
FASEB J. 2022;36:e22314.	﻿	     |  1 of 18
https://doi.org/10.1096/fj.202200169R

wileyonlinelibrary.com/journal/fsb2

Received: 4 February 2022  |  Revised: 30 March 2022  |  Accepted: 31 March 2022

DOI: 10.1096/fj.202200169R  

R E S E A R C H  A R T I C L E

SIRT1 activity orchestrates ECM expression during  
hESC-chondrogenic differentiation

Christopher A. Smith1   |   Paul A. Humphreys1   |   Nicola Bates1   |    
Mark A. Naven1   |   Stuart A. Cain1   |   Mona Dvir-Ginzberg2   |   Susan J. Kimber1

Abbreviations: ACAN, aggrecan gene; ADAMTS4, A disintegrin and metalloproteinase and thrombospondin motifs 4; ADAMTS5, A disintegrin 
and metalloproteinase and thrombospondin motifs 5; ARID5B, AT-rich interaction domain 5B; AROS, active regulator of SIRT1; BMP2, bone 
morphogenetic protein; CB, chondro-basal; cDNA, complementary deoxyribonucleic acid; ChIP, chromatin immunoprecipitation; COL1, type I 
collagen; COL2, type II collagen; COLX, type X collagen; DDP, defined differentiation protocol; DMNT1, DNA methyltransferase 1; DMSO, dimethyl 
sulfoxide; DNA, deoxyribonucleic acid; DOX, doxycycline; kb, kilobase; EC60, 60% of maximal effective concentration; ECM, extracellular matrix; 
EDTA, ethylenediaminetetraacetic acid; EF1a, elongation factor 1; FBS, fetal bovine serum; FGF2, fibroblast growth factor 2; GAG, 
glycosaminoglycan; GALNT1, N-acetylgalactosaminyltransferase 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GDF5, growth 
differentiation factor 5; GFP, green fluorescent protein; HA, hyaluronic acid; HABP, hyaluronan binding protein; HAPLN1, hyaluronan and 
proteoglycan link protein 1; HAS2, hyaluronan synthase 2; HDAC2, histone deacetylase 2; HDAC4, histone deacetylase 4; hESC, human embryonic 
stem cell; hPSC, human pluripotent stem cell; iMSC, Induced mesenchymal stromal cell; iPSC, induced pluripotent stem cell; ITS, Insulin, 
transferrin, selenium; KDM2B, lysine demethylase 4B; KDM4B, lysine demethylase 4B; KO, knock out; MCT, microcentrifuge tube; MSC, 
mesenchymal stromal cell; NAD, nicotinamide adenine dinucleotide; PBS, phosphate buffered saline; PBS-T, phosphate buffered saline Tween 20; 
pH, potential of hydrogen; PHF2, PHD finger protein 2; PPFA, paraffin-paraformaldehyde; QRT-PCR, quantitative real time polymerase chain 
reaction; RCF, relative centrifugal force; RIPA, radioimmunoprecipitation assay; RNA, ribonucleic acid; RT-PCR, reverse transcription polymerase 
chain reaction; RUNX2, runt related transcription factor 2; SETD7, SET domain containing 7; shRNA, short hairpin ribonucleic acid; SIRT1/2/3/6/7, 
Sirtuin 1/2/3/6/7; SOX5/6/9, SRY-box transcription factor 5/6/9; TCP, tissue culture plastic; TET, tetracycline; TGFβ3, transforming growth factor β3; 
XYLT1, xylosyl-transferase 1; XYLT2, xylosyl-transferase 2.

1Division of Cell Matrix Biology and 
Regenerative Medicine, School of 
Biological Sciences, University of 
Manchester, Manchester, UK
2Laboratory of Cartilage Biology, 
Faculty of Dental Medicine, Hebrew 
University of Jerusalem, Jerusalem, 
Israel

Correspondence
Susan J. Kimber and Christopher A. 
Smith, Division of Cell Matrix Biology 
and Regenerative Medicine, School 
of Biological Sciences, University of 
Manchester, Oxford Rd. Manchester 
M13 9PT, UK.
Email: sue.kimber@manchester.ac.uk 
and christopher.smith-2@manchester.
ac.uk

Funding information
Rosetrees Trust, Grant/Award Number: 
A1984; RCUK | Medical Research 
Council (MRC), Grant/Award Number: 

Abstract
Epigenetic modification is a key driver of differentiation, and the deacetylase Sirtuin1 
(SIRT1) is an established regulator of cell function, ageing, and articular cartilage 
homeostasis. Here we investigate the role of SIRT1 during development of chondro-
cytes by using human embryonic stem cells (hESCs). HESC-chondroprogenitors 
were treated with SIRT1 activator; SRT1720, or inhibitor; EX527, during differentia-
tion. Activation of SIRT1 early in 3D-pellet culture led to significant increases in the 
expression of ECM genes for type-II collagen (COL2A1) and aggrecan (ACAN), and 
chondrogenic transcription factors SOX5 and ARID5B, with SOX5 ChIP analysis 
demonstrating enrichment on the chondrocyte specific –10 (A1) enhancer of ACAN. 
Unexpectedly, when SIRT1 was activated, while ACAN was enhanced, glycosamino-
glycans (GAGs) were reduced, paralleled by down regulation of gene expression for  
N-acetylgalactosaminyltransferase type 1 (GALNT1) responsible for GAG chain 
initiation/elongation. A positive correlation between ARID5B and COL2A1 was 
observed, and co-IP assays indicated association of ARID5B with SIRT1, further 
suggesting that COL2A1 expression is promoted by an ARID5B-SIRT1 interaction. 
In conclusion, SIRT1 activation positively impacts on the expression of the main 
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1   |   INTRODUCTION

Human embryonic stem cells (hESCs) and induced plu-
ripotent stem cells (iPSCs), together termed human 
pluripotent stem cells (hPSCs), have great potential for 
understanding human development including that of 
skeletal tissues, because of their self-renewal properties 
and ability to differentiate into many different tissue lin-
eages.1,2 We have previously reported the differentiation 
of chondroprogenitors and chondrocytes from hESCs in a 
3 stage serum-free protocol.3 We utilized a series of growth 
factors based on developmental principles,4,5 starting with 
transient exposure to the Wnt agonist CHIR99021 and 
Activin A6 and then using BMP2 with later addition of 
GDF5,4,5 important in joint cartilage development. The 
cells generated express the key chondrogenic transcrip-
tion factors SOX 9, 5 and 6 as well as the archetypal matrix 
component type-II collagen. Type-II collagen is the main 
fibrillar collagen found in cartilage and is responsible for 
its tensile strength. In addition to type-II collagen there 
are multiple supportive collagens (e.g. type IV, IX and XI) 
as well as many proteins decorated with GAGs. The most 
important GAG-associated protein in cartilage is aggre-
can, responsible for its water retention and load-bearing 
properties. Additionally, in keeping with a hyaline-like 
differentiation and the generation of articular cartilage, 
type-X collagen (COLX) is undetectable, indicating that 
hypertrophic chondrocytes of the growth plate are not 
being generated. While promising, the expression of the 
hyaline cartilage proteoglycan aggrecan in the matrix re-
mains low suggesting incomplete matrix synthesis and 
immaturity, so it is important to remedy this to produce a 
valid developmental model.

Epigenetic effectors can regulate gene expression by 
modifying histones, as well as various transcription fac-
tors. Therefore, modulation of these epigenetic effectors 
may influence gene expression in chondroprogenitors. The 
NAD dependent deacetylase, SIRT1 is an epigenetic effec-
tor capable of deacetylating histones, and non-histone pro-
teins.7,8 Importantly, the major transcription factor driving 
cartilage formation, SOX99,10 is a target of SIRT1,11,12 which 
deacetylates it, promoting chondrogenic activity.13

While much is known about the role of SIRT1 in carti-
lage homeostasis and disease, much less is known about its 
role in development. SIRT1 expression is required for the 
maintenance of hyaline cartilage, and chondrocyte differ-
entiation12,13 and has been identified as a pro-survival and 
-metabolic factor, maintaining the homeostasis of the adult 
chondrocyte in its niche.14 Importantly, Sirt1−/− knock out 
mice display skeletal and cartilage matrix deficiencies,15–17 
indicating a positive role of SIRT1 in articular cartilage ho-
meostasis. However, although cartilage is formed in this KO 
model, an involvement of SIRT1 in the initial expression of 
cartilage ECM components during development is not clear. 
SIRT1 may play a role in homeostasis by repressing catabolic 
gene expression14 while promoting anabolic pathways to-
wards synthesis of collagen type-II and aggrecan. However, 
there is a lack of knowledge of the timing and role of SIRT1 
in human cartilage development. Using RNAseq analysis 
of hESC-chondroprogenitors, we identified the presence of 
SIRT1 alongside significant increases in supportive chondro-
genic transcription factors, SOX5 and AT-Rich Interaction 
Domain 5B (ARID5B), suggesting their importance.18 SOX5 
and ARID5B are both able to form complexes with SOX9 
to facilitate chondrocyte maturity. Specifically, SOX9 par-
ticipates with SOX5 in the SOX trio19–21 to direct aggrecan 
expression, while ARID5B binds the epigenetic factor PHD 
Finger protein 2 (PHF2) to direct aggrecan and type-II colla-
gen expression.22 Here we assess the role of SIRT1 in regu-
lating aggrecan and collagen type-II expression during hESC 
chondrogenesis. Specifically, by modulating SIRT1 activity 
during the chondrogenesis protocol we start to decipher the 
pathway by which it regulates these key chondrogenic genes 
and its role in human cartilage development.

