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Patient-Derived Skeletal Dysplasia Induced Pluripotent
Stem Cells Display Abnormal Chondrogenic Marker
Expression and Regulation by BMP2 and TGF[ 1
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Skeletal dysplasias (SDs) are caused by abnormal chondrogenesis during cartilage growth plate differentiation. To
study early stages of aberrant cartilage formation in vitro, we generated the first induced pluripotent stem cells
(iPSCs) from fibroblasts of an SD patient with a lethal form of metatropic dysplasia, caused by a dominant mutation
(I604M) in the calcium channel gene TRPV4. When micromasses were grown in chondrogenic differentiation
conditions and compared with control iPSCs, mutant TRPV4-iPSCs showed significantly (P <0.05) decreased
expression by quantitative real-time polymerase chain reaction of COL2A1 (IIA and IIB forms), SOX9, Aggrecan,
COLI0AI, and RUNX2, all of which are cartilage growth plate markers. We found that stimulation with BMP2, but
not TGFf1, up-regulated COL2A1 (IIA and 1IB) and SOX9 gene expression, only in control iPSCs. COL2A1
(Collagen IT) expression data were confirmed at the protein level by western blot and immunofluorescence mi-
croscopy. TRPV4-iPSCs showed only focal areas of Alcian blue stain for proteoglycans, while in control iPSCs the
stain was seen throughout the micromass sample. Similar staining patterns were found in neonatal cartilage from
control and patient samples. We also found that COLIA (Collagen I), a marker of osteogenic differentiation, was
significantly (P <0.05) up-regulated at the mRNA level in TRPV4-iPSCs when compared with the control, and
confirmed at the protein level. Collagen I expression in the TRPV4 model also may correlate with abnormal staining
patterns seen in patient tissues. This study demonstrates that an iPSC model can recapitulate normal chondrogenesis
and that mutant TRPV4-iPSCs reflect molecular evidence of aberrant chondrogenic developmental processes, which
could be used to design therapeutic approaches for disorders of cartilage.

Introduction growth plate development [2]. Many of the genes, their
biochemical properties, and pathways have been defined [1].

S KELETAL DYSPLASIAS (SDs) are a heterogeneous group The TRPV4 gene encodes the transient receptor potential
of more than 450 disorders that are associated with vanilloid family member 4, calcium channel protein. Het-

skeletal deformity, dwarfism, craniofacial malformations, erozygous mutations in this gene result in a spectrum of
joint degeneration, perinatal lethality, and other medical dominantly inherited SD phenotypes [3-8]. TRPV4 is a
issues [1]. The incidence of these disorders is collectively tetrameric calcium-permeable ion channel that plays a role
almost 1:5,000 live births. Medical and surgical treat- in chondrocyte differentiation [9-13]. The first molecular
ments are attempted to improve the quality of life of affected defect in TRPV4 was described for brachyolmia, a relatively
individuals with only limited results. These defects result mild condition characterized by short stature, a short trunk,
from the disruption of normal chondrogenesis, the earliest and scoliosis [3]. Next, other distinct mutations were found
phase of skeletal development, which occurs when mesen- in TRPV4 for the moderate severity spondylometaphyseal
chymal cells commit to the chondrocyte lineage for cartilage  dysplasia Kozlowski type (SMDK) and the nonlethal and
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lethal forms of metatropic dysplasia [4,5]. The perinatal
lethal form of metatropic dysplasia has an extremely severe
phenotype, including severe shortening of the long bones
and a small chest with perinatal death resulting from car-
diopulmonary compromise [5]. The majority of the TRPV4
mutations seen in SDs are single amino-acid substitutions.
In vitro electrophysiological studies have shown that these
mutations activate the calcium channel with an increased
basal activity [3-5,12]. This leads to the loss of normal ion
pore gating and increased intracellular calcium levels
[11,12], consistent with a gain-of-function mechanism.
However, reduced channel activity was reported for TRPV4
mutations in the mild disorder, familial digital arthropathy-
brachydactyly (FDAB), which is primarily characterized by
osteoarthropathy in the hands [7]. TRPV4 mutations, some-
times in the same region of the gene, can show highly vari-
able phenotypes that affect the skeleton, the peripheral
nervous system, or both [6,8,13]. Several mechanisms for
such phenotypes have been suggested, including: defects in
Ca®* homeostasis in chondrocytes or in motor and sensory
neurons, abnormal protein-protein interactions, or dysregu-
lation of gene expression during chondrocyte differentiation
[13]. The mechanism by which TRPV4 mutation causes SD is
unclear, and a major limitation of current cellular models is
that they cannot replicate the range of TRPV4 activity during
chondrogenesis, as they are transfection models which result
in overexpressed homotetrameric mutant channels [3-5,7,12].
Historically, induced pluripotent stem cells (iPSCs) were
first established from mouse fibroblasts using defined factors
[14] and subsequently from human adult fibroblasts [15,16].
The iPSC technology that replicates human disease in the
culture dish [17] has already been used to model phenotypes
of several disorders [18], including ALS [19,20], muscular
dystrophy, Huntington’s disease [21], Parkinson’s disease
[22], spinal muscular atrophy [23], Marfan syndrome [24],
and osteogenesis imperfecta [25]. Recently, using an in vitro
cartilage defect model system, it has been shown that dif-
ferentiated mouse iPSCs can be used for functional cartilage
repair [26]. In addition, using different in vitro techniques, it
has been reported that human embryonic stem (ES) cells
[27,28] and human iPSCs [29-31] could be directed toward
chondrogenic differentiation. We focused on the develop-
ment of a human in vitro iPSC model of chondrogenesis to
identify molecular pathways that might be altered in a
neonatal lethal form of metatropic dysplasia. This approach
utilizes the natural heterozygous state of the mutation in
each iPSC line to understand the impact of specific muta-
tions on signaling during chondrogenic differentiation.
Here, we report for the first time that patient-derived
iPSCs can recapitulate dysregulated processes of cartilage
development and that markers of cartilage growth plate
formation, including the transcription factor SOX9 [32,33],
type II collagen [34-36] Aggrecan, and type X collagen
[37,38], were significantly down-regulated over time in
patient TRPV4-iPSCs when compared with the control. In
addition, both bone morphogenetic protein 2 (BMP2) and
transforming growth factor beta 1 (TGFf1), two key regu-
lators of chondrogenesis [39,40], cartilage repair [41] and
used to obtain direct chondrogenic differentiation of human
ES cells in vitro [28], showed abnormal signaling in patient
iPSCs. This is the first indication that developmental pro-
cesses, beyond activation of the calcium channel, could
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underlie this lethal form of metatropic dysplasia and provide
proof-of-concept evidence that in vitro iPSC models can be
used to dissect molecular mechanisms in cartilage disorders,
an important first step toward potential treatment.

