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Abstract

Aggrecan is an integral component of the extracellular matrix in cartilaginous tissues, includ-
ing the growth plate. Heterozygous defects in the aggrecan gene have been identified as a
cause of autosomal dominant short stature, bone age acceleration, and premature growth
cessation. The mechanisms accounting for this phenotype remain unknown. We used
ATDCS cells, an established model of chondrogenesis, to evaluate the effects of aggrecan
deficiency. ATDC5 aggrecan knockdown cell lines (AggKD) were generated using lentiviral
shRNA transduction particles. Cells were stimulated with insulin/transferrin/selenium for up
to 21 days to induce chondrogenesis. Control ATDC5 cells showed induction of Col2a1
starting at day 8 and induction of Col10a1 starting at day 12. AggKD cells had significantly
reduced expression of Col2a1and Col10a1 (p<0.0001) with only minimal increases in
expression over time, indicating that chondrogenesis was markedly impaired. The induction
of Col2a1 and Col10a1 was not rescued by culturing of AggKD cells in wells pre-conditioned
with ATDC5 extracellular matrix or in co-culture with wild-type ATDCS5 cells. We interpret our
studies as indicating that aggrecan has an integral role in chondrogenesis that may be medi-
ated through intracellular mechanisms.

Introduction

Aggrecan is a core protein with chondroitin and keratan sulfate side chains that is an integral
part of the extracellular matrix in cartilaginous tissue [1]. Heterozygous defects in the aggrecan
gene have been identified as a cause of autosomal dominant short stature, bone age accelera-
tion, and premature growth cessation, all of which are consistent with a role for aggrecan in
the cartilaginous growth plate. Of the 20 families thus far identified with so-called “aggrecano-
pathies” [2,3], 12 of the families also have early onset osteoarthritis, and 11 have degenerative
intervertebral disc disease [3-5]. Of particular significance to the phenotype in these families is
bone age acceleration, an atypical finding in short stature of other etiologies. Having identified
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a family with a defect in the aggrecan gene [5], we undertook studies to elucidate the mecha-
nism by which aggrecan mutations lead to impaired long bone growth in concert with bone
age acceleration. Our hypothesis was that this unusual combination is due to a fundamental
abnormality in growth plate chondrogenesis.

Homozygous mutations in the aggrecan gene and aggrecan deficiency are associated with
cartilage matrix deficiency in mice and nanomelia in chicks that exhibit severe dwarfism and
premature death [6-8]. The growth plates in nanomelic chicks show abnormal morphology
including higher cell density and reduced intercellular matrix. By evaluating the growth plates
of nanomelic chicks at early stages of development until growth plate maturation, it was deter-
mined that nanomelic chondrocytes have initiation and progression through normal states of
differentiation. However, at the time of growth plate maturation, the hypertrophic zone is
small and disorganized. Nanomelic growth plates also show increased apoptosis in the prolif-
erative zone and increased proliferation in the hypertrophic zone. In addition, the pre-hyper-
trophic and hypertrophic cells appear to overlap in the nanomelic mutant, suggesting the
acceleration of hypertrophy and resultant precocious bone formation [7].

The first aggrecanopathy to be characterized was spondyloepimetaphyseal dysplasia, Kim-
berley type [9]. This autosomal dominant disorder encompasses short stature, stocky build,
early onset osteoarthritis and radiographic changes including flattened vertebral bodies and
flattened femoral epiphyses. Among the other aggrecanopathies, spondyloepimetaphyseal dys-
plasia, aggrecan type, is an autosomal recessive condition also caused by an aggrecan mutation
with a phenotype of extreme short stature, macrocephaly, and radiographic changes [10].
Dominant familial osteochondritis dissecans is characterized by multiple osteochondritic
lesions, disproportionate short stature, and early osteoarthritis. A heterozygous missense
mutation in the aggrecan gene was found to cause this disorder [11].

Recently, whole exome sequencing has identified heterozygous defects in the aggrecan gene
in 20 families leading to autosomal dominant short stature, bone age acceleration, and prema-
ture growth cessation. Multiple mutations have been found in these families, including 7
frameshift mutations and 8 truncating mutations [3-5]. Mutations were inherited in an auto-
somal dominant manner, with heterozygous mutations present in all affected family members
and in no unaffected family members.

Little is known about how aggrecan deficiency affects cell signaling and proliferation lead-
ing to premature growth plate hypertrophy at the cellular level and accelerated growth plate
maturation clinically. As aggrecan is a large extracellular matrix molecule, it is possible that the
structural changes caused by aggrecan deficiency may be contributing to these growth plate
changes. We hypothesized that aggrecan deficiency also affects cell signaling and proliferation,
leading to premature chondrocyte hypertrophy. Using ATDC5 mouse chondroprogenitor
cells, a well-characterized cell model of chondrogenesis, we sought to further characterize the
effects of aggrecan deficiency on growth plate chondrogenesis.