2   |   EXPERIMENTAL 
PROCEDURES

2.1  |  hESC culture

The human embryonic stem cell lines Man-7 and Man-
1323,24 were cultured  under  feeder-free  conditions in 
mTeSR1 (StemCell Technologies, France),  on  6 well 
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ECM proteins, while altering ECM composition and suppressing GAG content 
during human cartilage development. These results suggest that SIRT1 activity has 
a differential effect on GAGs and proteins in developing hESC-chondrocytes and 
could only be beneficial to cartilage development and matrix protein synthesis if 
balanced by addition of positive GAG mediators.
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tissue culture plastic (TCP) plates (Corning, UK) pre-
coated with  5  µg/ml  Vitronectin (N-Terminal frag-
ment Life Technologies, USA). Cells were passaged at 

80% confluency using  0.5  mM EDTA and plated with 
10  nM ROCK inhibitor Y27632 (Tocris, UK) exposure 
for a maximum of 24  h after a split. For experimental 

F I G U R E  1   SIRT1 expression changes during the chondrogenic differentiation of hPSCs to chondroprogenitors. (A) Schematic diagram 
of 2D phase of DDP differentiation protocol (B) QRT-PCR gene expression analysis of Sirtuins 1,2,3,6 and 7 in samples taken daily (D1–13) 
over the 13 days of the DDP chondrogenic differentiation process (N = 4 biological repeats). (C) Western blot analysis of protein expression for 
SIRT1, SOX9, and the housekeeping control gene GAPDH in samples taken daily from the chondrogenic DDP protocol. Samples correspond 
to days displayed in panel (B) above. (D) QRT-PCR gene expression analysis of transcripts associated with formation of permanent cartilage 
(SOX5, SOX6, SOX9, ARID5B, COL2A1 and ACAN) and other fibrocartilage or hypertrophic associated phenotypes (COL1, RUNX2, COLX) in 
samples taken daily from the DDP chondrogenic protocol (N = 4 biological repeats). (E) QRT-PCR gene expression and western blot (F) for 
protein expression of epigenetic factors associated with chondrogenic regulatory mechanisms. Data displayed as relative gene expression to 
housekeeping gene GAPDH and shown in box plot. a indicates a significant difference to day 0 (p ≤ .05)
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use, hESCs were passaged at 100,000 cells /cm2 into a 6 
well plate pre-coated with fibronectin (Millipore, USA). 
Differentiation protocols were started when cells were 
70–80% confluent.

2.2  |  Directed differentiation protocol

Chondroprogenitors were produced by differentiating 
hESCs through a defined differentiation protocol (DDP) 
(Figure  1A). For chondrogenic differentiation hESCs 
were differentiated in a basal medium (DMEM:F12, 2 mM 
L-glutamine (Life Technologies), 1% (vol/vol) insulin, 
transferrin, selenium (ITS) (Sigma, UK), 1% (vol/vol) non-
essential amino acids (Thermo), 2% (vol/vol) B27 (Gibco), 
90  μM β-mercaptoethanol) (Gibco) supplemented with 
appropriate sequential addition of growth factors as previ-
ously described3,5 with the following stages; Stage 1 (day 
1–3):CHIR (2 µM, R&D systems, UK), Activin-A (reducing 
from 50 to 10 ng/ml, Peprotech, UK) and BMP2 (concentra-
tion set at EC60 for consistent activity; R&D systems), fol-
lowed by Stage 2 (day 4–8): BMP2 (See above), SB431542 
(1 mM) and GDF5 (20 ng/ml) (all Peprotech) and finally 
Stage 3 (day 9–14): GDF5 (20 rising to 40 ng/ml at day 11), 
FGF2 (20 ng/ml) ml (both Peprotech), with BMP present at 
half stage 1 concentration until day 11. At days 4 and 8, cells 
were split 1 to 4 using EDTA and TrypLE respectively. To 
understand the expression of SIRT1 at each day during the 
14 day protocol, initially samples were taken daily. After the 
expression profile of SIRT1 was identified, subsequent sam-
ples were collected for RNA and protein at day 4, 8 and 14.4

Cells cultured in the above medium were supple-
mented with either DMSO vehicle control (1  µl/ml), 
SIRT1 enzyme activator SRT1720 (Selleckchem, UK)25 
(concentration specified in figure legend), or SIRT1 inhib-
itor EX527 (Sigma)13,26 (concentration specified in figure 
legend). During the 2D stage of the protocol, medium is 
changed daily. As such, drugs were added daily in media 
changes at either days 2–5, days 9–14, or during pellet cul-
ture (below) as indicated in Results.

2.3  |  Pellet formation

At day 14 cells were separated from coated tissue culture 
plates using TrypLE (Life Technologies) and counted using 

a nucleocounter (Chemometech, Denmark). Cells were re-
suspended at 5 × 105 cells/ml in the same medium used at 
day 14. For each pellet a 1 ml aliquot of 5 × 105 cells was 
pipetted into a 15 ml centrifuge tube and centrifuged at 300 
xRCF for 3 min to sediment cells; caps were left loose, and 
pellets were incubated at 37°C 5% CO2 for 3 days. Pellets 
were then transferred to chondro-basal medium (CB) con-
taining Dulbecco's Modified Eagle Medium (DMEM) (Life 
Technologies), L-glutamine (2 mM), L-Proline (40 µg/ml) 
(Sigma), 1x ITS (Sigma), ascorbate-2-phosphate (50 µg/ml) 
(Sigma), and dexamethasone (100  nM) (Sigma) supple-
mented with TGFβ3 (10 ng/ml) (Peprotech), GDF5 (20 ng/
ml) (Peprotech) and BMP2 (half concentration of stage 1) 
(R&D systems). Pellets were separated into 4 groups and in-
cubated with the above medium containing DMSO vehicle 
control (1 µl/ml), 5 µM SRT1720 (concentration based on 
results described in Supplementary Figure 2A), and 5 µM 
EX527 as indicated in Results. Drugs were added with each 
change of medium, every 3 to 4 days until either 14- or 28-
days post pelleting (See Figure 2A).

2.4  |  TC28a2 cell culture

Immortalized chondrocytes, TC28a2 cells,27 were cultured 
in DMEM containing 10% FBS, and L-glutamine (2 mM). 
Cells were cultured on TCP in 2D. For 3D culture, cells 
were trypsinized, re-suspended in TC medium at 1 × 106 
cells/ml, and centrifuged at 300 xRCF for 5 min. Pellets 
were incubated for 3  days, and then the medium was 
changed to CB medium as described in previous section.

2.5  |  Gene transcription analysis

Cells were transferred to RLT buffer directly and RNA 
extracted by use of a RNeasy QIAgen kit according to 
manufacturers’ instructions. For 3D cultures, pellets were 
first dissociated by grinding with Molecular Grinding 
Resin™ (Sigma) with a pestle in a 1.5  ml microcentri-
fuge tube (MCT). The ground pellets were then mixed 
with RLT buffer and RNA extracted. Extracted RNA 
was DNase treated and reverse transcription polymerase 
chain reaction (RT-PCR) used to produce cDNA with 
ABI-RT kit (Life technologies). Quantitative real-time 
polymerase chain reaction (QRT-PCR) was conducted 

F I G U R E  2   SIRT1 activation in hPSC derived pre-chondrocyte pellets modulates chondrogenic ECM expression. (A) Schematic of 
pellet formation and 3D culture phase of DDP differentiation protocol. (B) QRT-PCR gene expression analysis of chondrogenic and non-
chondrogenic associated genes in 2D day 14 pre-pellet cells, and pellets at day 14 + 14, treated with DMSO (control) or SIRT1 activity 
modulators from day 14 + 3 to 14 + 14 (N = 7 biological repeats). Data displayed as gene expression relative to housekeeping gene GAPDH 
and shown in box plot. a indicates significant difference to Day 14 pre-pellet sample (p ≤ .05), b indicates significant difference to day14 + 14 
DMSO vehicle (control) (p ≤ .05)
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using PowerUp™ SYBR™ green (Life technologies) and 
primers for chondrogenic and non-chondrogenic genes 
(see Table S1). Samples were initially heated to 95°C for 
10 min and then run for 40 cycles of 95°C for 30s, 60°C 
for 30s, 72°C for 35s with a final elongation step of 72°C 
for 10 min. Data was calculated and displayed as relative 
expression to housekeeping gene GAPDH.

2.6  |  Western blotting and 
immunoprecipitation

Cell samples were lysed in RIPA buffer (Sigma) with 
added 1x Roche complete protease inhibitors (Sigma) and 
quantified using Pierce® BCA (Thermo). Aliquots con-
taining 30 µg of protein were boiled at 95°C for 10 min. 
Samples were loaded on 10% SDS PAGE gels (Invitrogen). 
Protein gels were first blocked in 5% Marvel milk™ solu-
tion in PBS-T before probing with specific primary an-
tibodies (see Table  S2). Antibody binding was detected 
using LI-COR IRDye secondary antibodies. Blots were 
imaged using the Odyssey CLx. Quantification of protein 
was achieved using ImageJ, and protein quantification 
was calculated relative to GAPDH internal control levels.

For immunoprecipitation procedures, approximately 
15–20 pellets were fixed for 1hr in 4% paraformalde-
hyde, then washed twice before being ground (as above). 
Material was lysed using 300  µl RIPA buffer containing 
PMSF (1  mM) and protease inhibitor cocktail (Roche). 
Samples were centrifuged at 15,000 xRCF for 10  min at 
4°C, and supernatant assessed for protein concentration. 
A 100 µg aliquot was diluted to 300 µl and incubated over-
night with either antibody to SIRT1 (Millipore) or to P300 
(Abcam) at 4°C under constant agitation. After preliminary 
incubation, 50 µl of washed magnetic beads (Pierce) were 
added to the solution and incubated at 4°C for a further 
5 hours. Supernatant was removed, and the beads washed 
3 times in PBS before being boiled at 95°C for 10 min with 
reducing buffer (Thermo, 39000). Resulting samples was 
analyzed using western blotting with detection using anti-
rabbit IgG light chain antibody (Abcam) and ClarityMax 
ECL or DAB (BIO-RAD and Sigma, respectively).