Materials and Methods

SD TRPV4-iPSC generation using nonintegrating
episomal vectors

Human neonatal skin fibroblasts were obtained from the
International Skeletal Dysplasia Registry (ISDR) of Cedars-
Sinai Medical Center. Fibroblasts from a patient (R08-023)
with lethal metatropic dysplasia, caused by a mutation
(I604M) in the calcium gene TRPV4, were reprogrammed
by the iPSC core (www.cedars-sinai.edu/RMI) to generate
integration-free iPSCs under the guidelines of the Stem Cell
Research Oversight Committee at Cedars-Sinai. Briefly,
8 x 10° fibroblasts were cultured [42] and nucleofected using
Nucleofector I (Amaxa) and episomal plasmid expression
vectors pPCXLE-hUL, pCXLE-hSK, and pCXLE-hOCT3/4-
shp53-F (Addgene) as reported [43]. Of the 20 isolated clones,
three independent TRPV4-iPSC clones (23i-n1F, 23i-n12F, and
23i-n14F) were further expanded in mTeSR1 (Stemcell
Technologies), characterized for pluripotency, and used for
differentiation experiments. Control iPSC lines 83i-n1 and 14i-
n6, used for all the assays, were previously described [44].

Sequencing of TRPV4-iPSC clones

Heterozygous mutation of TRPV4 was confirmed in the
iPSC clones. Briefly, bidirectional sequence analysis was
performed as described [5], and the resulting sequences were
compared with the reference for TRPV4, with nucleotide
numbering starting from the A of the ATG initiation codon.
The 1604M substitution, in case R08-023, occurs in the cy-
toplasmic loop between the TM4 and TMS5 domains [5].

Immunofluorescence of pluripotent markers

As reported [44], iPSCs grown on coverslips coated
with Matrigel (BD Biosciences) were incubated with anti-
bodies for OCT4, SSEA-4, and SOX2 (Millipore) and with
Alexa-Fluor-conjugated secondary antibodies AF488 and/or
AF594 (Molecular Probes). Nuclei were counterstained with
Hoechst 33258. Images were captured using a fluorescence
microscope (Olympus BX51).

Embryoid-body formation and reverse transcription
polymerase chain reaction

To determine germ layer formation capacity, iPSCs were
plated in poly-HEMA coated flasks with embryoid-body (EB)
media [20]. Spontaneous EB differentiation was assayed at 0,
14, and 28 days. Total RNA was extracted from EBs, ac-
cording to the manufacturer’s protocol (Qiagen), and 1pg
was reverse transcribed into cDNA, using a High-Capacity
Reverse Transcription kit (Applied Biosystems). Reverse
transcription polymerase chain reaction (RT-PCR) reactions
were carried out using 400 nM of specific forward and reverse
primers (Supplementary Table S1; Supplementary Data are
available online at www liebertpub.com/scd); 2x MyTaq HS
PCR Mix (Bioline) and 10 ng per reaction of each cDNA was
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used. RT-PCR was run with the MJ Research PTC-200
(Peltier Thermal Cycler) and carried out in 25 pL final vol-
umes using the following conditions: 95°C 1 min (1 cycle),
95°C 155, 58°C 155, 72°C 10s, (35 cycles), and 72°C 1 min
(1 cycle). EB PCR products of markers expressed from all
three germ-layers included ectoderm: MSXI, PAX6; meso-
derm: HAND1, BMP4; endoderm: AFP, GATA4, and SOX17;
pluripotent marker 7TDGF'1 [45]; and housekeeping control
GAPDH were assayed and run on 1.5% Agarose (Sigma-
Aldirich) gels, containing Ethidium bromide (Sigma) with a
100 bp ladder (BioLabs).

Alkaline phosphatase staining

Alkaline phosphatase (AP) staining was done using the
Alkaline Phosphate II staining kit (StemGent) according to
the manufacturer’s protocol with positive staining showing
pink/purple for AP.

Karyotyping

It was performed at Cedars-Sinai by the Cytogenetics
Lab. Ten high-resolution G-banded metaphase cells from
each iPSC clone were assessed for chromosomal rearrange-
ments, using standard techniques [46].

Chondrogenic differentiation of iPSC micromasses
on matrigel

Chondrogenic differentiation of pluripotent stem cells was
induced under serum-free conditions using a modified version
of a protocol previously described [47]. The iPSCs were grown
on Matrigel (BD Biosciences) as a micromass (200,000 cells/
each) using chondrogenic media (CM) with BMP2 (CMB) or
TGFf1 (CMT), (Peprotech). Normal fibroblast-derived iPSC
lines 83i-n1 and 14i-n6 were obtained from the iPSC Core at
Cedars-Sinai. iPSCs were cultured to confluency in mTeSR1
media, trypsinized using TryPLE Express (Life Technologies)
for 5min at 37°C, spun for 1 min at room temperature (RT),
washed in 1x phosphate buffered saline (PBS), and re-
suspended in mTeSR1 to obtain a single cell suspension. A 24-
well plate (Fisher Scientific) for each iPSC line and/or clone
was used by coating the center of each well with 10 uLL Matrigel
for 1 hatRT. Cells were replated at a density of 2x 10° cells as a
“micromass’ using 10 uL. of mTeSR1 per well. After 2h at
37°C in a humidified 5% CO2, 0.4 mL of the same medium was
slowly added to each well. After 24 h, the media was replaced,
only in samples used for chondrogenic differentiation, with
Dulbecco’s modified Eagle’s medium (DMEM) high glucose
containing 10% fetal bovine serum, 10% knockout serum re-
placement (KSR) and 1% Pen/Strep (Life Technologies). At
day 1, the cultures were supplied with CM consisting of
DMEM high glucose with sodium pyruvate and L-glutamine
and containing 1% KSR, 1% Pen/Strep, 1% MEM Non-
essential Amino Acids, 1% ITSX (Life Technologies), 10 pg/
mL BSA, 50 pg/mL Ascorbic acid, 40 pg/mL L-Proline, and
10~7 M Dexamethasone (Sigma), or CM supplemented with
either 100ng/mL of recombinant human BMP2 (CMB) or
10ng/mL of recombinant human 7GFfI (CMT). Media
(mTSeR1, CM, CMB, or CMT) was changed every 3 days
throughout the treatment. Total RNA, protein, and micromass
sections (described next) were prepared, and the media was
also collected at 7, 14, and 21 days.
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Alcian blue and Alizarin red staining

Micromass wells and cartilage tissue sections were fixed
in 4% Paraformaldehyde, washed with 1x PBS, and incu-
bated for 1 h with 0.5% Alcian Blue (Sigma) in 3% glacial
acetic acid (pH 1.0). After incubation, the samples were
washed with 3% glacial acetic acid (pH 1.0) once, followed
by 3% glacial acetic acid (pH2.5) twice. Cartilage tissue
sections were incubated for 1h with 0.5% Alizarin red S
(Sigma) at pH 4.2 and washed twice with distilled water. All
samples were allowed to dry before imaging. Stained sam-
ples were imaged with a digital inverted microscope, EVOS
xl core (AMG-Life Technologies).

PluriTest: bioinformatics based assay
for pluripotency

A gene-chip and bioinformatics assay, PluriTest [48],
using [llumina HT12 arrays, representing 23,000 genes, was
utilized to determine TRPV4-iPSC clone pluripotency. The
array was run at the UCLA genomics core (www.semel
.ucla.edu/ungc), while the iPSC core at Cedars-Sinai per-
formed data analysis.

Quantitative real-time polymerase chain reaction

Total RNA and cDNA were prepared as described earlier.
All quantitative real-time polymerase chain reaction (qPCR)
reactions were performed in triplicate in 10 pL reactions
containing 10ng cDNA, 400nM forward and reverse
primers, and 2x POWER SYBR Mix (Applied Biosys-
tems). Reactions were run on a Viia7 System (Applied
Biosystems) with the following parameters: 95°C for 8 min,
followed by 40 cycles of 95°C for 15, 60°C for 1 min, and
72°C for 5Smin. Results were analyzed using the p-AACt
method, with GAPDH as the endogenous control and iPSCs
(control or SD) at day O as the reference sample set to a
value of 1. Statistical analysis was performed using an un-
paired Student 7-test and chi square test. A probability (P)
value <0.05 was considered statistically significant.

