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Abstract

Heparan sulfate (HS) regulates the activity of many signaling molecules critical for the development of endo-
chondral bones. Even so, mice with a genetically altered HS metabolism display a relatively mild skeletal phe-
notype compared to the defects observed in other tissues and organs pointing to a reduced HS dependency
of growth-factor signaling in chondrocytes. To understand this difference, we have investigated the glycos-
aminoglycan (GAG) composition in two mouse lines that produce either reduced levels of HS (Ext1gt/gt mice)
or HS lacking 2-O-sulfation (Hs2st1�/� mice). Analysis by RPIP-HPLC revealed an increased level of sul-
fated disaccarides not affected by the mutation in both mouse lines indicating that chondrocytes attempt to
restore a critical level of sulfation. In addition, in both mutant lines we also detected significantly elevated lev-
els of CS. Size exclusion chromatography further demonstrated that Ext1gt/gt mutants produce more but
shorter CS chains, while the CS chains produced by (Hs2st1�/� mice) mutants are of similar length to that of
wild type littermates indicating that chondrocytes produce more rather than longer CS chains. Expression
analysis revealed an upregulation of aggrecan, which likely carries most of the additionally produced CS.
Together the results of this study demonstrate for the first time that not only a reduced HS synthesis but also
an altered HS structure leads to increased levels of CS in mammalian tissues. Furthermore, as chondrocytes
produce 100-fold more CS than HS the increased CS levels point to an active, precursor-independent mecha-
nism that senses the quality of HS in a vast excess of CS. Interestingly, reducing the level of cell surface CS
by chondroitinase treatment leads to reduced Bmp2 induced Smad1/5/9 phosphorylation. In addition, Erk
phosphorylation is increased independent of Fgf18 treatment indicating that both, HS and CS, affect growth
factor signaling in chondrocytes in distinct manners.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction distribution and activity of many extracellular proteins.
Heparan sulfate (HS) carrying proteoglycans
(HSPGs) are main components of the extracellular
matrix (ECM). They are associated with the cell sur-
face of virtually all vertebrate cells regulating the
thors. Published by Elsevier B.V. This is an
(http://creativecommons.org/licenses/by-nc
HSPGs consist of core proteins to which one or more
HS chains are attached. The assembly of the HS
chains takes place in the Golgi apparatus. It is com-
menced by the synthesis of a tetrasaccharide linkage
region consisting of one xylose, two galactose, and
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one D-glucuronic acid (GlcA) attached to a specific
serine residue of the core protein. Subsequently, the
glycosyltransferase Extl3 transfers an N-acetylglucos-
amine (GlcNAc) to the tetrasaccharide, followed by the
addition of alternating units of GlcA and GlcNAc by the
glycosyltransferases Ext1 and Ext2, which act in het-
eromeric complexes. In parallel, several sulfotransfer-
ases and one epimerase modify the growing chain.
The first step is the deacetylation and subsequent N-
sulfation of GlcNAc (GlcNS) by N-deacetylase/N-sulfo-
transferases (Ndst1-4) in distinct regions of the HS
chains. A subset of GlcA residues, mainly in these N-
sulfated regions, is then epimerized to iduronic acid
(IdoA) by the D-glucuronyl-C5-epimerase (Glce). Fur-
ther modifications include the addition of sulfate
groups to the 2-O-position of IdoA and the 3-O- and 6-
O-positions of GlcNAc and GlcNS by differentO-sulfo-
transferases. The modifying enzymes show overlap-
ping but distinct expression patterns in different
tissues and developmental stages, generating cell-
type-specific sulfation signatures. Extensive analyses
of HS structure and function have shown that the spe-
cific pattern of sulfation determines the binding affinity
of HS to growth factors, cytokines and other extracellu-
lar proteins, thereby modulating their distribution and
activity in the extracellular space [1�4].
Analysis of different mouse models revealed that

inactivating mutations of Ext1 or Ext2 are gastrula
lethal due to impaired mesoderm formation [5,6]. Fur-
thermore, inactivation of individual modifying enzymes
results in severe developmental defects in various
organs supporting the importance of the HS structure
for tissue development and maintenance [7,8].
Most of the bones of the vertebrate body are formed

by endochondral ossification, a complex process dur-
ing which a cartilage template is successively replaced
by bone tissue. During endochondral ossification,
chondrocytes undergo a highly organized differentia-
tion sequence from proliferating into hypertrophic
chondrocytes, which is regulated by the complex inter-
action of numerous signaling systems including Fgf,
Hedgehog, Wnt and Bmp signaling [9�11].
In chondrocytes, a reduction of Ext1 expression to