2.7  |  Chromatin immunoprecipitation 
(ChIP)

ChIP was conducted using the Diagenode LowCell ChIP 
kit (Diagenode). Chondrogenic pellets were washed in PBS 
and then fixed in 1% PFA at room temperature for 30 min. 
After incubation, glycine was added to a final concentra-
tion of 0.125 M, the solution was mixed and further incu-
bated at room temperature for 5 min. Samples were then 

washed twice in ice cold PBS containing inhibitor cocktail, 
PMSF (1 mM supplier) and protease inhibitors (supplied 
by kit supplier),  sodium butyrate (5  mM). Pellets were 
then ground using pestle and Molecular Grinding Resin 
(as above) and resuspended in 60 µL buffer B supplied 
in the kit. Samples were sonicated using the BioRupter 
(Diagenode) at full power for 30 cycles (30  seconds on; 
30  seconds off). Chromatin was extracted using SIRT1 
and SOX5 antibodies (see Table  S2), and DNA isolated 
as described in kit. Isolated genomic DNA was analyzed 
using QRT-PCR using primers for COL2A1 promoter and 
enhancer, and ACAN-10 enhancer (see Table S1).

2.8  |  Lentiviral overexpression

Stably expressing TC28a2 and Man-13 cells were gener-
ated using an established lentiviral method (SBI Systems 
Bioscience). cDNA sequences used for lentiviral overex-
pression were based on that of human SIRT1 (Gene ID: 
23411) and were subcloned into a modified Doxycycline 
(Dox) inducible viral expression vector based on the 
pCDH-EF1-T2A-copGFP vector. His-Flag-SIRT1 (gift 
from Prof. Danny Reinberg, NYU, NY), SIRT1-shRNA, 
and ARID5B-shRNA expression was controlled by the 
inducible TRES3G promoter. Tetracycline (Tet)-On 3G 
trans-activator protein and tagGFP2  fluorescent protein 
were under the constitutive promoter Elongation factor 
1 (EF1a). This system is responsive to Tet and derivative 
Dox. HEK293T cells were co-transfected with psPax2, 
pMD2.G packaging as well as a target pCDH  vector. 
Production of virus particles was induced by addition 
of 10 mM sodium butyrate (Millipore) for 4 hours, 24 h 
post-transfection, and virus particles were harvested from 
the medium after 48 hours and filtered through a 0.2 µm 
filter prior to addition to target cells. TC28a2 or Man-13 
cells were then infected with virus using 5 µg/ml prota-
mine sulphate (Sigma). Cells were passaged, followed by 
fluorescence-activated cell sorting (FACSAria Fusion, 
Beckon-Dickenson), where applicable.

2.9  |  Dimethyl-methylene blue (DMMB) 
sulphated GAG assay

DMMB assay was undertaken using the Blyscan™ assay 
kit (Biolcolor) to ascertain the sulphated GAG-content 
of pellets. Pellets were first digested in 200 µl papain di-
gestion solution containing PBS and 0.5  mg/ml papain 
(Sigma) overnight at 65°C with intermittent agitation. 
Samples were centrifuged at 10,000 xRCF for 10 min and 
supernatant decanted for storage before use. Digested 
samples were stored at −20°C until assayed.
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For assay, 50 µl of sample (medium or lysate) was di-
luted with 500  µl of Blyscan dye reagent and incubated 
for 30 min. Samples were centrifuged at 12 000 xRCF for 
10 min and resulting pellet resuspended in 500 µl disso-
ciation reagent. 100 µl of samples was measured for ab-
sorption at 650 nm. A Quant-iT pico-green dsDNA assay 
(Thermo) was used to quantify DNA, which was used to 
standardize readings.

2.10  |  Histological assessment (IHC, IP)

Chondrogenic pellets were harvested at Day 14 monolayer 
culture, and at +14  days or +28  days in pellet culture, 
rinsed in PBS and fixed overnight in 4% paraformaldehyde 
at 4°C. After this, pellets were stored in 70% ethanol before 
processing. Processed samples were embedded in PPFA 
wax, sectioned to 5 µM, and deposited on glass slides.

Wax was removed by Xylene, and sections were re-
hydrated through serial alcohol solutions (100%, 90%, 
70%) and then dH2O. Sections were washed 3 times in 
PBS + 0.1%Tween 20, then subjected to antigen retrieval 
with citrate buffer (pH6.5) and heated to 95°C, or Pepsin 
enzyme (Thermo). Sections were first blocked using pri-
mary animal serum, then incubated overnight at 4°C with 
primary antibodies as described in results (see Table S2), 
with antibody detection by either biotinylated second-
ary followed by streptavidin peroxidase or fluorochrome 
tagged secondary antibodies as appropriate. No primary 
or inappropriate primary antibodies were used as control. 
A hyaluronic acid binding protein (HABP) antibody was 
used to visualize the polysaccharide hyaluronic acid.

2.11  |  Statistical analysis

All statistical analysis was run using Prism Graph-pad. 
Gene and protein expression changes were analyzed using 
Mann–Whitney U test. ChIP was analyzed using a ratio 
paired t-test. Correlation analysis was quantified using a 
Pearson's correlation coefficient. A p-value of ≤.05 was 
considered as statistically significant.

3   |   RESULTS

3.1  |  SIRT1 expression is dynamic, 
and is elevated during early stages of 
chondrogenic differentiation

To understand the importance of SIRT1 in early chondro-
genic development, we first sought to determine its expres-
sion during the generation of chondroprogenitors, using 

the 14-day hESC-developmental protocol (DPP) shown 
in Figure  1. In this protocol cells are induced, by serial 
growth factor applications, through a series of develop-
mental steps to a primitive streak-like stage, then to meso-
dermal progenitor followed by chondroprogenitors.3–5,18

SIRT1  gene and protein expression significantly in-
creased between days 2–5 of differentiation, then de-
creased steadily back to the original level by day 14 
(Figure  1B,C). Alternate Sirtuins were also assessed; 
however, their transcript expression did not significantly 
change during the differentiation process (Figure 1B). In 
agreement with our previous studies,5 transcript expres-
sion for several chondrogenic genes increased steadily 
throughout the protocol (Figure  1D) including the core 
ECM components COL2A1 and ACAN, ARID5B, and the 
major chondrogenic transcription factors SOX5, SOX6 and 
SOX9. In parallel, we also observed an increase in SOX9 
protein levels throughout the protocol (Figure 1C), while 
the hypertrophic marker COLX was not detected.

Since the histone acetyltransferase P300 and histone 
methyltransferase, SET Domain Containing 7 (SETD7) 
are associated with epigenetic regulation in chondro-
genesis,11,28 and both directly interact with SIRT1 on 
the COL2A1 promoter,29,30 these were also evaluated. 
Indeed, SETD7 may directly affect SIRT1 activity.28 A sig-
nificant increase in SETD7 by day 14 of the protocol was 
observed, while no change in P300  gene expression was 
seen (Figure 1E,F). Moreover, we observed no significant 
change in the gene expression of other chondrogenesis-
enhancing (Histone deacetylase 2 [HDAC2], 4 [HDAC4], 
histone acetyltransferase [TIP60, aka KAT5] and lysine de-
methylase 4B [KDM4B]), or repressing (DNA methyltrans-
ferase 1 [DMNT1] and lysine demethylase 2B, [KDM2B]) 
epigenetic modifiers (Figure  S1A). While transcript and 
protein for the ARID5B cofactor, histone demethylase, 
PHF2,22,31 were also detectable at day 14 of differentiation 
(Figure  S1A,B). These data confirm that the increase in 
chondrogenic genes during differentiation is paralleled by 
changes in a subset of associated epigenetic effectors.

3.2  |  SIRT1 inhibition correlates with 
elevated SOX9 transcription in hESC 
chondrogenesis

Next, we assessed the influence and timing of early SIRT1 
activity on eventual chondrogenic differentiation by mod-
ulating SIRT1 activity during days 2–5 (stage1), or late 
from day 9 onwards (stage 3) of the monolayer (2D) pro-
tocol. Following the administration of the selective SIRT1 
inhibitor EX52713,26 during stage 1, SOX9 gene expression 
increased slightly at day 14 compared to the same day 
control, however SOX9 protein level remained unchanged 
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(Figure  S1C,D). Inhibition of SIRT1 during stage 3 (i.e. 
from day 9–14) had no effect on expression of evaluated 
target genes at day 14 (Figure S1E). Activation of SIRT1 
by the highly specific activator SRT172032,33 at either days 
2–5 or from day 9–14 in all groups, did not result in any 
significant difference to control (Figure S1C,E). Together, 
the results of SIRT1  modulation during the early chon-
drogenic 2D differentiation protocol, support the idea that 
transition from mesoderm to a chondroprogenitor, dur-
ing stages 1 and 3 of the protocol, does not require SIRT1 
activity.

3.3  |  Activation of SIRT1 in a three-
dimensional (3D) pellet culture increased 
chondrogenic gene expression

As previous reports showed that SIRT1 modulation in a 
3D setting resulted in augmented COL2 expression,28 we 
next took the D14 hESC-chondroprogenitors and assessed 
them in a 3D culture system. Specifically, after 14  days 
of differentiation (Figure  1A) hESC-chondroprogenitors 
were centrifuged, then cultured for 3 days to establish 3D 
pellets, after which the pellets were incubated in chondro-
genic culture medium containing SIRT1 activity modula-
tors SRT1720 or EX527 (Figure 2A). Results indicated that 
SIRT1 activation using 5  µM SRT1720, increased chon-
drogenic gene expression compared to untreated controls 
during the 7 days of pellet culture (Figure S2A).