Western blot analysis for type | (COL1)
and type Il (COL2) collagens

Conditioned Media (1 mL) was collected from micromass
differentiation experiments at specific time points. Media
was concentrated to 10X using Amicon Ultra 20K centri-
fuge spin columns according to the manufacturer’s protocol
(Millipore). Samples were loaded and run on a 4%-12%
Tris-glycine stacking gel (Novex) with SDS buffer using the
XCell SureLock Mini cell unit (Life Technologies). The
blots were transferred, blocked in 5% milk, and incubated
with COL2 monoclonal Ab3092 (Abcam) or with COL1
polyclonal 600-401 (Rockland) antibodies. Bands were vi-
sualized using an ECL Plus kit (Thermo Fisher Scientific).

Immunofluorescence of cartilage and bone markers

Micromasses were fixed in 4% PFA, followed by 30%
sucrose, removed from tissue culture plates, frozen in OCT,
sectioned in 10 um sections using a cryostat 1850 (Leica),
and incubated with polyclonal antibodies for COL2
(COL2AT) Ab300 (Abcam) or COL1, 600-401 (Rockland).
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Results

Generation and characterization of iPSCs
from an SD patient with a neonatal lethal form
of metatropic dysplasia and mutation in TRPV4

To study abnormal cartilage formation in vitro, we uti-
lized cells from an SD patient with a mutation (I604M) in
TRPV4. The mutation results in perinatal lethal disease

1467

caused by the disruption of normal cartilaginous growth
plate development [5]. To develop an in vitro model of
chondrogenesis, we reprogrammed skin fibroblasts from the
patient carrying the lethal TRPV4 mutation, using six factors
(OCT3/4, SOX2, KL4, L-MYC, LIN28, and P53 shRNA) in
three episomal plasmids [43]. We then generated integra-
tion-free SD TRPV4-iPSC lines derived from the patient’s
cells and three clones (23i: nl1F, n12F, and n14F) were se-
lected and characterized for pluripotency (Fig. 1). Figure 1A
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FIG. 1. Generation and pluripotency characterization of three independent TRPV4-iPSC clones isolated from nucleofected
fibroblasts of a skeletal dysplasia (SD) patient with neonatal lethal metatropic dysplasia. (A) Phase-contrast images of
nucleofected SD fibroblasts at day 12 in culture (D12) show the formation of several small iPSC colonies (white arrows)
with large colony circled (left); day 40 (D40) shows the characteristic morphology of an iPSC colony after the first passages.
The scale bar size is 500 um. (B) DNA sequencing analysis of three iPSC clones (23i-n1F, 23i-n12F, and 23i-n14F)
confirms the heterozygous mutation in exon 11 C1812>G (1604M) of the calcium channel gene TRPV4. Control human
DNA sequence for TRPV4 is shown for comparison (bottom). (C) Immunofluorescence staining of the three TRPV4-iPSC
clones for pluripotent markers: OCT4, SSEA4 (n1F and n12F, 100 X ; n14F, 60X ), and SOX2 (n1F-n14F, 40 ), were used to
confirm their pluripotency and counterstained with DAPI to show nuclei. (D) Alkaline phosphatase (AP) staining of the
three 231 iPSC clones where the pink/purple staining indicates AP activity characterizing undifferentiated iPSCs. (E) RT-
PCR of genes representing all three germ layers during embryoid body formation in vitro. All three 231 TRPV4-iPSC clones
were tested at 0, 14, and 28 days for the expression of MSX/ and PAX6 (Ectoderm), HANDI, BMP4 (Mesoderm), AFP,
GATA4, SOX17 (Endoderm), TDGFI as a pluripotent marker, and GAPDH as a housekeeping control. RT-PCR products
were separated on a 1.5% agarose gel. Specific primers and band sizes obtained are listed in Supplementary Table S1. (F)
Genomic PCR of the episomal plasmid gene Epstein-Barr nuclear antigen 1 (EBNAI) using DNA isolated from the three
TRPV4 iPSC clones at early passages (P10-P15). PCR products were separated on a 1.5% agarose gel and confirmed
absence (23i-n1F, 23i-n14F) or near absence (23i-n12F) of the episomal vector compared with a positive control (lane 2)
showing a band of 197 bp. DNA size ladder (100 bp) is shown in lane 1. iPSC, induced pluripotent stem cell; RT-PCR,
reverse transcription polymerase chain reaction. Color images available online at www.liebertpub.com/scd
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displays the formation of several iPSC colonies (white
spots) seen at day 12 in culture where a larger colony is
circled. The phase-contrast image taken at day 40 in culture
shows the characteristic morphology of a typical human
iPSC colony after its initial passages: a homogenous, flat
appearance with well-defined edges [15,16]. Figure 1B
presents a DNA sequence analysis of the three iPSC clones
where both a C and a G peak are seen on standard sequenc-
ing, confirming that the heterozygous mutation in exon 11 of
TRPV4, C1812>G (I604M) [5] is present in all of the pa-
tient 231 TRPV4-iPSC clones used for further experiments.
Control human DNA sequence for TRPV4 is shown for a
comparison in the bottom panel. Figure 1C, pluripotency is
confirmed by evaluating the expression of the OCT4,
SSEA4, and SOX2 markers using specific immunofluores-
cence staining. In Figure 1D, we show that all three 23i
TRPV4-iPSC clones stained positive for AP, consistent with
undifferentiated iPSCs [20]. EB formation was also assessed
in vitro and Figure 1E displays the expression of genes from
all three germ layers: Ectoderm (MSX/ and PAX6), Meso-
derm (HANDI, BMP4), and Endoderm (AFP, GATA4, and
SOX17). TDGF was used as a marker of pluripotency [45],
and GAPDH was used as a housekeeping control for these
experiments. Figure 1F confirms absence of the episomal
vector [43] in the newly generated 23i TRPV4 clones using a
genomic PCR assay for the Epstein-Barr nuclear antigen 1
(EBNAI) gene (Supplementary Table S1). A faint band seen
in the n12F clone in these early passage iPSCs did not appear
in later passages (after passage 20). The primers utilized for
expression, integration analysis, and their band sizes are
presented in Supplementary Table S1. Genomic stability was
assessed by karyotyping and was normal for all three clones.
A normal karyotype for one representative clone (23i-n14F)
is shown (Supplementary Fig. S1). To further confirm the
pluripotency of the iPSC clones, we next tested gene ex-
pression profiles using a recently developed PluriTest assay
[48]. As shown in Table 1 and in Supplementary Fig. S2, all
three 23i TRPV4 clones passed the PluriTest, with a Pluri-
potency raw score >20 and Novelty score thresholds <1.6,
and were therefore employed for all of the differentiation
experiments performed in these studies.