Materials and methods
Cell culture conditions

ATDCS5 mouse chondroprogenitor cells were purchased commercially (Sigma Aldrich,

St. Louis, MO). ATDC5 mouse chondroprogenitor cells were used to conduct all experiments.
For all experiments, cells were cultured in media consisting of a 1:1 mixture of Dulbecco’s
Modified Eagle Medium (DMEM) and Ham’s F12 containing 5% fetal bovine serum, 100
units/ml penicillin, 100 pg/ml streptomycin, 10 ug/ml human transferrin, and 3 x 10~® sodium
selenite, as previously described [12]. Puromycin 4 pg/ml was added to media for lentiviral-
transduced cells. For experiments using reverse transcription quantitative polymerase chain
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reaction (QPCR), hemocytometer counting, and flow cytometry, cells were plated a density of
2.5 x10* cells/well in a 12-well tissue culture treated polystyrene plate. When cells reached 50~
70% confluence (after 3 days), insulin-transferrin-selenium (ITS) (Thermo Fisher Scientific,
Franklin, MA), was added at a concentration of 10 ug/ml (Day 0) to stimulate chondrogenesis
[12]. Media was changed every 2-3 days. Cells were studied on Days 0, 4, 8, 12, 16, and 21.

Aggrecan knockdown

ATDCS5 cells were transfected with aggrecan MISSION shRNA lentiviral transduction particles
(SHCLNV-NM_007424 Sigma Aldrich, St. Louis, MO) to create aggrecan knockdown cell
lines (AggKD). Non-target shRNA control transduction particles (SHC016V) were used to
generate a control ATDCS5 cell line. A puromycin kill curve determined that 4 pg/ml was the
lowest concentration of puromycin required to kill cells that were not transduced. The lenti-
viral transduction was carried out as follows. Cells were plated at 2,000 cells per well in a
96-well plate. When cells reached 50-70% confluence, lentivirus transduction particles were
added at multiplicity of infection of 5 along with polybrene at 8 ug/ml. After 24 hours, media
was replaced with media containing puromycin 4 ug/ml. Media was replaced every 2-3 days,
and cells were progressively transferred to larger plates after reaching near-confluence.

Cells were grown for 12 days with and without ITS to stimulate chondrogenesis. qPCR for
aggrecan and Alcian blue staining were then used to assess the degree of aggrecan knockdown.
The 2 lines with the greatest reduction in aggrecan were used for further experiments (AggKD
1 and AggKD 2 cell lines).

Quantitative polymerase chain reaction

Cells were lysed and mRNA extracted using the RNAqueous total RNA isolation kit (Invitro-
gen, Carlsbad, CA), according to manufacturer. RNA was reverse transcribed into cDNA
using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according to the manufacturer.
qPCR was done using the Bio-Rad CFX96 or Bio-Rad Connect machine. The housekeeping
gene 18S was used for all QPCR data shown. Messenger RNA transcript levels were quantified
using the delta delta Ct (AACt) method, normalized to rRNA 18S expression as follows: X =

2 “AACt in which AACt = (CtExp-Ct18S)-(CtCtl-Ct18S) and X = Relative transcript; CtCtl =
Ct of control group. Beta-actin was also used as a housekeeping gene with results showing the
same trends when this was used in place of 18S. Primer sequences for qPCR are provided in
Table 1.

Alcian blue staining

Media was removed and Alcian blue 0.02% in water was added to each well. The cells were left
in Alcian blue overnight, then washed with HCl x1 and with water x3. Cells were allowed to
dry overnight. Guanidine HCl was used for Alcian blue extraction and absorbance measured
using a Spectra Max M2 microplate reader.

Pre-conditioning of cell culture plates

To determine the effects of growing AggKD cells in the presence of aggrecan, wells were pre-
conditioned with control lentivirus transduced ATDCS5 cells. Cells were plated at 100,000
cells/well in a 12-well plate and grown to confluence over 4 days, then media was supple-
mented with ITS to promote chondrogenesis and cells were maintained for an additional 7
days. Cells were lysed with hypotonic buffer solution (water with 0.5% Triton X-100) and
rinsed 6 times with Hank’s buffered salt solution (HbSS) as previously described [13]. Control
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Table 1. Primer sequences used for quantitative PCR.

Gene Species Forward* Reverse* Accession Number Amplicon Size

Aggrecan Mouse GCCTACCCGGTACCCTACAG (61.1°C) ACATTGCTCCTGGTCTGCAA (59.9°C) NM_007424.3 175

188 Mouse/ Human CGGCTACCACATCCAAGGAA (57.1°C) GCTGGAATTACCGCGGCT (58.5°C) NR_003278.3 187

Beta-Actin Mouse TGAGCTGCGTTTTACACCCT (59.9°C) GCCTTCACCGTTCCAGTTTT (59.0°C) NM_007393.5 198

Coll0al Mouse CTGCTGCTAATGTTCTTGAC (51.5°C) ACTGGAATCCCTTTACTCTTT (51.1°C) NM_009925.4 143

Col2al Mouse ATCTTGCCGCATCTGTGTGT (57.3°C) CTCCTTTCTGCCCCTTTGGC (58.8°C) NM_031163.3 170

Sox9 Mouse CAAGAACAAGCCACACGTCA (55.8°C) TGTAATCGGGGTGGTCTTTC (54.5°C) NM_011448.4 221

Ihh Mouse GCTCGTGCCTCTTGCCTACA (59.8°C) CGTGTTCTCCTCGTCCTTGA (56.6°C) NM_010544.3 163

Collal Mouse TTCTCCTGGCAAAGACGGAC CTCAAGGTCACGGTCACGAA NM_007742.4 247
(59.9°C) (59.9°C)

Col3al Mouse AAGGCTGCAAGATGGATGCT GTGCTTACGTGGGACAGTCA NM_009930.2 95
(60°C) (59.9°C)

Fabp4 Mouse AGCTGGTGGTGGAATGTGTT AATTTCCATCCAGGCCTCTTCC NM_024406.3 90
(59.8°C) (60.4°C)

Lpl Mouse TGCCCGAGGTTTCCACAAAT CCAGCTGAAGTAGGAGTCGC NM_008509.2 113
(60.2°C) (60.2°C)

*Annealing temperature in parentheses

https://doi.org/10.1371/journal.pone.0218399.t001

cells and AggKD cells were then plated in these pre-conditioned plates in the same conditions
as described above. We demonstrated positive Alcian blue staining of wells after growing cells
for 4 days in culture and lysing cells as described to show remaining aggrecan in the wells (S1

Fig).