Gene expression of pellets treated between 3 and 
14  days after pelleting revealed a significant increase in 
expression of chondrogenic genes (i.e. SOX5, ARID5B, 
COL2A1 and ACAN) in SRT1720 treated pellets compared 
to the starting chondroprogenitors (day 14 monolayer cul-
tures), and untreated pellet controls. Conversely, there 
was a significant decrease in expression of the fibroblast/
hypertrophy-associated genes COL1 and RUNX2 in these 
pellets compared to untreated pellet controls (Figure 2B), 
while COLX was not detected in any of these conditions 
(N = 3, data not shown). Notably, these changes were not 
evident when pellets were treated with the activator for a 
shorter period of 3 days, from days 11 to 14 post pelleting 
(Figure S2B).

Gene expression for SIRT1 appeared visually to be in-
creased after SRT1720 activation, however this was not 
significant (Figure 2B), while an independent epigenetic 
regulator, DMNT1, which is not associated with SIRT1, 
was unaffected (Figure  2B). Interestingly, gene expres-
sion for both P300 and PHF2 associated with SIRT1 ac-
tion was significantly decreased after SRT1720 treatment 
compared to that in pre-pelleted cells or untreated pellet 
controls (Figure S2). In contrast, the expression of SETD7, 
a factor which we have previously shown interacts with 

SIRT1,28 was significantly increased after SIRT1 activa-
tion (Figure  S2C). However inhibiting SETD7  methyl-
transferase activity with (r)-PFI-2 in pellet culture did not 
affect chondrogenic gene expression compared to control 
(Figure S2D). Nor did it reduce the effect of SIRT1 activa-
tion by SRT (Figure 2E), indicating that SETD7 activity is 
likely not essential to SIRT1 action at this stage. Together, 
this data indicates that SIRT1 activation regulates recog-
nized chondrogenic genes and may directly or indirectly 
regulate other epigenetic modulators during this process.

3.4  |  SIRT1 activation alters cartilage 
ECM expression and pellet histology

Prolonged SIRT1 activation (i.e. between 3 and 14  days 
after pelleting) resulted in enlarged pellets compared to 
controls, while pellets treated with EX527 did not display 
any change in size (Figure  3A). Histological analysis of 
control pellets displayed lacunae type structures, which 
are typically found in the developing joint cartilage, and 
which were abundant throughout the pellet, while elon-
gated cells were observed towards the pellet surface, remi-
niscent of an articular surface (Figure 3B). Activation of 
SIRT1 reduced the abundance of these lacunae in the pel-
lets and led to decreased alcian blue staining compared 
to control pellets (Figure 3B). However, there was a clear 
increase in staining for intracellular aggrecan with two 
different antibodies (Figure 3B,C, and Figure S3A). In ad-
dition to aggrecan, there was an increase in type-II collagen 
(Figure 3, quantification in Figure S3B), SOX5 (correlat-
ing with its elevated gene expression in Figure 2B), and 
lubricin expression in SRT treated pellets (Figure S3A).

To understand the discrepancy between aggrecan 
protein presence and GAG content, the degradation and 
synthesis of aggrecan were assessed. In line with the al-
cian blue staining, pellet GAG content as measured by 
the DMMB assay was significantly decreased compared 
to DMSO vehicle control (Figure 4A). However, the GAG 
content in the medium was low and not significantly 
different between SRT1720 treated and control, suggest-
ing there was no change in GAG release. Furthermore, 
there was no significant change in aggrecan degradation 
enzymes ADAMTS4 or 5 to explain the decrease in GAG 
content within the pellet (Figure 4B).

Alongside the significant increase in ACAN, link 
protein (HAPLN1) gene expression was also increased 
after treatment with SRT1720, indicating aggrecan had 
the means to bind to hyaluronic acid (HA) (Figure  4C). 
There was also a significant increase in gene expression 
of xylosyl-transferase isoform 2 (XYLT2), responsible for 
the addition of a binding site for GAG groups on aggre-
can34 (Figure  4C). In contrast, there was a significant 
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decrease in expression of the polypeptide GalNAc trans-
ferase 1 gene, GALNT1, which codes for an enzyme that 
initiates formation of GAG chains in the modification and 
maturation of aggrecan in the Golgi,34 and which is highly 
expressed in developing cartilage.35 Similarly, the major 
enzyme driving synthesis of HA, HAS2, was significantly 
reduced after SIRT1 activation (Figure 4D,E) resulting in 
a reduction in HA itself (Figure  4E). Together this data 
indicates a differential regulation by activated SIRT1 be-
tween chondrogenic proteins and GAGs during hESC-
chondrocyte differentiation.

3.5  |  Activation of SIRT1 in TC28a2 
3D pellets enhances chondrogenic 
gene expression

Given that SIRT1 activation of hESC-chondroprogenitors 
induced chondrogenic gene expression in 3D pellets, we 
investigated whether this response was dependent on de-
velopmental maturity using a mature chondrogenic cell 
line (TC28a2). Monolayer or pelleted TC28a2 cells were 
cultured for 3  days, before treatment with SRT1720 or 
DMSO vehicle control for an additional 4  days. Results 

F I G U R E  3   SIRT1 activation changes pellet structure and ECM component aggrecan expression. (A) Images of 3D pellet cultures at day 
14 + 14 treated with vehicle controls or SIRT1 activity modulators; SRT1720 SIRT1 activator, or EX527 SIRT1 inhibitor from day 14 + 3 to 
14 + 14. (B) IHC and pellet histology for structure (H&E) and GAG staining (alcian blue), immunohistochemical staining for aggrecan G1 
domain, type-II collagen, and immunofluorescence for SOX5 in day 14 + 28 pellets in 3D cultures treated ± SRT1720 (5 µM). (C) Enlarged 
view of aggrecan G1 domain staining. Position indicated by red outline

Standard
Media CTRL SRT1720

5µM
Ex527
5µM

(A)

(C)
CTRL SRT

A
gg

re
ca

n
G

1 
do

m
ai

n
(B)

C
TR

L
S

R
T

H&E Alcian
Blue

Aggrecan
G1 domain

SOX5

100 μm

100 μm100 μm

100 μm

100 μm

100 μm

100 μm

100 μm

Type II
Collagen

100 μm

100 μm



10 of 18  |      SMITH et al.

100 μm 100 μm

H
A

S
2

H
A

B
P

/
D

A
P

I

100 μm

100 μm

100 μm

100 μm

CTRL SRT
0.0000

0.0002

0.0004

0.0006

0.0008

ADAMTS4

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n ns

CTRL SRT
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

ADAMTS5

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n ns

CTRL SRT
0.000

0.001

0.002

0.003

XYTL1

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

ns

CTRL SRT
0.00

0.05

0.10

0.15

0.20

XYLT2

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

CTRL SRT
0.0

0.5

1.0

1.5

HAPLN1
R

el
at

iv
e 

ge
ne

 e
xp

re
ss

io
n

CTRL SRT
0.000

0.005

0.010

0.015

0.020

ACAN

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

CTRL SRT
0.000

0.005

0.010

0.015

0.020

GALNT1

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

CTRL SRT

(A)

(E)(D)

(C)

(B)



      |  11 of 18SMITH et al.

indicated a small but insignificant increase in chondro-
genic gene expression in TC28a2 pellets compared to mon-
olayer cultures (Figure 5A). SIRT1 activation in TC28a2 
pellets induced a significant increase in transcript for 
chondrogenic genes compared to the control (Figure 5A) 
and led to larger pellets (data not shown), while there 
was no observable change in gene expression in SRT1720 
treated monolayer cells. COL1A2 expression was not af-
fected by SIRT1720 in either culture format. Assessment 
of aggrecan protein levels by western blotting indicated a 
substantial increase in the band at 80KDa,36 in line with 
the increased level of ACAN gene expression (Figure 5B). 
Hence, these results show that SIRT1 activation increased 
ACAN gene expression and protein during chondrogen-
esis in a 3D setting, like in hESC-chondroprogenitor pel-
lets. Indeed, using SIRT1  shRNA led to a reduction in 
ACAN, SOX9, SOX5 and ARID5B with a trend to decrease 
in COL2A1 after SIRT1  knock down in SIRT1 activated 
chondrogenic cells (Figure S3D,E).

3.6  |  SIRT1 activity, not expression level, 
drives chondrogenic gene expression

Based on the above results, we assessed whether over-
expression of SIRT1 would increase chondrogenic ECM 
expression, as shown above for SIRT1 chemical activa-
tion. To this end we transfected TC28a2 cells with a Dox-
inducible SIRT1 overexpression construct and cultured the 
cells in 3D pellets with or without SRT1720 (Figure 6A). 
Stimulation of the TC28a2 pellets with 100 nM Dox was 
sufficient to elicit a large increase in SIRT1 protein lev-
els (Figure 6B). However, SIRT1 overexpression without 
SIRT1 activation did not increase chondrogenic gene ex-
pression (Figure 6C). Simultaneous SIRT1 overexpression 
and activation generated increases in transcripts for the 
chondrogenic genes, almost identical to those seen with 
SRT1720 activation alone (Figures  2 and 6C). This sug-
gests that SIRT1 protein abundance is not the rate limiting 
factor in inducing chondrogenic gene expression. Rather, 

additional factors, acting in concert with activated SIRT1, 
contribute to its function and enhancement of a chondro-
genic phenotype in a 3D setting.

3.7  |  SIRT1 activation leads to SOX5 
enrichment at the ACAN-10 enhancer site

As SOX5 was significantly increased during SIRT1 activa-
tion in pellet culture, we further assessed the dynamics 
between SIRT1 and SOX5 in regulating ACAN expression. 
To this end, we carried out ChIP analysis in TC28a2 cells 
for SIRT1 and SOX5 in day 14  +  14 chondroprogenitor 
pellets with or without stimulation with SRT1720, focus-
ing on the -10 enhancer site for ACAN. This chondrocyte 
specific ACAN enhancer is located 10kb upstream of the 
ACAN transcription start site as a highly conserved region 
also known as the A1 site.20 PCR analysis of the ChIPed 
DNA revealed significant enrichment of SOX5 at the 
ACAN -10 enhancer region, with SIRT1 showing a trend 
towards enrichment (p = .06) following SRT1720 activa-
tion (Figure 6D). The data suggest that SIRT1 contributes 
to ACAN expression by enrichment of SOX5 on the en-
hancer site of the gene.