The potential and limitations of the PluriTest, and its
comparison with the teratoma assay to determine whether a
specific iPSC line is pluripotent, have been discussed in
depth [48]. Overall, these data demonstrate successful re-
programming of three independent 23i TRPV4-iPSC clones
derived from skin fibroblasts of an SD patient with lethal
metatropic dysplasia. Using standard assays for pluripotency
[20] and a bioinformatics based-assay, PluriTest [48], we
determined the expression of appropriate pluripotent mark-
ers and that the disease-causing mutation was present in
every characterized 231 TRPV4-iPSC clone (Fig. 1).
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Direct differentiation of control and SD TRPV4-iPSCs
micromasses into chondrogenic lineages

Next, to establish an in vitro method for direct differen-
tiation of iPSCs into lineages that can recapitulate pro-
gression of chondrogenesis [38], we used the distinct 231
TRPV4-mutant clones and the control iPSC lines 83i-nl and
14i-n6 generated from reprogrammed control human fibro-
blasts and previously described [20]. For chondrogenic
differentiation, control and SD TRPV4-iPSC lines were
grown on Matrigel as micromass cultures in either iPSC
medium (mTeSR; mT) [49], CM [47] or CM supplemented
with 100ng/mL of BMP2; (CMB) or with 10ng/mL of
TGFp1; (CMT) [28], for 7, 14, or 21 days before whole
mount staining with Alcian blue. This vital dye stains sul-
fated proteoglycans, which are characteristic of developing
cartilage, as first described in micromass cultures of chon-
droprogenitor cells [50]. It has been used to determine ac-
cumulation over time of proteoglycan-rich matrix in human
ES cells [28], in human iPSCs, and in iPSC-derived mes-
enchymal stem cells [31], all of which are grown as micro-
masses. Figure 2A and B shows micromasses stained with
Alcian blue, where the accumulation of proteoglycans over
time was evidenced by positive staining of iPSC micro-
masses grown in CM, with BMP2 (CMB) or TGFf31 (CMT),
but not in iPSC media (mT), demonstrating that chondro-
genic differentiation can be reproduced in this model system.
However, when comparing control versus TRPV4 mutant
iPSC lines at 14 and 21 days (grown in CM, CMB, or CMT),
we found that while Alcian blue staining in controls (Fig.
2A) was seen throughout the sample, the mutant showed
focal areas of stain (Fig. 2B). These differences were clearer
in CM and CMB conditions where a more intense staining
was observed compared with the CMT condition.

To compare our in vitro chondrogenic model with actual
human cartilage tissue, we used the biobank resources of the
ISDR, curated for decades by the late Dr. Rimoin and col-
leagues, to compare the micromass iPSC model with sam-
ples of neonatal cartilage taken from the patient whose
fibroblasts were used for generating the TRPV4-iPSCs.
Figure 2C shows normal neonatal cartilage, while Figure.
2D shows the patient’s neonatal cartilage sections stained
with Alizarin red for developing bone [51] or Alcian blue
for cartilage [50]. In control sections, Alizarin red staining
was uniform and localized to the periphery of the invading
ossification margin (Fig. 2C, left panel). This staining was
abnormal in the TRPV4 patient’s tissue and was not limited
to the peripheral ossification area (Fig. 2D, left panel), but
“islands’ of positive staining were seen within the carti-
lage, suggesting altered chondrocyte differentiation in the
growth plate, as reported for this disorder [5]. Overall,
TRPV4 patient cartilage shows irregular Alcian blue and

TABLE 1. PLURITEST SCORE OF THREE INDEPENDENT 231 TRPV4-MUTANT-INDUCED PLURIPOTENT STEM CELL CLONES

23i TRPV4-iPSC clones Pluri raw Pluri logit P Novelty Novelty logit P PluriTest results
23i-nlF 27.575 1 1.294 0.003 Pass
23i-n12F 21.354 1 1.509 0.027 Pass
23i-n14F 29.934 1 1.232 0.002 Pass

iPSC, induced pluripotent stem cell.
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FIG. 2. Alcian blue and Alizarin red tissue-specific staining of control and TRPV4-iPSC micromass cultures and neonatal
cartilage from control human and TRPV4 patient samples. (A, B) Phase-contrast microscopy images (4x) of iPSC lines
grown in micromass culture and stained with Alcian blue for sulfated proteoglycans of cartilage. Micromasses were grown in
control iPSC medium (mTeSR; mT), chondrogenic medium (CM), or in CM supplemented with 100 ng/mL of BMP2 (CMB)
or with 10ng/mL of TGFf1 (CMT) for 7, 14, or 21 days before whole mount staining. One representative clone for each
control (83i-nl) and SD TRPV4 mutant (23i-n14) iPSC line is shown. Focal stains are indicated by arrows (B). Experiments
were repeated at least thrice, using the control (14i-n6) and SD TRPV4 mutant (23i-n12). (C, D) Phase-contrast images of
control neonatal human cartilage sections (C) and SD TRPV4 patient cartilage (D) stained with Alizarin red for developing
bone or Alcian blue for cartilage. Boxed outline areas shown at 20 X in adjacent photos (C, D). BMP2, bone morphogenetic
protein 2; TGFf1, transforming growth factor beta 1. Color images available online at www.liebertpub.com/scd

Alizarin red staining compared with the control cartilage.
This finding corroborates the staining seen for the control
and TRPV4-iPSC lines, where Alcian blue staining from
control and TRPV4 lines show differences in morphology.

Impaired up-regulation of cartilage growth plate
markers (SOX9, COL2A1, Aggrecan, COL10A1,
and RUNX2), in TRPV4-iPSCs during chondrogenic
differentiation in vitro

Type II collagen (COL2) is the characteristic and most
abundant fibrillar collagen of cartilage, synthesized as a
procollagen homotrimeric [(at1)II]5 structural protein, which
consists of a triple-helical domain flanked by N-and
C-propeptides [34]. During fibril assembly, the propeptides
are removed by specific proteases to generate the native
COL2 molecules [52]. Its gene, COL2A 1, encodes two main

alternatively spliced procollagen forms defined by the in-
clusion (ITA) or exclusion (IIB) of exon 2 of 207 bp [35].
Expression of these procollagen isoforms is developmen-
tally regulated and chondroprogenitor cells express mainly
ITA, while differentiated chondrocytes express predomi-
nantly IIB [53]. To confirm that early stages of chon-
drogenesis were represented in our iPSC chondrogenic
model, we used qPCR to examine the expression of the ITA
and IIB spliced forms of COL2. We found that COL2A1,
form IIA (Fig. 3A), and form IIB (Fig. 3B) significantly
(P<0.05) increased over time at 7, 14, and 21 days in
culture in both controls and TRPV4-iPSCs. However the
increase of IIA from day O to 21 was more than 200-fold in
control iPSCs, while a maximal 80-fold increase was seen in
the mutant. The IIB form was up-regulated 25-fold in con-
trol iPSCs and 15-fold in TRPV4-iPSCs from day 0 to 21
(Figz. 3B). The stronger expression of form IIA compared
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FIG. 3. Quantitative real-time polymerase chain reaction of chondrogenic marker mRNA expression at days 7, 14, and 21
in the iPSC micromass culture model. COL2A 1 encodes two main alternatively spliced forms (ITA and IIB) of this cartilage-
specific extracellular matrix protein, type II collagen. In panel A, COL2AI form IIA is shown; while in panel B, COL2A1
form IIB expression levels are shown. In panel C, the expression of SOX9 is shown and aggrecan is seen in panel D. The
two bottom panels demonstrate the expression of later chondrogenic stage markers, COLIOAI of type X collagen (E), and
RUNX2 (F). Cultures were grown in mTeSR (mT) or CM, with BMP2 (CMB) or with TGFf1 (CMT). The patterns of
expression over time differ when comparing control iPSCs (solid dark bars) with mutant (hatched bars). Note differences in
scale among panels representing fold expression relative to the internal control GAPDH. The bars represent data averaged
from experiments performed in triplicate using control (83i-nl and/or 14i-n6) and TRPV4 (23i-n12 and/or 23i-n14) iPSC
clones. Y-axis values represent fold difference. Asterisks indicate statistically significant differences (P <0.05) between
TRPV4 compared with control iPSCs in chondrogenic conditions (CM, CMB, and CMT).

