 35 non-transduced chondrogenic pellets revealed mostly intracel-
lular staining (Fig. 5B). AQP9 immunolocalization was also carried out in
monolayer human CPCs and primary chondrocytes, and intracellular
staining was also observed whether cultured in hypoxic (5 % O2) or
normoxic (20 % O2) conditions (Supp. Fig. 5). Comparing AQP9
expression in cells from LV-NS and LV-181 pellets also revealed
CR analysis of AQP9 expression at days 7 and 35 of chondrogenic induction.
dependent donors. For each CPC line, RNA was pooled from 7 to 10 pellets (Day
enesis (Data retrieved from GEO accession GSE109503).



Fig. 5. Localization of aquaporin-9 protein in
chondrogenic cells. A-F) Immunostaining of
aquaporin-9 (AQP9) in (A) mouse liver tissue from a
wild-type C57BL/6 mouse (positive control), (B) Non-
transduced (NT) CPC pellet tissue; (C) LV–NS–trans-
fected CPCs pellet tissue and (D) LV-181-transfected
CPC pellet tissues after 35 days of chondrogenic in-
duction, (E) immunostaining negative control in LV-
NS pellet tissue sections, and (F) Quantitative anal-
ysis of AQP9 immunostaining. Positive staining was
quantified as a percentage of the total area. Com-
parisons between NT vs. NS, and NS vs. 181; *p <

0.05, n ¼ 4 CPC lines from independent donors.
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intracellular staining while no signal was observed in control (no primary
antibody) sections (Fig. 5C–E). Attempts to quantify AQP9 staining
revealed lower levels of expression in cells from LV-181 pellets compared
to the LV-NS group (Fig. 5F) which agrees with our findings at the gene
expression level.

4. Discussion

We report that the miR-181a/b-1 cluster promotes anabolic pathways
in TGF-β-induced chondrogenic differentiation of CPCs in pellet cultures
under hypoxic conditions in vitro. CPCs are a well-described cell source to
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study chondrogenesis [31]. Hypoxic condition was chosen to recapitulate
the low oxygen environment experienced by chondrocytes in vivo and
have been used by others in the field [13,31,32].

Anabolic effects of miR-181a/b-1 over-expression were evident from
some of the top upregulated genes identified from RNA-Seq including
SNORC, MATN4, and CKB which are expressed in articular and/or
growth plate chondrocytes and regulate chondrocyte differentiation and/
or ECM homeostasis [33–35]. Upregulation of these genes in addition to
COL2A1, COL9A2/3, and COL11A2 suggest a pro-anabolic, pro-differ-
entiation role for miR-181a/b-1 during CPC chondrogenesis. This is
further supported by the significantly upregulated GO and Reactome
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pathways that included ECM organization and collagen synthesis, as-
sembly and trimerization (Fig. 2). There are mixed reports in the pub-
lished literature on effects of miR-181 homologs on collagen synthesis. In
our system, the multi-functional effects of miR-181a/b may activate
collagen gene transcription. Reports show that miR-181a/b can alter cell
metabolism [7,36]. While the top modified pathways in our studies do
not suggest a major shift in metabolic processes, we cannot rule out
potential subtle changes in metabolites that may enhance the ability of
the cells to differentiate and synthesize/secrete collagen. Future epige-
netic and metabolomics-based studies may help elucidate how
miR-181a/b enhances collagen and ECM synthesis.

In addition to pro-anabolic effects, over-expression of miR-181a/b-1
also appeared to suppress catabolic processes as indicated by down-
regulation of a number of Reactome pathways including IL-1 signaling,
TNFR2 non-canonical NF-kB pathway, and cytokine signaling in immune

system (Supp. Table 1). Anti-inflammatory functions for miR-181a/b
have been reported in the published literature [24,37]. Dampening of
catabolic events during TGF-β-induced chondrogenesis may also explain
why anabolism is higher in the LV-181 group. Other top downregulated
GO and Reactome pathways were related to interferon (IFN) signaling.
While this may suggest that batches of LV-181 induced a more robust
anti-viral response in cells compared to LV-NS titers, there are reports
that IFN signaling suppresses in vitro chondrogenesis [38]. Therefore,
suppression of IFN pathways may be another mechanism by which
miR-181a/b-1 enhances chondrogenesis.