3.8  |  ARID5B is required for type-
II collagen gene expression in SIRT1 
activated chondrogenic pellets

Importantly, the gene expression of ARID5B was signifi-
cantly increased in SIRT1 activated pellets (Figure  2B) 
alongside SOX5. Thus, we investigated whether it was 
likely to be involved in the increased levels of aggrecan 
and type-II collagen observed in the developing 3D hESC-
cartilage pellet culture. Pearson's correlation analysis be-
tween COL2A1 and SOX9, or ARID5B exhibited a weak 
correlation in control 3D culture. However, after SIRT1 ac-
tivation we observed a significant correlation (r2 = 0.994, 
p = .0002) between COL2A1 and ARID5B (Figure 7A).

F I G U R E  4   Activation of SIRT1 alters aggrecan synthesis and incorporation into the ECM. (A) DMMB GAG assay for D14 + 28 pellets 
and medium, after treatment with DMSO or SIRT1 activator SRT1720 (N = 3 biological repeats). * indicates significant difference to day 
14 + 14 DMSO vehicle control (p ≤ .05) by ratio paired t-test. (B) QRT-PCR gene expression analysis of aggrecan degrading enzymes 
ADAMTS4 and ADAMTS5 in pellets at day 14 + 14, treated with DMSO vehicle or SIRT1 activator SRT1720 from day 14 + 3 to 14 + 14 
(N = 3 biological repeats). (C) QRT-PCR gene expression analysis of ACAN and synthesis associated factors (HAPLN1, XYLT1 and 2, and 
GALNT1) in pellets at day 14 + 14, treated with DMSO vehicle or SIRT1 activity activator SRT1720 from day 14 + 3 to 14 + 14 (N = 6 
biological repeats). (D) QRT-PCR gene expression analysis of HAS2 in day 14 2D pre-pellet cells, and pellets at day 14 + 14, treated with 
DMSO vehicle or SIRT1 activity modulators from day 14 + 3 to 14 + 14 (N = 7 biological repeats). Data displayed as gene expression 
relative to housekeeping gene GAPDH and shown as box plots. a indicates a significant difference to the Day 14 pre-pellet sample (p ≤ .05), 
b indicates a significant difference to day 14 + 14 DMSO vehicle control (p ≤ .05). (E) IHC and IF pellet staining for type-II collagen, HAS2 
(example positive cells highlighted with arrows) in day 14 + 28 pellets, and HABP in day 14 + 28 pellets in 3D cultures treated ± SRT1720 
(5 µM)
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To assess any direct binding between ARID5B and 
SIRT1 we employed co-IP, with P300 used as an irrelevant 
antibody control. Western blot analysis of co-IP samples 
probed with the ARID5B antibody, displayed a band at 
approximately 135KDa (ARID5B reported size; 132Kda), 
detectable only in the SIRT1 immunoprecipitated lanes 
(Figure 7B). This band was not present in the co-IP con-
trol lanes nor in the SIRT1 IP only control (Supplementary 
Figure 3F).

To support this correlation of SIRT1 activation with 
ARID5B function, a Dox inducible ARID5B-shRNA 
construct was utilized. Upon Doxycycline stimulation 
ARID5B protein levels were suppressed in both TC28a2 
cells and day-14  hESC-chondroprogenitors (Figure  7C). 
When stimulated with SRT1720 and Doxycycline, the re-
sultant decrease in ARID5B, was reflected in a subsequent 
reduction in COL2A1 expression (Figure  7D) not seen 
in controls. These data indicate that SIRT1  stimulates 
COL2A1 expression possibly in-part via a novel mecha-
nism involving ARID5B.

4   |   DISCUSSION

The deacetylase enzyme SIRT1 has been implicated as an 
important regulator of cartilage homeostasis.11,13,15 This 
study aimed at understanding the involvement of this en-
zyme and the timing of its activity during human chon-
drocyte development by using hESCs.

SIRT1 is important in the maintenance of pluripo-
tency, interacting with multiple pluripotency associated 
pathways.37–41 Indeed, SIRT1 inhibition in hPSCs reduced 
stemness and promoted neuronal differentiation.42–44 As 
such, the notable SIRT1 expression observed in hESCs was 
expected. Furthermore, an increase in SIRT1 during days 
2–5 of the protocol, may reflect mesodermal lineage com-
mitment.45 However, this may not be deacetylase activity-
related, as activation or inhibition of SIRT1 during this 
period did not promote (or impair) hESC mesodermal dif-
ferentiation in our study.

This study has generated new insight into human 
chondrogenic differentiation from hPSCs; especially by 
extending into a 3D pellet format. Though pellet culture 
of hPSC derived chondroprogenitors has been achieved 
previously,46–48 our study utilized a defined develop-
ment system, without selection from embryoid bodies48 
or transition through an MSC-like intermediate, nor the 
associated hypertrophic/fibroblastic gene expression.49 
Importantly, our results show pellet culture cells have en-
hanced chondrogenic gene expression after 14 days, with 
a cartilage-like, alcian blue positive ECM emerging after 
28 days in pellet.

In striking contrast to 2D, activation of SIRT1 during the 
3D pellet culture significantly increased the main chondro-
genic proteins in the chondroprogenitors, while decreasing 
the fibrotic and hypertrophic factors. This finding was also 
replicated during activation of SIRT1 in TC28a2 cultured 
in 3D. Altered SIRT1 activity and responsiveness between 

F I G U R E  5   Activation of SIRT1 in TC28a2 cells enhances chondrogenic gene expression in 3D but not 2D culture. (A) QRT-PCR gene 
expression analysis of chondrogenesis associated genes in TC28a2 immortalized chondrocytes in 2D or 3D culture for 7 days, treated with 
DMSO vehicle (control) or SIRT1 activator SRT1720 (5 µM) from days 3 to 7 (N = 3 biological repeats). (B) Western blot protein expression 
analysis for the G1 domain of aggrecan in TC28a2 14-day old pellets treated with DMSO or SRT1720 from day 3 till 14, and quantification of 
densitometry (N = 3 biological repeats). Gene expression data displayed as relative to housekeeping gene GAPDH. b indicates a significant 
difference to 3D DMSO vehicle (control) (p ≤ .05). ** indicates a significant difference (p ≤ .01) compared to control

80
KDa
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2D and 3D culture has been shown in primary human 
chondrocytes,28 and it was proposed that the differential 
response stemmed from cell de-differentiation in 2D or 
redifferentiation in 3D respectively. Though no study has 
demonstrated this in development, we showed previously 
that the transition of hESC-chondroprogenitors from 2D to 
3D aggregates, correlates with higher COL2A1 expression.5 
Thus, the change in responsiveness to SRT1720 in 3D in-
dicates that 3D cell architecture and/or cell contact is an 
essential factor for its effect on chondrogenic expression.

While activation of SIRT1 dramatically increased sev-
eral chondrogenic transcription factors and ECM compo-
nents, SIRT1-inhibited samples were able to differentiate 
into chondrocyte-like cells and produce ECM proteins 
much like non treated controls. Crucially, this is in line 
with Sirt1−/− mouse KO models,17 which do form cartilage 

but have an altered cartilage phenotype and express de-
creased levels of type-II collagen and aggrecan. This 
supports the idea that SIRT1 deacetylase activity is not 
essential for chondrogenic gene expression per se, but in-
stead is an important epigenetic regulator facilitating the 
synthesis of adequate matrix protein during human carti-
lage development. This is apparent in the elevated type-II 
collagen and aggrecan levels (with associated increase 
in HAPLN1 coding link protein) in our SIRT1 activated 
samples. However, in parallel we observed a decrease in 
GAG measured in the matrix, which was reflected in the 
down regulation of HAS2 (responsible for HA synthesis) 
and GALNT1; responsible for chondroitin sulphate GAG 
chain initiation.34 Any abnormality in GAG assembly may 
be further compounded by an unbalanced substantial up-
regulation of XYLT2, which is involved in formation of the 

F I G U R E  6   SIRT1 activation is important for promotion of chondrogenic genes. (A) Schematic diagram of TC28a2 pellet culture and 
conditions. Bar designs for each condition are conserved between panels A, B and C. (B) Western blot analysis of SIRT1 protein expression 
in Dox responsive SIRT1 overexpressing TC28a2 cells, treated with or without 100 µg/ml Dox from day 3 till day 14. (C) QRT-PCR gene 
expression analysis of chondrogenic genes in Dox responsive SIRT1 overexpressing TC28a2 pellets cultured for 14 days (N = 4 biological 
repeats). Pellets were treated from day 3 till day 14 with DMSO (control), SRT1720 (5 µg), Dox (100 µg/ml) or a combination of Dox and 
SRT1720. Data displayed relative to housekeeping gene GAPDH. (D) ChIP analysis of SIRT1 and SOX5 occupancy of the COL2A1 enhancer 
and promoter region, and of the ACAN-10 enhancer region in day 14 + 14 pellets derived from hPSC-chondroprogenitors (N = 3 biological 
repeats). Data displayed as percentage of input. a indicates a significant difference (p ≤ .05) to DMSO (control). b indicates a significant 
difference (p ≤ .05) to Dox treated control
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initiating GAG chain tetrasaccharide, and has been shown 
to influence glycosylation site pattern.50 This would sug-
gest the retention of core aggrecan protein in the cells and 
ECM GAG content is likely the result of a reduction in the 
secretion of mature GAGylated aggrecan by the SRT1720 
treated cells, alongside a lack of HA available for any ma-
ture aggrecan to bind to. Whether this reflects direct reg-
ulation though SIRT1 activation or an indirect feedback 
mechanism cannot be determined.