with form IIB suggests that early stages of chondrogenic
differentiation are represented in our iPSC micromass model
during this time frame in culture. Further, we found distinct
differences between control and TRPV4-iPSCs in their re-
sponse to BMP2 (CMB) stimulation. As shown in Fig. 3A, a
steady increased expression of COL2AI form IIA is ob-
served when control iPSCs are treated with BMP2 (CMB),
while mutant TRPV4-iPSCs show a down-regulation of ITA
when compared with CM. Overall, in control iPSCs, the
strongest expression of IIA (about 120-fold at day 14 and
210-fold at day 21) was seen in the presence of BMP2
(CMB). Instead in TRPV4-iPSCs, the highest expression of
ITA (about 50-fold at day 14 and 80-fold at day 21) was
observed in CM alone, and the addition of BMP2 (CMB) at
day 14 and 21 resulted in decreased expression of the IIA
form. Similar effects of BMP2 were seen on the expression

of form IIB (Fig. 3B), which is up-regulated by BMP2
(CMB) at 21 days in controls, but instead appears down-
regulated in TRPV4-iPSCs.

A statistical analysis of COL2A 1 (form IIA and form IIB)
expression at each time point and over time, with calculated
P values of comparisons between control and TRPV4-iPSCs,
was performed and compared only under chondrogenic
conditions (CM, CMB, and CMT). Using an unpaired
Student #-test and chi square test, we found that COL2A1
ITA has significantly decreased expression in the TRPV4
iPSCs at 7 (P <0.005), 14 (P <0.0001), and 21 (P <0.0005)
days, when compared with control iPSCs in CMB condi-
tions. In addition, the IIB form in CMB was significantly
(P<0.01) decreased at 7 (P<0.005), 14 (P<0.001), and 21
(P<0.01) days. However, the expression of form IIA at 21
days (in CMT but not in CM or CMB) and IIB (in CM and
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CMT, but not in CMB) was comparable in control and
TRPV4 iPSCs. Since ITA and IIB are expressed at different
stages of chondrogenesis [38], it is possible that the CMT
and/or CM conditions have similar responses in both normal
and mutant iPSCs. In addition, the observed increased
(P <0.05) expression in control iPSCs of COL2A1 (IIA and
IIB) in CMB, but decreased in CMT, when compared with
their respective CM conditions at 7, 14, and 21 days, con-
firms the opposing effects of BMP2 and TGFf! during
chondrogenesis as previously observed by others [40].

Together, these results suggest that BMP2 stimulates
COL2A] in control iPSCs, as expected [10,36,38], but acts
aberrantly in TRPV4-iPSCs, resulting in the inhibition of
COL2A] expression, rather than stimulation. These findings
are of interest as in prechondrogenic tissue, IIA binds BMP2
[36], and BMP signaling is required during condensation
in prechondrogenic cells [54,55]. COL2AI is a cartilage-
specific collagen gene that is usually up-regulated by BMP
signaling through the transcription factor SOX9, a master
regulator of chondrogenesis [56]. SOX9 is required for
cartilage formation [32] and for directing hypertrophic
maturation of chondrocytes [33]. Here, qPCR of SOX9
shows a significant (P<0.05) increase of approximately
35-fold expression, in control iPSCs at day 21 when grown
with BMP2 (CMB); while in the same conditions, no in-
crease was observed in TRPV4-iPSCs (Fig. 3C, CM vs.
CMB). At day 7 in CMB, there appears to be higher ex-
pression in TRPV4-iPSCs, which may be due to abnormal
regulation of its expression. It is possible that the maximum
level of expression was reached at this time point and did
not significantly increase at the later time points, as instead
was seen in control iPSCs at 14 (P <0.05) and 21 (P <0.005)
days, compared with their respective CM. This is in agree-
ment with previously reported works showing that TRPV4
regulates the SOX9 pathway, contributing to the normal
process of chondrogenesis [9].

Aggrecan, a marker of differentiated chondrocytes [38],
shows significantly (P <0.005) greater expression in con-
trols (up to 50-fold in CMB) versus TRPV4-iPSC (up to 20-
fold in CMB) over 21 days, with overall higher expression
in control iPSCs also at 7 (CM, CMB, and CMT) and 14
days (mT, CM, and CMB), as shown in Fig. 3D. We also
found, in TRPV4 compared with control iPSCs, significantly
decreased expression at day 7 (P<0.0001) in CM, CMB,
and CMT; at day 14 (P <0.005) in CM and CMB; and at day
21 (P<0.005) in CM, CMB, and CMT.

The expression of additional chondrogenic growth plate
markers was tested, including COLI0AI (Collagen X) shown
in Fig. 3E and the transcription factor RUNX2 seen in Fig. 3F.
These last two molecules are specific for the hypertrophic zone
of the growth plate [33]. We observed that while COLI0AI
and RUNX2 were significantly (P<0.05) up-regulated for
approximately 6 (CMB) and 50 (CM) fold in controls at
21 days, respectively, a very modest increase for COLIOAI
(<2-fold, CMB) and about 20-fold for RUNX2 (CMT) was
seen in TRPV4-iPSCs (Fig. 3E, F). We noted statistically
significant changes in COLI0AI at day 7 (P <0.05) in CM and
CMB, and at 14 (P<0.05) and 21 (P<0.05) days in CM,
CMB, and CMT. Significant changes were noted for RUNX2
at day 21 (P<0.005) in CM and CMB.

These data show that key late markers (COLIOAI and
RUNX?2) of the cartilage growth plate are not expressed at
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similar levels in mutant iPSCs compared with controls,
potentially impacting chondrocyte maturation [33]. RUNX2
is a late marker of chondrogenesis and, as expected, has low
levels of expression at 7 and 14 days of chondrogenic dif-
ferentiation of the iPSC micromasses. This is the likely
reason that there is no difference in the expression between
control and TRPV4 iPSCs for this marker at these early time
points.

The findings may correlate with the severely reduced
hypertrophic zone seen in the cartilage of lethal metatropic
dysplasia patients, including the patient used for this study
with a 1604M mutation [5].

During endochondral ossification, BMP and TGFf sig-
naling pathways display antagonistic effects on chondrocyte
proliferation and differentiation in vivo [40]. We also noted
opposing effects of TGFf1 and BMP2 on chondrogenic
marker expression in both control and TRPV4-iPSCs (Fig. 3).
Our iPSC model shows that the addition of TGFf1 (CMT) to
control iPSCs resulted in significantly decreased expression
of both COL2A1 forms, ITA and IIB, at days 7 and 14 (Fig.
3A, B); of SOX9 at days 7, 14, and 21 (Fig. 3C); and of
Aggrecan (Fig. 3D) and RUNX?2 (Fig. 3F) at days 14 and 21,
when compared with their respective CM time points.
However, in the presence of BMP2-supplemented medium
(CMB), the earlier chondrogenic markers show up-regulation
in control iPSCs (Fig. 3A-D, F). In TRPV4-iPSCs, the ad-
dition of TGFfI1 (CMT) at 14 days did not produce a sig-
nificant change in the level of expression of the earlier
chondrogenic markers, while the addition of BMP2 (CMB)
resulted in down-regulation of COL2A1 (both forms), SOX9,
COLIOAI, and RUNX2 (Fig. 3A-C, E, F; CM vs. CMT or
CMB). Instead, Aggrecan and COLIOA]I at 21 days were up-
regulated in CMB, but not in CMT (Fig. 3D, E).