Co-culture of ATDCS5 cells with aggrecan knockdown cells

To evaluate the effects of maintaining AggKD cells in the presence of aggrecan-producing
cells, each AggKD cell line was grown together with ATDCS5 cells that had not been transduced
with lentivirus. Cells were grown at a total density of 2.5 x 10* cells/well in a 12-well plate con-
sistent with other experiments, but with a 1:1 combination of AggKD cells and unmanipulated
ATDCS cells. Cells were grown in media with ITS but without puromycin for 10 days. After 10
days of growth, puromycin 4 ug/ml was added to the media and cells were grown for an addi-
tional 10 days in puromycin-containing media. Media was changed every 2-3 days. The exper-
iment was terminated after a total of 20 days.

Determination of cell number

Cells were trypsinized, washed with phosphate-buffered saline (PBS), stained with trypan blue,
then counted using a hemocytometer. Because cells began to form aggregates at day 12, mak-
ing cell counts inaccurate, analyses were carried out for up to 8 days in culture.

Flow cytometry

Cells were trypsinized and washed with PBS x1, then fixed with 66% ethanol for 2 hours. After
fixation, cells were again washed with PBS x1 then stained with propidium iodide (Abcam,
Cambridge, UK) by resuspending the cells in 200 pl propidium iodide and RNase staining
solution, as per the manufacturer’s protocol. Flow cytometry was performed using an Accuri-
C6 flow cytometer. Cell cycle analysis was performed using the ModFit program to determine
the percentage of cells in each of the cell cycle phases, for each cell line at each time point
(ModFit settings were manual mode, excluding aggregates and debris, with a trapezoid S-
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phase shape). A FITC pre-conjugated CD44 antibody (CD44-FITC, Miltenyi Biotech, San
Diego, CA, USA) was used to stain and quantify CD44+ cells, according to the manufacturer’s
instructions. Isotype control antibody Mouse IgG1-FITC (Miltenyi Biotech, San Diego, CA,
USA) was used to control for non-specific binding of antibody to cells.

Western blot

Control ATDCS5 cells and AggKD 1 cells were plated for 12 days in culture in 6-well plates for
the experiment. Total protein was extracted using 1X RIPA Buffer containing 1mM PMSF
(Cell Signaling Technology, Danvers, MA, USA). Cells were washed with sterile cold PBS
before the lysis. The lysis extract was collected and centrifuged at 12,000 RPM for 10 min at
4°C. The concentration of total protein supernatant was determined using Pierce BCA Protein
Assay kit (ThermoFisher Scientific, Waltham, MA, USA). Then, 3X Blue Loading Buffer con-
taining DTT, reducing agent (Cell Signaling Technology, Danvers, MA, USA) was diluted to
1X and mixed with the protein. The sample was boiled for 10 min at 95°C. Equal amounts of
protein (100 pg) were resolved on 4-15% Mini-PROTEAN TGX Precast Gels (Bio-Rad, Her-
cules, CA, USA). Blots were transferred to PVDF membrane (Bio-Rad, Hercules, CA, USA)
overnight at a constant voltage of 22V. Blocking of the membrane was done for 2 hour at
room temperature with 5% Nonfat Dry Milk (Cell Signaling Technology, Danvers, MA, USA)
in Tris Buffered Saline with Tween-20 (0.1%) (TBST). The membrane was incubated at 4°C
overnight with specific primary antibodies at 1:1000 dilution, HAPLNI1 (Cat. No.: A6616;
ABclonal, Woburn, MA, USA) and B-Actin (Cat. No.: 8H10D10; Cell Signaling Technology,
Danvers, MA, USA) and later incubated with secondary antibodies IRDye 680RD Goat anti-
Rabbit and IRDye 800CW Goat anti-Mouse (LI-COR Biosciences, Lincoln, NE, USA) at
1:5000 dilution for 2 hours at room temperature. Membranes were imaged using an Odyssey
fluorescence scanner (LI-COR Biosciences, Lincoln, NE, USA).

Statistical analysis

Data are expressed throughout as mean and standard deviation. We used one-way analysis of
variance (ANOVA) to determine significance of differences between the AggKD cell lines and
the control line. A Tukey HSD post-hoc analysis was carried out when significance was
p<0.05 (Vassar Stats). For experiments comparing no more than two experimental groups, a
Student’s T-Test was used.