Here we uncovered that SIRT1 overexpression com-
bined with activation did not increase chondrogenic gene 
expression beyond activation alone, suggesting adequate 
amounts of SIRT1 in the cells but a deficit of activation 
factor(s). Results show that SRT1720 activation alone led 
to significant increases in SIRT1 expression, and that this 
was not increased any further by the overexpression sys-
tem. This could indicate feedback of SIRT1 activity on 
SIRT1 expression, which overrides the influence of SIRT1 
overexpression in this system. So SIRT1 activation may 
positively affect mediating factors and these may be the 
limiting factors in SIRT1’s influence on chondrogenic pro-
tein expression. Activation with SRT1720 is therefore not 
limited by the availability of SIRT1 in this system but the 
factors with which it associates.

In this context SIRT1 activation led to significant in-
creases in the expression of SOX9 associated co-factors, in 
particular SOX551 and ARID5B,22 indicating their potential 
importance as downstream regulators of chondrogenesis. 
There was a significant enrichment of SOX5 (with a trend 
to SIRT1 enrichment) at the ACAN-10 enhancer, in line 
with previous observations for SOX9.13 This together with 
the demonstration of SIRT1-ARID5B association, suggests 
that SIRT1 is reliant on these downstream factors to regu-
late gene transcription as summarized in Figure 6E.

SOX5 binds to and co-directs chondrogenesis in com-
bination with SOX9,51,52 as part of the SOX trio required 
for permanent cartilage.19 SIRT1 has also been shown to 
deacetylate multiple SOX family members,37,38 includ-
ing SOX9, facilitating its translocation into the nucleus, 
and thereby promoting chondrogenic activity.13 During 
chondrogenesis SIRT1 is able to bind both COL2A1 and 
ACAN promoter/enhancer sites,28 as does SOX5, specif-
ically at the -10 enhancer region.20 Indeed Lefebvre and 

Dvir-Ginzberg surmised that there are several conserved 
lysine residues between the SOX family members21 which 
would be potential targets for SIRT1  modification, indi-
cating that SIRT1 is likely to regulate nuclear entry of SOX 
family proteins to facilitate their transcriptional activity.

Here we report, that ARID5B is also expressed in hESC-
chondrogenic pellets undergoing differentiation. ARID5B 
is reported to form a complex with PHF2, directing factors 
such as SOX9.22 In this study ARID5B expression also cor-
related significantly with chondrogenic ECM proteins, and 
these observations together with the inferred regulatory roles 
suggest further potential drug targets to manipulate human 
chondrogenesis and promote healthy skeletal development.

Our protocol generates moderate amounts of type-II col-
lagen.4,5 Recent papers have also generated chondrocytes 
with good type-II collagen from hPSC using protocols aimed 
at articular-like cartilage,48,53 and others from iPSC-iMSC 
growth plate like regimens.54,55 Importantly, SIRT1 activ-
ity has been widely reported as beneficial to bone marrow 
MSC-chondrogenesis.12 Indeed, SIRT1 activity may have 
contributed to the synthesis of type-II collagen seen in those 
protocols, however this was not assessed. In this current 
study we show dramatic changes in chondrogenic genes 
(e.g. SOX5, SOX9, ARID5B, ACAN, and COL2A1) through 
the activation of SIRT1 which are also reflected in type-II 
collagen  and aggrecan protein, but decreased GAGS par-
alleled by changes in gene expression for glycosylation en-
zymes. Results of this study indicate that epigenetic factors 
such as SIRT1 are of great relevance to other protocols for 
the musculoskeletal differentiation of hPSCs. Indeed, this 
information will be utilized to improve our current protocol.

While the current study demonstrates the role of SIRT1 
in chondrogenesis during a human developmental sys-
tem, it poses additional questions which we hope to fully 
answer in the future. Importantly, there are several factors 
which can affect SIRT1 activity, which were not assessed 
in this study including inhibitory factors such as AROS,56 
post translational modifications,57 as well as cleavage of 
SIRT158; which may reduce its activity levels, even under 
overexpression conditions. Assessing the activity of SIRT1, 
either directly or by relative NAD (substrate) availability, 
during hESC-chondrogenesis in future studies may help 
to understand the influence of these factors. Additionally, 

F I G U R E  7   ARID5B is required for COL2A1 expression in SIRT1 activated pellets. (A) Regression curve and Pearson's r correlation 
p value analysis of chondrogenic transcription factors, SOX9 or ARID5B vs COL2A1 gene expression (N = 5 biological repeats) in day 
14 + 14 pellets culture with DMSO (control) or SRT1720 from day 14 + 3 to 14 + 14. (B) Western blot analysis of ARID5B in SIRT1 
or irrelevant antibody (P300) immunoprecipitate from day 14 + 14 pellets treated with either DMSO (control) or SRT1720 from day 
14 + 3 till day 14 + 14. (C) Immunocytochemistry of ARID5B in Dox responsive ARID5B-shRNA TC28a2 cells and day 14 hPSC derived 
chondroprogenitors, treated with DMSO (control) or 100ng/ml Dox for 48 hours. (D) Gene expression analysis of ARID5B and COL2A1 in 
Dox responsive ARID5B-shRNA hPSC derived chondroprogenitor pellets cultured for 14 days in 3D, treated with DMSO (control), SRT1720 
(5 µM), or SRT1720 (5 µM) and Dox (100 ng/ml) from day 14 + 3 till 14 + 14. Gene expression data displayed relative to housekeeping gene 
GAPDH. (E) Models for SIRT1 activation, including impact on downstream associated factors and resulting ECM component expression
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the importance of ARID5B in chondrogenesis is only just 
beginning to be understood. Therefore its relationship 
to SIRT1 is intriguing and warrants further research in 
greater detail than presented in the current study.

In summary this work has identified a critical role for 
SIRT1 in control of ECM protein expression in hESC-
chondrocyte development. It has also identified and refined 
our understanding of the role of several additional factors 
regulating human chondrogenic development. We have 
shown that, in this human model of chondrogenic devel-
opment, SIRT1 activation differentially increases gene ex-
pression for ECM proteins including the core components 
type-II collagen and aggrecan, while reducing GAG forma-
tion. This regulatory effect is stage dependent and requires 
a 3D arrangement of developing chondroprogenitors. 
Additionally, we have shown that after SIRT1 activation, 
ARID5b and COL2a1 both increase in developing chon-
droprogenitors and changes in these genes are directly cor-
related, suggesting co-regulation. Finally, SIRT1 induction 
of COL2A1 expression is ARID5B-dependent, and we iden-
tify a potential novel mechanism for control of cartilage 
protein synthesis involving binding of ARID5B to SIRT1. 
Thus, SIRT1 activity can benefit cartilage development but 
only if the positive effects on chondrogenic proteins can be 
balanced by other positive modulators of GAG synthesis.

ACKNOWLEDGMENTS
This work was supported mainly by Arthritis Research UK 
(Grants R20786) to SJK and MDG, an MRC UKRMP hub 
award (Grant MR/K026666) to SJK and a Rosetrees Trust 
grant A1984 to CAS, SJK and MDG. PH and MN were sup-
ported by an EPSRC /MRC Centre for Doctoral Training in 
Regenerative Medicine Grant (EP/L014904/1). We thank 
Mr. Peter Walker for histology training, Dr Ashok Kumar 
for ChIP training. TC28a2 cells were kindly donated by Dr 
Louise Reynard of Newcastle University. Aggrecan G1 an-
tibody was generously donated by Prof Tim Hardingham 
of University of Manchester.

CONFLICT OF INTEREST
The authors state that there is no conflict interest in con-
nection with this article.

AUTHOR CONTRIBUTIONS
Study design and concept by Mona Dvir-Ginzberg and 
Susan J. Kimber. Experimental design and undertaking 
by Christopher A. Smith. Cell culture by Christopher A. 
Smith and Nicola Bates. Additional samples supplied by 
Paul A. Humphreys and Mark A. Naven. Viral construct 
design and production by Stuart A. Cain. Data analysis by 
Christopher A. Smith, Susan J. Kimber and Mona Dvir-
Ginzberg. Manuscript written and edited by Christopher 
A. Smith, Susan J. Kimber and Mona Dvir-Ginzberg.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.

ORCID
Christopher A. Smith   https://orcid.org/0000-0001-6478-2310 
Paul A. Humphreys   https://orcid.org/0000-0002-1833-4864 
Nicola Bates   https://orcid.org/0000-0001-5875-548X 
Mark A. Naven   https://orcid.org/0000-0002-9703-4009 
Stuart A. Cain   https://orcid.org/0000-0001-8417-1058 
Mona Dvir-Ginzberg   https://orcid.org/0000-0003-3089-6875 
Susan J. Kimber   https://orcid.org/0000-0002-0568-6342 

REFERENCES
	 1.	 Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. Embryonic 

stem cell lines derived from human blastocysts. Science. 
1998;282:1145-1147. doi:10.1126/scien​ce.282.5391.1145

	 2.	 Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripo-
tent stem cells from adult human fibroblasts by defined factors. 
Cell. 2007;131:861-872. doi:10.1016/j.cell.2007.11.019

	 3.	 Oldershaw RA, Baxter MA, Lowe ET, et al. Directed differentia-
tion of human embryonic stem cells toward chondrocytes. Nat 
Biotechnol. 2010;28:1187-1194.

	 4.	 Cheng A, Kapacee Z, Peng J, et al. Cartilage repair using human 
embryonic stem cell-derived chondroprogenitors. Stem Cells 
Transl Med. 2014;3:1287-1294.