Overall, the qPCR data indicate that the necessary
up-regulation of critical chondrogenic molecules, such as
SOX9, COL2AI spliced form IIA, expressed in chon-
droprogenitor cells, and the hypertrophic marker COLI0A1,
are impaired in TRPV4-iPSCs at early stages of cartilage
development. In addition, altered BMP2 and TGF 31 signals
are present in mutant iPSCs during chondrogenic differen-
tiation in vitro. Finally, our iPSC model confirms that op-
posing effects of BMP2 and TGF[51 on the regulation of
chondrogenic marker expression are present.

Immunofluorescence and western blot assays
confirm an abnormal production of the cartilage
protein COL2 and the bone protein COL1

in TRPV4-iPSC micromasses

Next, studies at the protein level were consistent with the
gPCR results (Fig. 3), showing that COL2 stains strongly in
control iPSCs (Fig. 4A, top panels CM, CMB but not in mT
or in CMT). In TRPV4-iPSC micromasses, weak staining
was seen in CM and CMT, but no positive staining was seen
in mT and CMB (Fig. 4A, bottom panels). We then com-
pared micromass staining with human neonatal control
cartilage sections (Fig. 4B, left panels) and with mutant
TRPV4 cartilage (Fig. 4B, right panels). Decreased staining
for COL2 and decreased cell density (shown by less
DAPI staining) was seen in the patient sample compared
with control cartilage. DAPI- and COL2-positive cells were
counted in triplicate for both control and patient samples.
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FIG. 4. Immunofluorescence microscopy and western blot analysis of iPSC micromass cultures and human neonatal
cartilage for type II collagen (COL2) protein expression. Primary anti-human COL2AI monoclonal antibody (Ab300,
Abcam) with secondary Alexa-Fluor 488 antibody staining (green) is shown in panels A and B. The slides were coun-
terstained with DAPI staining nuclei (blue). In panel A, micromasses from control 83i (fop) and 23i-n14 (bottom) iPSCs
stained for COL2A1 are displayed; while panel B shows cartilage sections from the control (left panels) and the SD TRPV4
patient (right panels) stained for type II collagen (COL2). In panel C, western blot analysis of proteins secreted in the media
of each micromass culture at day 21 is shown. Since COL2 is composed of [a1(II)]3 chains, and is a secreted extracellular
matrix protein, no internal protein standard was used, but the same amount of media (30 uL) in the presence of beta-
mercaptoethanol (BME) was loaded for the control (83i-n1) and the SD TRPV4 (23i-n14) iPSC lines under each condition.
Procollagen, pro-al(ITA) of 1,487 amino acids (aa) shown at ~170kDa and its mature isoform ol(Il) of 1,060 aa
(~120kDa) are present in iPSCs as indicated by double arrowheads. The procollagen pro-a1(IIB) of 1,418 aa is seen at
~150kDa (arrowhead), a form excluding protein-coding exon 2, and is only seen in the control, normal human chon-
drocytes (Ch) grown in CM. Its mature isoform is o1 (I) of 1,060 aa at ~ 120 kDa (arrowhead). This processed isoform has
the same kDa size and amino-acid sequence of the mature o1(II) isoform of ~ 120kDa (double arrowheads) generated from
pro-a1(ITA). This occurs after cleavage of the N-propeptides removing the region of exon 2. All the isoforms have post-
translational modification, resulting in an increased mass [52]. The proteins were separated using 4%—12% gradient SDS-
PAGE, transferred, and probed with o1(II) monoclonal antibody 3092 (Abcam). Experiments were also performed using
control (14i-n6) and SD TRPV4 iPSC (23i-n12) clones with similar results (not shown). Protein markers at 100 and 150 kDa
are indicated. Color images available online at www.liebertpub.com/scd

The results showed 62% fewer cells in patient cartilage that the cartilage-specific chondroprogenitor form of COL2,
compared with control cartilage, but the overall ratio of the unprocessed pro-collagen alpha ITA [pro-o.1(IIA)] chain,
COL2-positive cells was very similar (~40%). was secreted and detected in both control and TRPV4-iPSCs

Western blot of culture media collected from the different (Fig. 4C, CM, CMB, and CMT). However, there were
micromass conditions assessed secreted proteins and showed — weaker bands of pro-o.1(IIA), shown at ~ 160kDa, and in its
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processed form al(Il), of ~120kDa, in TRPV4-iPSCs ver-
sus those of control iPSCs. In the presence of BMP2 (CMB),
the o1(II) processed form of pro-al(IIA) was almost unde-
tectable, while a strong intense band (also at ~120kDa) was
seen in controls (CMB), confirming the qPCR data of inhi-
bition of COL2AI-IIA expression in TRPV4-iPSCs and its
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bands for pro-al(ITA), pro-al(IIB) or their identical pro-
cessed form ol(I) were seen in mT, as seen at the mRNA
level by qPCR (Fig. 3A, C, mT). In addition, no bands were
seen for pro-o1(IIB) in either control or TRPV4-iPSCs,
probably due to the very low expression of form IIB (Fig.
3C). In contrast, in the culture media from primary human

up-regulation in controls (Fig. 3A, CMB). No COL2AI chondrocytes (Ch) used as a control, we detected the
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FIG. 5. COLIAI mRNA and protein expression at days 14 and 21 in the iPSC micromass culture model using qPCR,
immunofluorescence microscopy, and western blot analysis of type I collagen (COL1). (A) RT-PCR using specific primers
for COLIAI (Supplementary Table S1), in iPSC chondrogenic micromass cultures at day 14 and 21. Note difference in
scale. Expression levels for control iPSC are shown as black bars, while expression for mutant SD TRPV4 iPSCs is shown
with hatched bars. Micromasses were grown in the various described media, control (mT), CM, CMB, and CMT. Ex-
periments were run in triplicate using control 83i-n1 and 7TRPV4 iPSC clones. Y-axis values represent fold difference. (B)
Indirect immunofluorescence microscopy of the micromasses for control (83i-nl) and SD TRPV4 (23i-n14) iPSC clones
grown in the different media for 21 days. Staining is shown using an antibody against COLIAI (green) with DAPI
counterstaining (blue) showing nuclei. Control micromasses are seen in the upper panels, while the TRPV4 iPSCs are shown
in the lower panels. Experiments were also performed using control (83i-nl and/or 14i-n6) and TRPV4 (23i-n12 and/or
23i-n14) iPSC clones. All magnifications are 10x. (C) displays human neonatal cartilage sections stained for COLIA]
(green) and DAPI (blue) with sections from a normal control in the upper photomicrograph and from the patient with
TRPV4 mutation in the lower micrograph. (D) Western blot analysis of the micromass iPSC culture media at day 21 using
an antibody to the mature monomer form of type I collagen (COL1) composed of the [a1(I)], [«2(I)] chains. The antibody,
therefore, detects the native monomer protein with both assembled chains at ~350kDa. The difference in band migration
between control fibroblasts (Fib) and iPSC lines may reflect differential post-translational modification and processing.
COLL is an extracellular matrix-secreted protein; thus, internal controls such as b-actin or GAPDH were not used, but the
same amount of media (30 puL) in the absence of BME was loaded for each condition and iPSC line. Control normal human
fibroblasts (Fib) were used as a positive control. Proteins were separated using 4%—12% gradient SDS-PAGE, transferred,
and probed with the COL1 polyclonal antibody 600-401 (Rockland). A protein marker of 250kDa is indicated. Asterisks
indicate P <0.05 by Student’s z-test. Color images available online at www.liebertpub.com/scd
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unprocessed form pro-o.1(IIB), but not pro-a.1(ITA), shown at
~150kDa and its cleaved form ol(Il) at ~120kDa
(Fig. 4C, Ch), as expected for mature differentiated chon-
drocytes [36,38,57]. Overall, immunofluorescence staining
from micromasses and western blot data using micromass
culture media for COL2 confirm at the protein level, the
abnormal regulation of COL2AI expression in TRPV4-
iPSCs, seen by qPCR assays. We also found that BMP2 and
TGFp1 signaling, two key regulators of chondrogenesis
[39,40], is abnormal in iPSCs derived from the SD TRPV4
patient with lethal metatropic dysplasia (Figs. 3 and 4).