With respect to miR-181a/b effects on cartilage homeostasis, Naka-
mura et al. demonstrated that intra-articular injection of miR-181a
mimics in a rat model of spinal facet joint OA exacerbated NF-κB medi-
ated cartilage catabolism and degradation [8]. The same group showed
that intra-articular injections of miR-181a antagomirs protected against
cartilage degradation in a rat model of facet joint OA and a mouse model
of trauma-induced knee OA [9]. Another study reported that miR-181b
may induce OA progression in rats [39]. These in vivo studies examined
the effects of miR-181a/b in mature cartilage tissue which is different
from the goals of this study where we determined effects on
chondro-progenitor cell differentiation. It may be that miR-181 homo-
logs induce different effects depending on cell differentiation status.
While it may induce catabolism in mature chondrocytes in vivo, our re-
sults point to an anabolic effect during TGF-β-induced chondrogenesis in
vitro and highlights the complexities of miRNA function. Generation of a
miR-181a/b-1 knock-in mouse model could be useful to study effects of
overexpression on in vivo cartilage development. In support of our find-
ings, one study reported decreased MSC chondrogenesis by miR-181a
antagomir treatment [40]. While we did not pursue antagomir ap-
proaches in these studies, it will be interesting to test effects of inhibiting
different miR-181 family members on chondrogenic differentiation.

Our previous miRNA profiling study [4] revealed higher expression of
miR-181a-1 in hypertrophic chondrocytes compared to less differentiated
chondrocytes of the developing human growth plate. Gabler et al. [41]
reported a correlation between miR-181a expression and the hypertro-
phic chondrocyte marker COL10A1 during in vitro MSC chondrogenesis.
We also found increased baseline expression of miR-181a/b during CPC
chondrogenesis (Supp. Fig. 6). However, we did not detect type X
collagen staining in day 35 chondrogenic pellets, which is not surprising
given CPCs are derived from articular cartilage and have a low tendency
toward hypertrophy [31]. Over-expression of miR-181a/b did not pro-
mote CPC hypertrophy, but perhaps a differentiation assay longer than 35
days would be required to see effects. We chose CPCs as our progenitor
source due to our experience of achieving higher success rates of chon-
drogenic induction with these cells when compared to using BMSCs.
Taken together, while we report a pro-anabolic/pro-differentiation role
for miR-181a/b-1, its potential function in inducing hypertrophic dif-
ferentiation cannot be addressed in these studies.

Examination of the genes significantly down-regulated by miR-181a/
b-1 revealed an enrichment in potential direct targets of this miRNA
cluster (Supp. Fig. 4). Of these, CBX7 (chromobox 7) was identified as
8

direct target of miR-181a/b [26]. This study by O’Loghlen et al. [26],
showed that miR-181-mediated suppression of CBX7 resulted in
enhanced embryonic stem cell differentiation. It will be interesting in
future studies to explore the role of CBX7/miR-181a/b axis in regulating
progenitor cell differentiation toward the chondrocyte lineage. The top
significantly downregulated gene, AQP9, is also a predicted target of
miR-181a/b. The miRNA binding site is not evolutionarily conserved and
only present in the 30UTR of human AQP9. Our studies did not confirm
AQP9 as a direct target of miR-181a/b. Further studies are needed to
determine how this miRNA cluster indirectly suppresses AQP9.

Very little is known about AQP9, or any of the other 12 identified
aquaporins, in skeletal tissues. Aquaporins are transmembrane channels
essential for regulating water, energy and redox homeostasis in cells [42].
AQP9 is an aquaglycerporin that transports water, glycerol, urea and
hydrogen peroxide [43]. Examining AQP9 protein localization in chon-
drogenic cells revealed intracellular staining patterns when compared to
primarily plasma membrane localization in liver cells. Intracellular
staining has also been observed in chondrocytes from OA articular carti-
lage [44]. While aquaporins are most commonly expressed on the plasma
membrane, there is evidence for expression in the membrane of the
endoplasmic reticulum and lysosomes [45,46]. AQP9 has also been found
to be expressed on the inner mitochondrial membrane [15]. Future
studies are needed to clarify the exact location of AQP9 in chondrocytes.

There are only a few published studies on AQP9 in skeletal cells.
Aharon et al. demonstrated that treatment with phloretin, a non-specific
AQP9 inhibitor, suppressed osteoclast differentiation, specifically in the
fusion process [47]. However, analysis of AQP9�/� mice demonstrated
that AQP9 was not necessary for osteoclast differentiation in vitro or in
vivo [48]. Contradictory studies in AQP9 null mice revealed attenuation
of bone loss induced by microgravity due to inhibition of osteoclasto-
genesis [49]. With regards to cartilage development, analysis of growth
plates from AQP9�/� mice revealed a thicker proliferating zone [50].
Studies in human chondrocyte cultures showed that downregulation of
AQP9 decreased the catabolic response to IL-1β and that levels of AQP9
protein were higher in chondrocytes from OA patients [44]. These
studies suggest that AQP9 may inhibit chondrocyte proliferation during
development and enhance catabolic responses in primary chondrocytes.
In this context, our observation that AQP9 levels decrease during CPC
chondrogenesis makes sense as does the fact that miR-181a/b further
suppressed AQP9. More studies are needed to fully understand the role of
AQP9 during cartilage development and it will be interesting to assess if
the absence of AQP9 in mice confers higher resistance to OA
development.
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