Results
Aggrecan knockdown in ATDCS5 cells via lentiviral transduction of shRNA

ATDCS cells were transduced with lentiviral transduction particles to create AggKD cell lines
and control cell lines. The level of aggrecan knockdown was assessed by qPCR (Fig 1) and
Alcian blue staining (Fig 2). The control cell line exhibited higher levels of aggrecan mRNA
expression when stimulated with ITS, compared to cells without ITS stimulation (p<0.01).
Aggrecan mRNA expression levels in unstimulated and ITS-stimulated AggKD cell lines were
comparable. All ITS-stimulated AggKD lines exhibited significantly less aggrecan expression
than ITS-stimulated control cells (p<0.01).

We performed Alcian blue staining on all cell lines (Fig 2). Unstimulated control cells
showed minimal staining. Unstimulated AggKD cell lines were similar to the unstimulated
control cells except for AggKD 2, which showed even lower absorbance than the unstimulated
control line (p<0.05). All ITS-stimulated AggKD cell lines had significantly less absorbance
than the ITS-stimulated control cells. AggKD 1 and AggKD 2 cell lines had the lowest amounts
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Fig 1. Relative Aggrecan mRNA expression levels, as measured by qPCR, in lentiviral-transduced control cells and 5 AggKD cell lines confirm decreased
Aggrecan expression in the AggKD cells. Cells were cultured in media containing ITS for 12 days prior to being lysed for RNA preparation. Hatched bars
represent unstimulated cells and solid bars represent cells stimulated with insulin to induce chondrogenesis. Data are shown as the mean +1 SD for 4 biological
replicates per group. ** p<0.01 versus control cells; “* p<0.01 versus control cells +ITS.

https://doi.org/10.1371/journal.pone.0218399.9001

of Alcian blue staining, consistent with the aggrecan qPCR results. These experimental cell
lines, AggKD 1 and AggKD 2, were selected for further experiments as they exhibited the low-
est levels of aggrecan expression.

Markers of chondrogenesis in aggrecan knockdown cells vs. control cells

We used qPCR for the quantification of type 2 collagen (Col2al), type X collagen (Coll0al),
SRY-Box 9 (Sox9), and Indian Hedgehog (Ihh) mRNA expression to evaluate the effect of
aggrecan knockdown on chondrogenesis. These markers of chondrogenesis were evaluated at
multiple time points in the control, AggKD 1, and AggKD 2 cell lines. Results show that con-
trol cells produced high levels of Col2al by day 8, whereas AggKD 1 and AggKD 2 cell lines
did not have increased Col2al production through day 21 (Fig 3A). In control cells, Col10al
production greatly increased by day 12 and continued to increase through day 21. At no point
did the AggKD 1 and AggKD 2 cell lines induce Col10al expression (Fig 3B). Control lines
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Fig 2. Aggrecan knockdown ATDC5 chondroprogenitor cells have decreased Alcian blue staining and absorbance levels compared to control cells after
ITS stimulation. Cells were cultured in media containing ITS for 12 days at which they were fixed and stained with Alcian blue. (a) Representative stained cell
culture plates are shown for each cell line. (b) Absorbance measurements after Alcian blue extraction are shown as the mean + 1 SD for 3 biological replicates
per condition. Hatched bars represent unstimulated cells, and solid bars represent cells stimulated with ITS. *, p<0.01 versus control cells; ** p<0.01 versus
control cells +ITS; t, p<0.05 versus control cells.

https://doi.org/10.1371/journal.pone.0218399.9002

had significantly higher Col2al and Col10al production starting from day 4, even prior to
greater increases in mRNA levels in the control lines, through day 21 (p<0.0001). The expres-
sion levels of Sox9 showed a trend of reduction in AggKD lines at all time points except Day 8
and Day 12 (Fig 3C). Ihh levels were similar between both AggKD cell lines and control cells
(Fig 3D).

In order to determine whether aggrecan knockdown also affects molecules that are known
to interact with aggrecan, such as hyaluronan receptor CD44 and Proteoglycan Link Protein
(HAPLNI1), we compared the expression of these molecules between control cells and AggKD
cell lines. Flow cytometry analysis demonstrated that CD44 expression was unaltered by aggre-
can knockdown (S2 Fig). Likewise, HAPLN1 protein production was also demonstrated to be
unaltered as a result of aggrecan knockdown (S2 Fig).

Lastly, in order to determine whether aggrecan knockdown might cause ATDCS5 cells to
adopt a phenotype that is consistent with a non-chondrogenic cell lineage (i.e. fibroblastic phe-
notype, adipogenic phenotype), we compared expression of fibroblast/fibrochondroyte mark-
ers collagen 1 (Collal) and collagen 3 (Col3al) as well as adipocyte markers Fatty Acid
Binding Protein 4 (Fabp4) and Lipoprotein Lipase (Lpl) in control cells and AggKD cells (S3
Fig). AggKD cells exhibited lower Collal and Fabp4 expression, compared to control cells.
Col3al and Lpl expression was unaffected.

In order to determine if the phenotype of the AggKD cells could be rescued by exogenous
aggrecan, we cultured the control and AggKD cells in wells that were pre-conditioned by con-
trol ATDCS5 cells grown in media containing ITS for 7 days after reaching confluence. At that
point, the pre-conditioning cells were lysed, leaving behind only their extracellular and pericel-
lular matrixes, and replaced with experimental cells. Based on Alcian Blue staining, we were
confident that day 7 of cell growth was a sufficient amount of time for the establishment of
extracellular matrix in the preconditioned wells. At day 12 of culture in pre-conditioned wells,
control cells had increased levels of Col2al and Coll0al expression compared to control cells
grown in wells that had not been pre-conditioned (Fig 4A and 4B). There was no difference at
day 21 in control cells grown in pre-conditioned versus unconditioned wells. Expression of
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https://doi.org/10.1371/journal.pone.0218399.9003

Col2al and Col10al in the two AggKD lines was similar between pre-conditioned and uncon-
ditioned wells at both time points, and was significantly lower than expression in pre-condi-
tioned control cells at both time points (p<0.01).