We found that (i) TRPV4-iPSC micromasses showed
abnormal Alcian blue staining and for Alizarin red (also
present in the cartilage of the TRPV4 patient) when
compared with controls (Fig. 2); (ii) the hypertrophic
chondrogenic marker COLI0AI and the transcription factor
RUNX2, highly expressed during the late stages of chon-
drogenesis before ossification [37,38] were down-regulated
in TRPV4-iPSC clones but not in control lines (Fig. 3); and
(iii) COL2 protein secretion was significantly reduced and
dysregulated by BMP2 and TGFf1 in patient-derived iPSCs
(Fig. 4). To better understand the significance of these
findings, we examined the expression of type I collagen
(COL1), the major collagen of bone [58]. COLI1 is a het-
erotrimer molecule formed by two identical o1 chains and
one o2 chain [al,(I) a2(])], with slightly different amino-
acid sequences. We found abnormal expression and staining
of COL1 in TRPV4-iPSCs and in the neonatal cartilage
sections of patient tissue compared with controls, respec-
tively (Fig. 5). Analysis by qPCR of iPSC chondrogenic
micromass at day 14 (mT and CM) showed significantly
(P <0.05) increased expression of COLIAI in TRPV4-iPSCs
when compared with control iPSCs and also at day 21 in all
media tested (Fig. 5A). COLIAI is a late marker of
chondrogenesis; as expected, has low levels of expression
at day 14 compared with day 21; and probably is not yet
regulated by the addition of BMP2 (CMB) or TGFp1
(CMT), as we instead observed at 21 days of chondrogenic
differentiation of the iPSC micromasses. This is the most
likely reason that there is no difference in the expression
between control and TRPV4 iPSCs in the earlier conditions
for this marker at the 14 day timepoint. Of note, even in
nonchondrogenic media (mT), this difference between
control and TRPV4 iPSCs was seen at both time points
(Fig. 5A, mT).

Figure 5B compares immunofluorescence staining COLIA]
(green) and nuclei (blue) of the micromasses grown in the
various media for 21 days, and stronger staining of this oste-
ogenic marker in all conditions (mT, CM, CMB, and CMT)
was observed in the TRPV4-iPSCs compared with the control
(Fig. 5B). Figure 5C shows human neonatal cartilage sections
stained for COLIAI (green) and nuclei (blue). The control
seen in the upper image shows that COLIA] staining is con-
fined to the peripheral zone; while in the patient cartilage
sections, “islands” of COLIAI staining are seen. This is
consistent with Alizarin red staining for developing bone
(Fig. 2D) and further supports the concept that developmental
progression of chondrogenesis and osteogenesis is abnormal
with a mutation in TRPV4. Figure 5D shows western blot data
of secreted protein from the iPSC micromass culture media at
day 21. The antibody detects the secreted and assembled
monomer of the COL1 heterotrimer native protein. The
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monomer of COL1 with both chains at ~350kDa is detected
in nondenaturing conditions (as described in Material and
Methods), using the same antibody employed for the immu-
nofluorescence (Fig. 5B, C), and stronger bands were noted in
TRPV4-iPSCs media compared with the control. These find-
ings are in agreement with the significantly increased ex-
pression of COLIAI (Fig. 5A) and increased staining for
COL1 observed in TRPV4-iPSCs (Fig. 5B, bottom panel)
compared with the control (Fig. 5B, top panel).

Discussion

The iPSC technique reprograms differentiated cells (fi-
broblasts and others) to a pluripotent state for induction
toward a chosen tissue [59]. This enables recapitulation of
the biochemical and molecular pathways of that tissue at
early developmental stages to model human disease in the
culture dish [17,60]. We developed an iPSC model that is
capable of recapitulating developmental markers of chon-
drogenesis from the early steps of mesenchymal cell con-
densation and confirmed the data at the mRNA and protein
levels. The BMP2 and TGFf1 signaling pathways appear to
be recapitulated in the control iPSCs but show abnormal
signaling in the patient-derived iPSCs. We compared the
actual patient’s cartilage and control to validate our findings
in the chondrogenic-induced iPSC micromasses derived
from this same patient’s fibroblasts. We found that the pa-
tient cartilage showed irregular Alcian blue and Alizarin red
staining compared with the control cartilage. This finding
supports the abnormal staining observed in the chondro-
genic micromasses of the mutated iPSC lines.

Specifically, we studied the effects of a mutation (1604M)
causing lethal metatropic dysplasia, the most severe known
phenotype of TRPV4 mutations. Published data do not dem-
onstrate a strict genotype:phenotype correlation in SD-
TRPV4 disorders [5,6], raising the question of why some
mutations are lethal while others are not. Earlier studies
showed that both lethal and nonlethal mutations constitu-
tively activate the TRPV4 calcium channel, suggesting that
increased calcium influx affects normal cartilage formation
but they were unable to quantitatively correlate them to
disease severity [3—5]. However, a recent report suggests a
strong correlation between increased basal activity and se-
verity of SD caused by TRPV4 mutations [12]. These op-
posing findings could be explained by the use of different
cellular models and/or their limitations in studying TRPV4
activity, as they are transfection models resulting in over-
expressed homotetrameric mutant channels [3-7,12]. In-
stead, the chondrogenic iPSC model enables us to study the
natural heterozygous state of the mutation, where the ma-
jority of channels likely reflect a composite of normal and
mutant chains [13,61]. This approach provides a true genetic
model of this disorder and the opportunity to discern the
effects of a heterozygous mutation during chondrogenic
differentiation.