	 5.	 Wang T, Nimkingratana P, Smith CA, Cheng A, Hardingham 
TE, Kimber SJ. Enhanced chondrogenesis from human em-
bryonic stem cells. Stem Cell Res. 2019;39:101497. doi:10.1016/​
j.scr.2019.101497.

	 6.	 McLean AB, D'Amour KA, Jones KL, et al. Activin a effi-
ciently specifies definitive endoderm from human embryonic 
stem cells only when phosphatidylinositol 3-kinase signaling 
is suppressed. Stem Cells. 2007;25:29-38. doi:10.1634/stemc​
ells.2006-0219

	 7.	 Vaziri H, Dessain SK, Ng Eaton E, et al. hSIR2(SIRT1) functions 
as an NAD-dependent p53 deacetylase. Cell. 2001;107:149-159. 
doi:10.1016/s0092​-8674(01)00527​-x

	 8.	 Yeung F, Hoberg JE, Ramsey CS, et al. Modulation of NF-kappaB-
dependent transcription and cell survival by the SIRT1 deacetyl-
ase. EMBO J. 2004;23:2369-2380. doi:10.1038/sj.emboj.7600244

	 9.	 Bi W, Deng JM, Zhang Z, Behringer RR, de Crombrugghe B. 
Sox9 is required for cartilage formation. Nat Genet. 1999;22:85. 
doi:10.1038/8792

	10.	 Lefebvre V, de Crombrugghe B. Toward understanding SOX9 
function in chondrocyte differentiation. Matrix Biol. 1998;16:​
529-540.

	11.	 Dvir-Ginzberg M, Gagarina V, Lee E-J, Hall DJ. Regulation 
of cartilage-specific gene expression in human chondrocytes 
by SirT1 and nicotinamide phosphoribosyltransferase. J Biol 
Chem. 2008;283:36300-36310.

	12.	 Buhrmann C, Busch F, Shayan P, Shakibaei M. Sirtuin-1 
(SIRT1) is required for promoting chondrogenic differentiation 
of mesenchymal stem cells. J Biol Chem. 2014;289:22048-22062. 
doi:10.1074/jbc.M114.568790

	13.	 Bar Oz M, Kumar A, Elayyan J, et al. Acetylation reduces SOX9 
nuclear entry and ACAN gene transactivation in human chondro-
cytes. Aging Cell. 2016;15:499-508. doi:10.1111/acel.12456

https://orcid.org/0000-0001-6478-2310
https://orcid.org/0000-0001-6478-2310
https://orcid.org/0000-0002-1833-4864
https://orcid.org/0000-0002-1833-4864
https://orcid.org/0000-0001-5875-548X
https://orcid.org/0000-0001-5875-548X
https://orcid.org/0000-0002-9703-4009
https://orcid.org/0000-0002-9703-4009
https://orcid.org/0000-0001-8417-1058
https://orcid.org/0000-0001-8417-1058
https://orcid.org/0000-0003-3089-6875
https://orcid.org/0000-0003-3089-6875
https://orcid.org/0000-0002-0568-6342
https://orcid.org/0000-0002-0568-6342
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.scr.2019.101497
https://doi.org/10.1016/j.scr.2019.101497
https://doi.org/10.1634/stemcells.2006-0219
https://doi.org/10.1634/stemcells.2006-0219
https://doi.org/10.1016/s0092-8674(01)00527-x
https://doi.org/10.1038/sj.emboj.7600244
https://doi.org/10.1038/8792
https://doi.org/10.1074/jbc.M114.568790
https://doi.org/10.1111/acel.12456


      |  17 of 18SMITH et al.

	14.	 Elayyan J, Lee EJ, Gabay O, et al. LEF1-mediated MMP13 gene 
expression is repressed by SIRT1 in human chondrocytes. 
FASEB J. 2017;31:3116-3125. doi:10.1096/fj.20160​1253R

	15.	 Gabay O, Oppenhiemer H, Meir H, Zaal K, Sanchez C, Dvir-
Ginzberg M. Increased apoptotic chondrocytes in articular 
cartilage from adult heterozygous SirT1 mice. Ann Rheum Dis. 
2012;71:613-616. doi:10.1136/ard.2011.200504

	16.	 Simic P, Zainabadi K, Bell E, et al. SIRT1 regulates differentiation 
of mesenchymal stem cells by deacetylating beta-catenin. EMBO 
Mol Med. 2013;5:430-440. doi:10.1002/emmm.20120​1606

	17.	 Gabay O, Zaal KJ, Sanchez C, et al. Sirt1-deficient mice exhibit an 
altered cartilage phenotype. Joint Bone Spine. 2013;80:613-620.

	18.	 Griffiths R, Woods S, Cheng A, et al. The transcription factor-
microRNA regulatory Network during hESC-chondrogenesis. 
Sci Rep. 2020;10:4744. doi:10.1038/s4159​8-020-61734​-4

	19.	 Ikeda T, Kamekura S, Mabuchi A, et al. The combination of 
SOX5, SOX6, and SOX9 (the SOX trio) provides signals suffi-
cient for induction of permanent cartilage. Arthritis Rheum. 
2004;50:3561-3573. doi:10.1002/art.20611

	20.	 Han Y, Lefebvre V. L-Sox5 and Sox6 drive expression of the aggre-
can gene in cartilage by securing binding of Sox9 to a far-upstream 
enhancer. Mol Cell Biol. 2008;28:4999. doi:10.1128/MCB.00695​-08

	21.	 Lefebvre V, Dvir-Ginzberg M. SOX9 and the many facets of 
its regulation in the chondrocyte lineage. Connect Tissue Res. 
2017;58:2-14. doi:10.1080/03008​207.2016.1183667

	22.	 Hata K, Takashima R, Amano K, et al. Arid5b facilitates chon-
drogenesis by recruiting the histone demethylase Phf2 to Sox9-
regulated genes. Nat Commun. 2013;4:2850.

	23.	 Ye J, Bates N, Soteriou D, et al. High quality clinical grade human 
embryonic stem cell lines derived from fresh discarded embryos. 
Stem Cell Res Ther. 2017;8:128. doi:10.1186/s1328​7-017-0561-y

	24.	 Cheng A, Cain SA, Tian P, et al. Recombinant extracellular 
matrix protein fragments support human embryonic stem cell 
chondrogenesis. Tissue Eng Part A. 2018;24:968-978.

	25.	 Dai H, Kustigian L, Carney D, et al. SIRT1 activation by small 
molecules: kinetic and biophysical evidence for direct inter-
action of enzyme and activator. J Biol Chem. 2010;285:32695-
32703. doi:10.1074/jbc.M110.133892

	26.	 Gertz M, Fischer F, Nguyen GT, et al. Ex-527 inhibits Sirtuins 
by exploiting their unique NAD+-dependent deacetylation 
mechanism. Proc Natl Acad Sci U S A. 2013;110:E2772-2781. 
doi:10.1073/pnas.13036​28110

	27.	 Goldring MB. Culture of immortalized chondrocytes and their 
use as models of chondrocyte function. Methods Mol Med. 
2004;100:37-52. doi:10.1385/1-59259​-810-2:037

	28.	 Oppenheimer H, Kumar A, Meir H, et al. Set7/9 impacts 
COL2A1 expression through binding and repression of SirT1 
histone deacetylation. J Bone Miner Res. 2014;29:348-360. 
doi:10.1002/jbmr.2052

	29.	 Bouras T, Fu M, Sauve AA, et al. SIRT1 deacetylation and re-
pression of p300 involves lysine residues 1020/1024 within the 
cell cycle regulatory domain 1. J Biol Chem. 2005;280:10264-
10276. doi:10.1074/jbc.M4087​48200

	30.	 Liu X, Wang D, Zhao Y, et al. Methyltransferase Set7/9 regulates 
p53 activity by interacting with Sirtuin 1 (SIRT1). Proc Natl Acad 
Sci U S A. 2011;108:1925-1930. doi:10.1073/pnas.10196​19108

	31.	 Baba A, Ohtake F, Okuno Y, et al. PKA-dependent regulation 
of the histone lysine demethylase complex PHF2-ARID5B. Nat 
Cell Biol. 2011;13:668-675. doi:10.1038/ncb2228

	32.	 Milne JC, Lambert PD, Schenk S, et al. Small molecule activa-
tors of SIRT1 as therapeutics for the treatment of type 2 diabe-
tes. Nature. 2007;450:712-716.

	33.	 Liu B, Lei M, Hu T, Yu F, Xiao D-M, Kang H. Inhibitory effects of 
SRT1720 on the apoptosis of rabbit chondrocytes by activating 
SIRT1 via p53/bax and NF-κB/PGC-1α pathways. J Huazhong 
Univ Sci Technolog Med Sci. 2016;36:350-355. doi:10.1007/s1159​
6-016-1590-y

	34.	 Vynios DH. Metabolism of cartilage proteoglycans in health and 
disease. Biomed Res Int. 2014;2014:452315. doi:10.1155/2014/​
452315

	35.	 Sakai K, Kimata K, Sato T, et al. Chondroitin sulfate  
N-acetylgalactosaminyltransferase-1 plays a critical role in chon-
droitin sulfate synthesis in cartilage. J Biol Chem. 2007;282:4152-
4161. doi:10.1074/jbc.M6068​70200

	36.	 Fosang AJ, Tyler JA, Hardingham TE. Effect of interleukin-1 
and insulin like growth factor-1 on the release of proteogly-
can components and hyaluronan from pig articular cartilage 
in explant culture. Matrix. 1991;11:17-24. doi:10.1016/S0934-
8832(11)80223​-4

	37.	 Baltus GA, Kowalski MP, Zhai H, et al. Acetylation of sox2 in-
duces its nuclear export in embryonic stem cells. Stem Cells. 
2009;27:2175-2184. doi:10.1002/stem.168

	38.	 Mu WL, Wang YJ, Xu P, et al. Sox2 deacetylation by Sirt1 
Is involved in mouse somatic reprogramming. Stem Cells. 
2015;33:2135-2147. doi:10.1002/stem.2012

	39.	 Han MK, Song EK, Guo Y, Ou X, Mantel C, Broxmeyer HE. 
SIRT1 regulates apoptosis and Nanog expression in mouse em-
bryonic stem cells by controlling p53 subcellular localization. 
Cell Stem Cell. 2008;2:241-251. doi:10.1016/j.stem.2008.01.002

	40.	 Williams EO, Taylor AK, Bell EL, Lim R, Kim DM, Guarente 
L. Sirtuin 1 promotes deacetylation of Oct4 and maintenance 
of naive pluripotency. Cell Rep. 2016;17:809-820. doi:10.1016/​
j.celrep.2016.09.046

	41.	 Lou G, Liu Y, Wu S, et al. The p53/miR-34a/SIRT1 positive feed-
back loop in quercetin-induced apoptosis. Cell Physiol Biochem. 
2015;35:2192-2202.