When AggKD cells were co-cultured in the same wells as standard ATDCS5 cells, there was
also no increase in Col2al (Fig 4C) and Coll0al (Fig 4D) expression in AggKD cells. At day 20
of cell growth, the expression of Col2al and Col10al was similar between AggKD cell lines
that had been co-cultured compared to those that had been cultured on their own. The control
line was not co-cultured in this experiment.

Effect of reduced aggrecan expression on proliferation and cell cycle
kinetics
Photomicrographs of ITS-stimulated control and aggrecan knockdown cells (Fig 5A) indicated

greater cell density in the control cells at day 12 in culture. These results were confirmed by
cell counting (Fig 5B). Flow cytometry with propidium iodide staining (S4 Fig) was used to
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measurements to determine Col2al (a) and Col10al (b) expression were performed on RNA derived from lentiviral transduced control cells and 2 AggKD cell
lines grown in cell culture plates that were untreated (hatched bars) or pre-conditioned with the extracellular matrix of control ATDCS5 cells. gPCR
measurements to determine Col2al (c) and Col10al (d) expression were performed on RNA derived from 2 AggKD cell lines grown individually (hatched
bars) or co-cultured with wild-type ATDCS5 cells. Before RNA extraction, wild-type ATDCS5 cells were eliminated through puromycin selection. Data are
shown as the mean +1 SD for 4 biological replicates per condition. *, p<0.05 versus corresponding unconditioned samples; **, p<0.01 versus corresponding
unconditioned control samples.

https://doi.org/10.1371/journal.pone.0218399.g004

assess differences in proliferation in each cell line by analyzing the percentage of cells in each
phase of the cell cycle. The proportion of cells in S phase plus G2 phase (Fig 6) was similar in
the control line and the two AggKD lines at all time points between day 0 and day 21.

Discussion

The basis for the present studies was the unusual combination of impaired linear growth and
advanced bone age that we observed in a kindred with a mutation in the gene encoding aggre-
can [5]. This observation led us to hypothesize that intracellular aggrecan has an integral role
in chondrogenesis. Our study supports this hypothesis. In particular, a marked reduction in
aggrecan expression was associated with impaired induction of Col2al and Col10al, two extra-
cellular matrix markers of chondrogenesis [14]. Expression of Col2al is typically seen in the
proliferative zone and the pre-hypertrophic zone of growth plates, whereas Col2al is typically
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Fig 5. (a) Phase contrast photomicrographs of ITS-stimulated ATDC5 cells on days 0, 12 and 21 in culture. Images were acquired at 10x magnification. Scale
bar in the bottom right corner depicts 100 micrometers. (b) Hemocytometer counts of ITS-stimulated controls cells (solid line) and aggrecan knockdown cells
AggKD1 (dashed line) and AggKD2 (dotted line) on days 0, 4 and 8. Data are shown as the mean +1 SD for 3 biological replicates per condition. *, p<0.0005
versus both aggrecan knockdown cell lines.

https://doi.org/10.1371/journal.pone.0218399.g005

expressed in the hypertrophic zone. We therefore interpret our results as indicating that a
marked reduction in aggrecan expression interrupts the early stages of chondrogenesis and
prevents it from progressing normally.

Our results showed a marked reduction in Col2al and Col10al in AggKD cells (Fig 3A and
3B). This is in contrast to previous studies of animal models using nanomelic chicks and carti-
lage matrix-deficient mice which showed some expression of Col2al and Col10al in the
growth plate, but in abnormal patterns [8,9]. Growth plates in nanomelic chick embryos
showed abnormal morphology that included higher cell density and reduced intercellular
matrix [7]. There was also disorganization of the growth plate with increased proliferation in
the hypertrophic zone, increased apoptosis in the proliferative zone. By evaluating the growth
plates of nanomelic chicks at early stages of development until growth plate maturation, these
investigators determined that nanomelic chondrocytes have initiation and progression
through normal states of differentiation, but at the time of growth plate maturation the hyper-
trophic zone is small and disorganized. In addition, the pre-hypertrophic and hypertrophic
cells appear to overlap in the nanomelic mutant, suggesting the acceleration of hypertrophy
and resultant precocious bone formation [7]. The observed difference in chondrogenic differ-
entiation could be due to the fact that nanomelic chick and matrix-deficient mice still contain
residual aggrecan mutant, while our AggKD cells exhibit a robust knockdown of the wildtype
aggrecan gene. Thus, our in vitro loss-of-function study may have unexpectedly revealed the
requirement of the aggrecan gene in chondrogenic differentiation. Our supplemental data also
confirmed that aggrecan knockdown does not impact CD44 and HAPLN1, both of which are
known to either interact with and/or form complexes with aggrecan protein. This suggests that
neither of these molecules are involved in the attenuated chondrogenic phenotype we are
reporting.