3�5% in the hypomorphic Ext1gt/gt mutant [12] leads
to severely delayed chondrocyte differentiation due to
increased Indian hedgehog (Ihh) signaling [13]. How-
ever, although complete deletion of Ext1 is gastrula
lethal, inactivation in the developing limb mesen-
chyme using Prx1-Cre as a driver results in severely
reduced and malformed but distinctly developed limb
structures [14]. Similarly, while severely affecting dif-
ferent organs, mutations in many modifying enzymes
lead to only mild alterations in the endochondral skel-
eton. For example, loss of Glce or the HS 2-O-sulfo-
transferase 1 (Hs2st1) is lethal due to kidney
agenesis ([15�17] ), and Ndst1 mutants display mul-
tiple, severe developmental defects including holo-
prosencephaly, craniofacial malformations, neural
tube closure and eye defects [18,19]. Nevertheless,
despite the fact that endochondral ossification is
under the control of similar pathways as those
affected in the various mutants, skeleton develop-
ment is not severely disturbed [20]. This leads to the
question if signaling in chondrocytes is less depen-
dent on HS. Alternatively, chondrocytes may have
developed specific mechanisms to compensate for
an altered HS structure.

One specific feature of chondrocytes is the abun-
dant and complex ECM, which they produce. This
matrix consists mainly of the nonsulfated glycosami-
noglycan (GAG) hyaluronan, collagens and other
structural proteins, and is particularly rich in chondroi-
tin sulfate (CS) carrying proteoglycans (PGs). CS is
structurally closely related to HS but contains N-ace-
tylgalactosamine (GalNAc) instead of GlcNAc. Like
HS, CS is synthesized in the Golgi apparatus. Inter-
estingly, the same tetrasaccharide linkage region that
is used to initiate the HS chains also serves as a
primer for the biosynthesis of CS. Subsequently, CS-
specific N-acetylgalactosaminyltransferases (CSGal-
NAcT1 and CSGalNAcT2) catalyze the addition of
GalNAc to the linkage tetrasaccharide, thereby direct-
ing the synthesis towards a CS chain. The chain is
then elongated by a complex of at least two chondroi-
tin sulfate synthetases (ChSy1-3, and chondroitin
polymerization factor (ChPF)). Several CS-specific
sulfotransferases add sulfate groups to the 4-O
(Chst11-13) and 6-O (Chst3, Chst15) position of Gal-
NAc, and the 2-O-position (uronyl 2-O-sulfotransfer-
ase, Ust) of GlcA. In addition, epimerization of GlcA
to IdoA by two CS-specific glucuronyl C5-epimerases
(Dse1-2) transforms the molecule into the stereoiso-
mer dermatan sulfate (DS) [21,22].

In chondrocytes, some CS-carrying PGs like
chondroitin sulfate proteoglycan 4 (Cspg4/NG2) and
betaglycan [23,24], are associated with the cell sur-
face, while the vast amount of CS is bound to aggre-
can and secreted into the interterritorial ECM.
Together with hyaluronan, aggrecan-bound CS is
responsible for the hydrostatic characteristics and
compressive resistance of the cartilage tissue
[25,26]. Besides its structural function, CS may also
modulate cell signaling since it has recently been
shown to bind to different growth factors like Ihh,
Fgfs, Vegf and Wnts, although with different affinities
compared to HS [27-34].

Based on its structural and biochemical character-
istics, CS is a good candidate to substitute for an
altered HS structure in chondrocytes. In this study,
we thus asked whether alterations in the HS compo-
sition might trigger compensatory changes in CS
level or structure. We have focused on two mouse
strains carrying either severely reduced HS levels
(Ext1gt/gt) or an altered HS-sulfation pattern
(Hs2st1�/�). Interestingly, CS levels were increased
in both mutants, while the CS disaccharide composi-
tion was unaffected. Distinct changes in HS and CS
chain length, were also found in both mutants.
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Analysis of Fgf and Bmp signaling after CS removal
pointed to an important role of CS in regulating
growth factor signaling in chondrocytes.
Results
Chondrocytes compensate HS deficiency by an
increased CS content