	42.	 Zhang Y, Wang J, Chen G, Fan D, Deng M. Inhibition of Sirt1 
promotes neural progenitors toward motoneuron differentia-
tion from human embryonic stem cells. Biochem Biophys Res 
Comm. 2011;404:610-614. doi:10.1016/j.bbrc.2010.12.014

	43.	 Zhang ZN, Chung SK, Xu Z, Xu Y. Oct4 maintains the plu-
ripotency of human embryonic stem cells by inactivating p53 
through Sirt1-mediated deacetylation. Stem Cells. 2014;32:157-
165. doi:10.1002/stem.1532

	44.	 Jang J, Huh YJ, Cho H-J, et al. SIRT1 enhances the survival of 
human embryonic stem cells by promoting DNA repair. Stem 
Cell Rep. 2017;9:629-641. doi:10.1016/j.stemcr.2017.06.001

	45.	 Ou X, Chae HD, Wang RH, et al. SIRT1 deficiency compromises 
mouse embryonic stem cell hematopoietic differentiation, 
and embryonic and adult hematopoiesis in the mouse. Blood. 
2011;117:440-450. doi:10.1182/blood​-2010-03-273011

	46.	 Diekman BO, Christoforou N, Willard VP, et al. Cartilage tissue 
engineering using differentiated and purified induced pluripo-
tent stem cells. Proc Natl Acad Sci U S A. 2012;109:19172-19177. 
doi:10.1073/pnas.12104​22109

	47.	 Yamashita A, Morioka M, Yahara Y, et al. Generation of scaf-
foldless hyaline cartilaginous tissue from human iPSCs. Stem 
Cell Rep. 2015;4:404-418. doi:10.1016/j.stemcr.2015.01.016

https://doi.org/10.1096/fj.201601253R
https://doi.org/10.1136/ard.2011.200504
https://doi.org/10.1002/emmm.201201606
https://doi.org/10.1038/s41598-020-61734-4
https://doi.org/10.1002/art.20611
https://doi.org/10.1128/MCB.00695-08
https://doi.org/10.1080/03008207.2016.1183667
https://doi.org/10.1186/s13287-017-0561-y
https://doi.org/10.1074/jbc.M110.133892
https://doi.org/10.1073/pnas.1303628110
https://doi.org/10.1385/1-59259-810-2:037
https://doi.org/10.1002/jbmr.2052
https://doi.org/10.1074/jbc.M408748200
https://doi.org/10.1073/pnas.1019619108
https://doi.org/10.1038/ncb2228
https://doi.org/10.1007/s11596-016-1590-y
https://doi.org/10.1007/s11596-016-1590-y
https://doi.org/10.1155/2014/452315
https://doi.org/10.1155/2014/452315
https://doi.org/10.1074/jbc.M606870200
https://doi.org/10.1016/S0934-8832(11)80223-4
https://doi.org/10.1016/S0934-8832(11)80223-4
https://doi.org/10.1002/stem.168
https://doi.org/10.1002/stem.2012
https://doi.org/10.1016/j.stem.2008.01.002
https://doi.org/10.1016/j.celrep.2016.09.046
https://doi.org/10.1016/j.celrep.2016.09.046
https://doi.org/10.1016/j.bbrc.2010.12.014
https://doi.org/10.1002/stem.1532
https://doi.org/10.1016/j.stemcr.2017.06.001
https://doi.org/10.1182/blood-2010-03-273011
https://doi.org/10.1073/pnas.1210422109
https://doi.org/10.1016/j.stemcr.2015.01.016


18 of 18  |      SMITH et al.

	48.	 Craft AM, Rockel JS, Nartiss Y, Kandel RA, Alman BA, Keller GM. 
Generation of articular chondrocytes from human pluripotent 
stem cells. Nat Biotechnol. 2015;33:638-645. doi:10.1038/nbt.3210

	49.	 Gibson JD, O'Sullivan MB, Alaee F, et al. Regeneration of ar-
ticular cartilage by human ESC-derived mesenchymal progen-
itors treated sequentially with bMP-2 and Wnt5a. Stem Cells 
Transl Med. 2017;6:40-50. doi:10.5966/sctm.2016-0020

	50.	 Poönighaus C, Ambrosius M, Casanova JC, et al. Human xylo-
syltransferase II is involved in the biosynthesis of the uniform 
tetrasaccharide linkage region in chondroitin sulfate and hep-
aran sulfate proteoglycans. J Biol Chem. 2007;282:5201-5206. 
doi:10.1074/jbc.M6116​65200

	51.	 Lefebvre V, Behringer RR, de Crombrugghe B. L-Sox5, Sox6 and 
Sox9 control essential steps of the chondrocyte differentiation 
pathway. Osteoarthritis Cartilage. 2001;9(Suppl A):S69-S75.

	52.	 Liu CF, Lefebvre V. The transcription factors SOX9 and SOX5/
SOX6 cooperate genome-wide through super-enhancers to 
drive chondrogenesis. Nucleic Acids Res. 2015;43:8183-8203. 
doi:10.1093/nar/gkv688

	53.	 Yamada D, Nakamura M, Takao T, et al. Induction and ex-
pansion of human PRRX1+ limb-bud-like mesenchymal cells 
from pluripotent stem cells. Nat Biomed Eng. 2021;5:926-940. 
doi:10.1038/s4155​1-021-00778​-x

	54.	 Buchert J, Diederichs S, Kreuser U, Merle C, Richter W. The 
role of extracellular matrix expression, ERK1/2 signaling and 
cell cohesiveness for cartilage yield from iPSCs. Int J Mol Sci. 
2019;20:4295.

	55.	 Diederichs S, Klampfleuthner FAM, Moradi B, Richter W. 
Chondral differentiation of induced pluripotent stem cells 
without progression into the endochondral pathway. Front Cell 
Dev Biol. 2019;7:270. doi:10.3389/fcell.2019.00270

	56.	 Kokkola T, Suuronen T, Molnár F, et al. AROS has a context-
dependent effect on SIRT1. FEBS Lett. 2014;588:1523-1528. 
doi:10.1016/j.febsl​et.2014.03.020

	57.	 Sasaki T, Maier B, Koclega KD, et al. Phosphorylation regulates 
SIRT1 function. PLoS One. 2008;3:e4020. doi:10.1371/journ​
al.pone.0004020

	58.	 Kumar A, Daitsh Y, Ben-Aderet L, et al. A predicted unstruc-
tured C-terminal loop domain in SIRT1 is required for cathep-
sin B cleavage. J Cell Sci. 2018;131:doi:10.1242/jcs.214973

SUPPORTING INFORMATION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Smith CA, Humphreys 
PA, Bates N, et al. SIRT1 activity orchestrates ECM 
expression during hESC-chondrogenic 
differentiation. FASEB J. 2022;36:e22314. 
doi:10.1096/fj.20220​0169R

https://doi.org/10.1038/nbt.3210
https://doi.org/10.5966/sctm.2016-0020
https://doi.org/10.1074/jbc.M611665200
https://doi.org/10.1093/nar/gkv688
https://doi.org/10.1038/s41551-021-00778-x
https://doi.org/10.3389/fcell.2019.00270
https://doi.org/10.1016/j.febslet.2014.03.020
https://doi.org/10.1371/journal.pone.0004020
https://doi.org/10.1371/journal.pone.0004020
https://doi.org/10.1242/jcs.214973
https://doi.org/10.1096/fj.202200169R

	SIRT1 activity orchestrates ECM expression during hESC-­chondrogenic differentiation
	Abstract
	1|INTRODUCTION
	2|EXPERIMENTAL PROCEDURES
	2.1|hESC culture
	2.2|Directed differentiation protocol
	2.3|Pellet formation
	2.4|TC28a2 cell culture
	2.5|Gene transcription analysis
	2.6|Western blotting and immunoprecipitation
	2.7|Chromatin immunoprecipitation (ChIP)
	2.8|Lentiviral overexpression
	2.9|Dimethyl-­methylene blue (DMMB) sulphated GAG assay
	2.10|Histological assessment (IHC, IP)
	2.11|Statistical analysis

	3|RESULTS
	3.1|SIRT1 expression is dynamic, and is elevated during early stages of chondrogenic differentiation
	3.2|SIRT1 inhibition correlates with elevated SOX9 transcription in hESC chondrogenesis
	3.3|Activation of SIRT1 in a three-­dimensional (3D) pellet culture increased chondrogenic gene expression
	3.4|SIRT1 activation alters cartilage ECM expression and pellet histology
	3.5|Activation of SIRT1 in TC28a2 3D pellets enhances chondrogenic gene expression
	3.6|SIRT1 activity, not expression level, drives chondrogenic gene expression
	3.7|SIRT1 activation leads to SOX5 enrichment at the ACAN-­10 enhancer site
	3.8|ARID5B is required for type-­II collagen gene expression in SIRT1 activated chondrogenic pellets

	4|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