While our study provides information on the absence of aggrecan in the knockdown cells,
this may have a different effect compared to a mutated aggrecan gene leading to a truncated
protein or post-translational changes. In addition, many aggrecanopathies observed in
humans are caused by autosomal dominant mutations in the aggrecan gene. This may allow
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Fig 6. Proliferation is similar in control ATDC5 chondroprogenitor cells compared to aggrecan knockdown cells. Cells cultured in the presence of ITS
were assessed by flow cytometry with propidium iodine staining. Data, representing the sum of cells in the S and G2 phases of the cell cycle are shown as the
mean + 1 SD for 3 biological replicates per condition. Control cells, solid line; AggKD 1, dashed line; AggKD 2, dotted line.

https://doi.org/10.1371/journal.pone.0218399.9006

some aggrecan to be produced, which may be sufficient for potential intracellular signaling
effects despite reduced extracellular matrix.

Differences may also be due to additional factors contributing to chondrogenesis in vivo
that may not be present in a cellular model, which relies on cell-autonomous effects. To test
this hypothesis, we performed a rescue experiment using conditioned medium or extracellular
matrix that contains wildtype aggrecan. AggKD cells grown in pre-conditioned wells had low
expression of Col2al and Coll10al showing that pre-conditioning wells did not rescue AggKD
cells to undergo chondrogenesis (Fig 4A and 4B). Control cells grown in pre-conditioned wells
had higher expression of Col2al and Col10al at day 12 of ITS exposure compared to cells
grown in unconditioned wells. This suggests that the chondrogenesis program was accelerated
when cells were grown in the presence of extracellular matrix. Co-culturing AggKD cells with
unmanipulated ATDCS5 cells was also unsuccessful at rescuing the deficiency in chondrogen-
esis (Fig 4C and 4D). What is more, our study shows that knocking down aggrecan has no
effect on the synthesis of other cell surface and ECM protein molecules known to interact with
aggrecan (i.e. CD44, Haplnl). Taken together, we interpret these results as suggesting that the
role of aggrecan in chondrogenesis may involve an intracellular mechanism.

The results of our experiment measuring gene expression of markers and regulators of
chondrogenesis showed similarities and also differences from some prior studies. In previous
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studies of ATDCS5 cell differentiation with similar culture conditions, aggrecan gene expres-
sion begins at day 10 in culture, after Col2a1 and before Col10al is expressed [15]. This is con-
sistent with our findings, however this time frame may vary in other experiments with
different cell culture conditions. In all tested time points except Day 8 and Day 12, we found
that there was a trend of reduced Sox9 mRNA levels in AggKD ATDCS5 cells, compared to con-
trol ATDCS5 cells. While the differences did not meet a p-value 0.05, this trend of Sox9 expres-
sion is in agreement with previous findings by Lauing et al [8]. Sox9 is a transcription factor
that regulates chondrogenic gene transcription at multiple points in chondrogenesis [16]. Ihh
mRNA levels, on the other hand, were not different in AggKD cells compared to control
ATDCS cells. It is possible that our results vary to some extent from previous findings by Lau-
ing et al. due to the fact that we are using an in-vitro chondroprogenitor model (not mature
chondrocytes) in this study to look at the effects of aggrecan knockdown, whereas Lauing et al.
used a transgenic mouse model to knockout aggrecan in Col2 positive chondrocytes [8]. Addi-
tionally, basal Sox9 and Ihh mRNA transcript levels are already low in ATDC5 mouse chon-
droprogenitors, as evidenced by late Cycle Threshold values (i.e. late 20s and early 30s) that we
observed for these markers in our RT-PCR experiments. This may further explain why the
reduction of these two markers could not be prominently detected in response to aggrecan
knockdown.

We also observed that cell counts were significantly lower in both AggKD cell lines relative
to control cells on day 8 of ITS-stimulation (Fig 5B). We did not detect differences in prolifera-
tion rates based on cell cycle analysis (Fig 6). In addition, the flow cytometry profiles of
AggKD cell lines did not show an early peak of propidium iodide staining indicating apoptosis,
thus making apoptosis an unlikely factor accounting for the lower AggKD cell numbers (S4
Fig). We considered the possibility that reduced aggrecan expression does not alter prolifera-
tion rate, but instead results in cells that are less adherent to the cell culture plates, resulting in
low cell counts as live cells may have been removed when the plates were washed prior to
counting. However, increased cell loss was not apparent via microscopy prior to media
changes.

Consistent with these interpretations, growth plates in aggrecan-null mouse embryos also
lacked matrix and chondrocyte organization and differentiation. Lauing et al. showed that
these growth plates displayed abnormal patterns of Coll0al, Sox9, Ihh, Ptchl, and Fgfr3
expression [8]. Comparison of the growth plates in aggrecan-null mouse embryos with rescue
embryos expressing chick aggrecan showed partial reversal of the aggrecan-null phenotype.
Taken together, these studies suggest that aggrecan has a significant role in the signaling path-
ways involved in chondrogenesis, and the lack of which leads to chondrodysplasia.

Limitations of this study include the use of a chondroprogenitor cell line rather than pri-
mary cells. While primary cells may provide a model that is more consistent with in vivo pro-
cesses, the number of primary chondroprogenitor cells is extremely small in mice and hence
difficult to isolate in reasonable quantities. Additionally, our current results do not elucidate
the exact mechanisms of how aggrecan deficiency affects chondrogenesis. The failure of exoge-
nous aggrecan to rescue the phenotype suggests that this may be an intracellular mechanism.
However, further studies are necessary to confirm this hypothesis.