To verify that early stages of chondrogenesis were re-
presented in our model, we used qPCR to examine the
differentially spliced form IIA of COL2, a cartilage-specific
protein, expressed during vertebral development in distinct
cells surrounding the cartilage [53], and deposited in the
extracellular matrix of prechondrogenic tissue [36]. Our data
indicate that the necessary up-regulation of this important
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marker of chondrogenesis is impaired in the TRPV4 mutant.
Recently characterized homozygous Col2al*®** knock-in
mice, where the IIA form is exclusively expressed, showed
that cartilage tissue assembled into thin-banded fibrils [57],
indicating that functional cartilage can be formed with only
the IIA form of COL2 [62]. In addition, the relatively higher
expression of ITA compared with IIB suggests that early,
rather than late, stages of chondrogenesis are represented in
our iPSC model during this time frame in culture.

The long bones of the limbs, vertebrae, and ribs de-
velop through endochondral ossification [63], where pre-
chondrogenic mesenchyme condensation triggers the steps
of chondrogenic differentiation, forms cartilage [38,56], and
is affected in SDs [1]. In vitro and in vivo studies have
shown that BMP signaling plays a central role in the for-
mation of precartilaginous condensations and in the differ-
entiation of chondroprogenitors into chondrocytes [64].
Studies of conditional knockout mice showed that BMP2,
but not BMP4, was critical for chondrocyte proliferation and
maturation during endochondral development [65]. The
mice exhibited extensive disorganization of chondrocytes
within the growth plate and defects in chondrocyte prolif-
eration, resulting in a severe chondrodysplasia phenotype. In
addition, very recently, it was shown that TRPV4 expression
is under the control of BMP2 during osteoblast differentia-
tion of primary osteoblast-enriched cell cultures [66], and
that bone marrow- and adipose-derived mesenchymal stem
cells from Trpv4-deficient mice have an altered adipogenic,
osteogenic, and chondrogenic differentiation potential [67].

When we examined BMP2 in our system, we found dis-
tinct differences in the response to BMP2 stimulation.
Control iPSCs treated with BMP2 showed a significant in-
crease of form ITA of COL2, as well as form IIB at 21 days,
while the mutant TRPV4-iPSCs showed down-regulation.
Overall, BMP2 is expected to show a stimulatory effect on
COL2A1 expression [10,36,39] that was seen in control
iPSCs, but an inhibitory outcome was reproduced in our
TRPV4-iPSCs. These findings are of interest as in pre-
chondrogenic tissue, IIA binds BMP2 [36]. BMP2 in normal
human iPSCs and in iPSC-derived mesenchymal stem cells
was shown to promote chondrogenic differentiation by the
enrichment of COL2A1 [31], consistent with our data. Fur-
ther, BMP signaling in prechondrogenic cells and in growth
plate chondrocytes stimulates SOX9, COL2AI, and
COLI0AI, molecules that are progressively associated with
chondrogenic differentiation and maturation toward hyper-
trophic chondrocytes [37,56].

We found that mutant iPSCs treated with BMP2 lack
increased expression of SOX9, COL2A1, COLIOAI, and
RUNX?2 over time. This increase was observed in control
iPSCs, suggesting that an aberrant BMP2 signal could be
related to abnormal chondrogenesis. SOX9, in particular, is
considered a master regulator of chondrogenesis and di-
rectly stimulates COL10 expression in maturing chon-
drocytes [32,33]. In vitro studies of mouse mesenchymal
cells transiently transfected with normal mouse TRPV4
cDNA showed increased levels of SOX9-dependent reporter
activity, and increased steady-state levels of SOX9 mRNA
[9]. The authors concluded that TRPV4 regulates the SOX9
pathway, contributing to the process of chondrogenesis.
Their data validate, to some extent, our 7TRPV4-iPSC model
as no increased expression of SOX9 was observed over time
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in the mutant, as was seen in control iPSCs. However, since
no mutant 7TRPV4 cDNA was used in the published mouse
study, our results cannot be fully compared with their
findings. When we tested COLIOAI and the transcription
factor RUNX2, both of which were specific for the hyper-
trophic zone [33], and late-stage markers, we observed that
both were significantly increased in controls but not in
TRPV4-iPSCs at the later days in culture, suggesting failure
of the mutant iPSCs to progress through these later stages of
growth plate development.

Studies show that during endochondral ossification, BMP
and TGF signaling pathways can have antagonistic effects
on chondrocyte proliferation and differentiation in vivo and
on prechondrogenic condensation in vitro, showing that
TGFp signaling can inhibit chondrocyte proliferation and
differentiation of proliferating chondrocytes to hypertrophic
chondrocytes, while BMP2 has opposite effects [40]. We
also found that while TGFf1 in control iPSCs resulted
in decreased expression of COL2AI 1IA and IIB, SOX9,
Aggrecan, and RUNX2 in TRPV4-iPSCs, the addition of
TGFp1 did not produce a significant change. We also con-
firmed this at the protein level for COL2, showing that
BMP2 and TGFf1 have opposing effects on key cartilage
and bone marker expression during early stages of in vitro
chondrogenesis. Of note, the addition of BMP2 led to almost
undetectable COL2 secretion in TRPV4-iPSCs, while the
TGFf1 treated micromasses were unaffected. Taken to-
gether, these results indicate that the patient-derived iPSC
model appropriately recapitulates multiple sequential mo-
lecular markers of human growth plate development.

To further explore the abnormal mineralization detected
by Alizarin red, we studied expression of type I collagen, the
major structural matrix protein of bone [58]. Interestingly
collagen I (COLIA1I), an osteogenic marker restricted to the
perichondrium when the process of endochondral ossifica-
tion is advanced [63], showed significantly higher expres-
sion in TRPV4-iPSCs compared with the control at 14 and
21 days with or without the addition of growth factors. In
addition, COLIAI was the only marker increased in the
presence of BMP2 at 21 days in the disease iPSC model;
while all the others (COL2A1, SOX9, Aggrecan, COLIOAI,
and RUNX2) were at significantly lower levels compared
with control iPSCs. Together, the mRNA expression data
correlate with the western and immunofluorescence data
from the micromasses showing aberrantly increased COL1
expression and an abnormally decreased response of COL2
to BMP2 under chondrogenic induction in the TRPV4-
iPSCs.

In summary, our data suggest that TRPV4 mutation
causing lethal metatropic dysplasia disrupts the normal se-
quence of differentiation which occurs during endochondral
bone formation, showing inappropriate expression of COL1,
a marker typical of late stages of chondrogenesis with very
low expression of the earlier markers of growth plate for-
mation [38]. For example, SOX9, a crucial regulator of
chondrogenesis that controls COL2 expression, directs the
maturation of hypertrophic chondrocytes and blocks osteo-
blast differentiation of the growth plate [33], was inade-
quately expressed in the mutant iPSCs. It is possible that the
abnormally high COL1 expression in TRPV4-IPSCs reflects
premature initiation of bone differentiation, precluding
normal growth plate and chondrocyte development. This
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hypothesis would correlate with the shortened and immature
growth plates seen in this disorder [5], but requires further
directed investigation.

This work describes the first development of an iPSC
chondrogenic model of SD, an in vitro demonstration that
abnormal processes can be investigated at the molecular
level. A major limitation in the field of cartilage biology is
the availability of primary cultured cells that maintain a
chondrogenic phenotype during expansion. Our novel ap-
proach reflects the disease state in the appropriate developing
cell type and enables analysis of critical chondrogenic reg-
ulators across a phenotypic spectrum of this disorder, laying
the foundation for targeted therapies. The advancement of a
human “‘disease in a dish” model system reflects a major
improvement in the field and creates a novel paradigm to
answer key questions in cartilage development and disease.
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