Conclusions

Ours are the first in vitro studies suggesting that aggrecan is an essential molecule in cell-
autonomous chondrogenesis. Further studies are needed to evaluate additional cell signaling
molecules that may be affected by aggrecan deficiency to further study what may be an intra-
cellular role in cell signaling.
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Supporting information

S1 Fig. Alcian blue staining of preconditioned wells show aggrecan deposition in wells
after growing for 4 days in culture and lysing cells as described in the “Pre-conditioning of
cell culture plates” protocol. Wells were then stained with 0.02% Alcian blue solution, as
described in our manuscript. Aggrecan knockdown ATDCS5 cells are included as a control to
demonstrate how the lack of aggrecan production impacts Alcian blue staining intensities.
(TIFF)

$2 Fig. Flow cytometric analysis of hyaluronan receptor CD44 in (a) control ATDC5 cells,
and Aggrecan knockdown ATDCS5 cells. Empty peaks represent isotype control antibody
staining. Red peaks represent CD44 antibody staining. (b) Mean percentage of cells that are
CD44-positive amoung Aggrecan knockdown ATDCS5 cells and control ATDCS5 cells. Error
bars represent =1 SD of the mean. (c) Western blot analysis of Proteoglycan Link Protein levels
in control ATDCS5 cells, and Aggrecan knockdown ATDCS5 cells. Actin is used as a loading
control. Experiments were repeated three times.

(TIFF)

S3 Fig. Mean relative mRNA expression levels of (a) Collagen 1, (b) Collagen 3, (c) Fatty Acid
Binding Protein 4, and (d) Lipoprotein Lipase between Aggrecan knockdown ATDCS5 cells
and control ATDCS5 cells. Error bars represent +1 SD of the mean. *, p<0.05, **, p<0.01 versus

control cell group.
(TIFF)

S4 Fig. Representative flow cytometry analysis of samples from each designated cell line
showing results of propidium iodide staining at days 0, 4 and 21. In all cases, cells were cul-
tured in the presence of ITS.

(TIFF)

Author Contributions

Conceptualization: Juanita K. Hodax, Jose Bernardo Quintos, Philip A. Gruppuso, Qian
Chen, Chathuraka T. Jayasuriya.

Data curation: Juanita K. Hodax, Salomi Desai, Chathuraka T. Jayasuriya.
Formal analysis: Juanita K. Hodax, Salomi Desai, Chathuraka T. Jayasuriya.
Funding acquisition: Qian Chen, Chathuraka T. Jayasuriya.

Investigation: Juanita K. Hodax, Chathuraka T. Jayasuriya.

Methodology: Juanita K. Hodax, Jose Bernardo Quintos, Philip A. Gruppuso, Qian Chen,
Chathuraka T. Jayasuriya.

Project administration: Juanita K. Hodax.

Resources: Qian Chen, Chathuraka T. Jayasuriya.

Software: Juanita K. Hodax, Chathuraka T. Jayasuriya.

Supervision: Jose Bernardo Quintos, Philip A. Gruppuso, Chathuraka T. Jayasuriya.
Validation: Juanita K. Hodax, Philip A. Gruppuso, Qian Chen, Chathuraka T. Jayasuriya.
Visualization: Jose Bernardo Quintos, Qian Chen.

Writing - original draft: Juanita K. Hodax.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218399 June 17,2019 13/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218399.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218399.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218399.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0218399.s004
https://doi.org/10.1371/journal.pone.0218399

@ PLOS|ONE

Aggrecan is required for chondrocyte differentiation

Writing - review & editing: Juanita K. Hodax, Jose Bernardo Quintos, Philip A. Gruppuso,

Qian Chen, Salomi Desai, Chathuraka T. Jayasuriya.

References

1.

10.

1.

12.

13.

14.

15.

16.

Kiani C, Chen L, Wu YJ, Yee AJ, Yang BB. Structure and function of aggrecan. Cell Res. 2002; 12:19—
32. https://doi.org/10.1038/sj.cr.7290106 PMID: 11942407

Gibson BG, Briggs MD. The aggrecanopathies; an evolving phenotypic spectrum of human genetic
skeletal diseases. Orphanet J Rare Dis. 2016; 11: 86. hitps://doi.org/10.1186/s13023-016-0459-2
PMID: 27353333

Gkourogianni A, Andrew M, Tyzinski L, Crocker M, Douglas J, Dunbar N, et al. Clinical Characterization
of Patients With Autosomal Dominant Short Stature due to Aggrecan Mutations. J Clin Endocrinol
Metab. 2017; 102: 460—-469. https://doi.org/10.1210/jc.2016-3313 PMID: 27870580

Nilsson O, Guo MH, Dunbar N, Popovic J, Flynn D, Jacobsen C, et al. Short stature, accelerated bone
maturation, and early growth cessation due to heterozygous aggrecan mutations. J Clin Endocrinol
Metab. 2014; 99: E1510-1518. https://doi.org/10.1210/jc.2014-1332 PMID: 24762113

Quintos JB, Guo MH, Dauber A. Idiopathic short stature due to novel heterozygous mutation of the
aggrecan gene. J Pediatr Endocrinol Metab. 2015; 28: 927-932. https://doi.org/10.1515/jpem-2014-
0450 PMID: 25741789

Watanabe H, Yamada Y. Chondrodysplasia of gene knockout mice for aggrecan and link protein. Gly-
coconj J. 2003; 19: 269-273.

Domowicz MS, Cortes M, Henry JG, Schwartz NB. Aggrecan modulation of growth plate morphogene-
sis. Dev Biol. 2009; 329: 242-257. https://doi.org/10.1016/j.ydbio.2009.02.024 PMID: 19268444

Lauing KL, Cortes M, Domowicz MS, Henry JG, Baria AT, Schwartz NB. Aggrecan is required for
growth plate cytoarchitecture and differentiation. Dev Biol. 2014; 396: 224—236. https://doi.org/10.
1016/j.ydbio.2014.10.005 PMID: 25446537

Gleghorn L, Ramesar R, Beighton P, Wallis G. A mutation in the variable repeat region of the aggrecan
gene (AGC1) causes a form of spondyloepiphyseal dysplasia associated with severe, premature osteo-
arthritis. Am J Hum Genet. 2005; 77: 484—490. https://doi.org/10.1086/444401 PMID: 16080123

Tompson SW, Merriman B, Funari VA, Fresquet M, Lachman RS, Rimoin DL, et al. A recessive skeletal
dysplasia, SEMD aggrecan type, results from a missense mutation affecting the C-type lectin domain of
aggrecan. Am J Hum Genet. 2009; 84: 72—79. https://doi.org/10.1016/j.ajhg.2008.12.001 PMID:
19110214

Stattin E, Wiklund F, Lindblom K, Onnerfjord P, Jonsson B, Tegner Y, et al. A missense mutation in the
aggrecan C-type lectin domain disrupts extracellular matrix interactions and causes dominant familial
osteochondritis dissecans. Am J Hum Genet. 2010; 86: 126—137. hitps://doi.org/10.1016/j.ajhg.2009.
12.018 PMID: 20137779

Atsumi T, Miwa Y, Kimata K, Ikawa Y. A chondrogenic cell line derived from a differentiating culture of
ATB805 teratocarcinoma cells. Cell Differ Dev. 1990; 30: 109-116. PMID: 2201423

Temu TM, Wu KY, Gruppuso PA, Phornphutkul C. The mechanism of ascorbic acid-induced differentia-
tion of atdc5 chondrogenic cells. Am J Physiol Endocrinol Metab. 2010; 299: E325-34. https://doi.org/
10.1152/ajpendo.00145.2010 PMID: 20530736

Goldring MB, Tsuchimochi K, ljiri K. The control of chondrogenesis. J Cell Biochem. 2006; 97: 33—44.
https://doi.org/10.1002/jcb.20652 PMID: 16215986

Shukunami C, Ishizeki K, Atsumi T, Ohta Y, Suzuki F, Hiraki Y. Cellular hypertrophy and calcification of
embryonal carcinoma-derived chondrogenic cell line ATDC5 in vitro. J Bone Miner Res. 1997; 12:
1174-88. https://doi.org/10.1359/jomr.1997.12.8.1174 PMID: 9258747

de Crombrugghe B, Lefebvre V, Nakashima K. Regulatory mechanisms in the pathways of cartilage
and bone formation. Curr Opin Cell Biol. 2001; 13: 721-7. PMID: 11698188

PLOS ONE | https://doi.org/10.1371/journal.pone.0218399 June 17,2019 14/14


https://doi.org/10.1038/sj.cr.7290106
http://www.ncbi.nlm.nih.gov/pubmed/11942407
https://doi.org/10.1186/s13023-016-0459-2
http://www.ncbi.nlm.nih.gov/pubmed/27353333
https://doi.org/10.1210/jc.2016-3313
http://www.ncbi.nlm.nih.gov/pubmed/27870580
https://doi.org/10.1210/jc.2014-1332
http://www.ncbi.nlm.nih.gov/pubmed/24762113
https://doi.org/10.1515/jpem-2014-0450
https://doi.org/10.1515/jpem-2014-0450
http://www.ncbi.nlm.nih.gov/pubmed/25741789
https://doi.org/10.1016/j.ydbio.2009.02.024
http://www.ncbi.nlm.nih.gov/pubmed/19268444
https://doi.org/10.1016/j.ydbio.2014.10.005
https://doi.org/10.1016/j.ydbio.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25446537
https://doi.org/10.1086/444401
http://www.ncbi.nlm.nih.gov/pubmed/16080123
https://doi.org/10.1016/j.ajhg.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19110214
https://doi.org/10.1016/j.ajhg.2009.12.018
https://doi.org/10.1016/j.ajhg.2009.12.018
http://www.ncbi.nlm.nih.gov/pubmed/20137779
http://www.ncbi.nlm.nih.gov/pubmed/2201423
https://doi.org/10.1152/ajpendo.00145.2010
https://doi.org/10.1152/ajpendo.00145.2010
http://www.ncbi.nlm.nih.gov/pubmed/20530736
https://doi.org/10.1002/jcb.20652
http://www.ncbi.nlm.nih.gov/pubmed/16215986
https://doi.org/10.1359/jbmr.1997.12.8.1174
http://www.ncbi.nlm.nih.gov/pubmed/9258747
http://www.ncbi.nlm.nih.gov/pubmed/11698188
https://doi.org/10.1371/journal.pone.0218399