To investigate how the GAG biosynthetic machin-
ery in chondrocytes responds to an altered HS struc-
ture, we analyzed the GAG composition in mice
carrying a hypomorphic allele of Ext1 (Ext1gt/gt)
[12,13]. As reported before, mouse embryonic fibro-
blasts (MEF) of these mutants produce about 20%
of HS compared to wild type MEFs [35]. To confirm
that HS levels are also reduced in Ext1gt/gt chondro-
cytes, we analyzed the HS distribution in E15.5 fore-
limb sections using the HS-specific antibodies 10E4
and 3G10 (Fig. 1) [36]. While 10E4 recognizes com-
mon N-sulfated domains in HS and can therefore be
used to assess the total HS amount, the 3G10 anti-
body detects a neoepitope (DHS) generated by hep-
aritinase digestion, providing information about the
number of HS chains. Analysis of the immunofluo-
rescence signal on E15.5 forelimb sections revealed
reduced total levels of HS in Ext1gt/gt mutants, while
the number of chains seemed not to be altered
(Fig. 1(A) and (C)).
To identify potential alterations in the level of CS,

we used antibodies specific to the CS neoepitopes
DDi-0S (1B5), DDi-4S (2B6) and DDi-6S (3B3) gener-
ated by chondroitinase ABC (CSase ABC) digestion
[37,38]. Quantification of the immunofluorescence
intensity showed increased levels of each CS neoepi-
tope in Ext1gt/gt chondrocytes indicating that the
reduced HS levels lead to an increase in the number
of CS chains in chondrocytes (Fig. 1(B) and (C)).
To verify these findings, we purified sulfated

GAGs from E15.5 mouse skeletons, which at this
stage mostly consist of cartilage. We first analyzed
the total GAG amount using the carbazole assay
[39,40] and found an increase by 65% in Extgt/gt

mutants compared to wild type littermates (Fig. 1
(D)). We next determined the amount and disaccha-
ride composition of HS and CS by RPIP-HPLC
(Fig. 2). In agreement with earlier studies, the
amount of total HS in Extgt/gt mutants was reduced
to 20% of control littermates, while the degree of sul-
fation was not considerably changed (Fig. 2(A) and
(B)). Detailed disaccharide analysis revealed an
increase in total 6-O-sulfation, mostly found on
N-sulfated disaccharides and, consequently, fewer
mono N-sulfated disaccharides. Nevertheless, simi-
lar to Extgt/gt MEFs, it is mainly the amount of HS,
not its composition that is altered in Ext1gt/gt chon-
drocytes (Fig. 2(C)).
Analysis of CS disaccharides revealed a 70%
increase in the total level of CS compared to litter-
mate controls, while the relative degree of sulfation
and the disaccharide composition were not altered
(Fig. 2(D)�(F)). Chondrocytes thus seem to
increase the level of CS but maintain a wild type sul-
fation state in response to reduced HS levels. Inter-
estingly, as HS represents only 1% of sulfated
GAGs in chondrocytes (compare Fig. 2(A) and (D)),
each pmol HS is replaced by nearly 100 pmol CS,
resulting in the observed increase in total GAGs.

Ext1gt/gt synthesize more low molecular weight
CS chains

Altered GAG levels could be due to changes in the
number of chains, their length or a combination of
both. To investigate whether the length of the HS
and CS chains is altered in mutant chondrocytes,
we isolated 35S-labeled GAGs from the cell lysate of
differentiated primary chondrocyte cultures incu-
bated in the presence of [35S]sulfate. In addition, we
analyzed the GAGs attached to PGs released into
the cell-culture medium, which represent the PGs of
the interterritorial ECM of chondrocytes.

The 35S-labeled macromolecules were recovered
from the cell lysate and culture medium using DEAE
ion-exchange chromatography followed by size
exclusion chromatography [41]. While the high
molecular weight PGs of the cell lysates eluted in a
single peak, the PGs of the culture medium con-
tained two populations of different size (CM I and
CM II), which were analyzed separately (Supple-
mentary Fig. 1). Comparing the amounts of 35S-
labeled macromolecules detected in the cell lysate
and the culture medium revealed that in wild type
chondrocytes the vast majority of GAGs (83%) is
secreted, likely reflecting the high aggrecan content
of the interterritorial ECM (data not shown).

After release from the core proteins, the size of
total GAG, HS and CS chains was assessed by size
exclusion chromatography before and after chondroi-
tinase ABC digestion and nitrous acid depolymeriza-
tion, respectively. In wild type chondrocytes similar
amounts of labeled HS and CS are present on the
cell surface with CS chains representing the GAG
population of higher apparent molecular weight (Sup-
plementary Fig. 2(A), Table 1). As shown before for
MEFs [35], the relative amounts and length of the HS
chains were reduced in the cell lysate of Extgt/gt chon-
drocytes (Fig. 3(A), Supplementary Fig. 2(B),
Table 1). Surprisingly, mutant CS showed a distinct
increase in low molecular weight chains in Extgt/gt

mice (Fig. 3(B), Supplementary Fig. 2(B)).
Similar to the cell lysate, the amount of 35S-

labeled HS recovered from the culture medium of
Ext1gt/gt chondrocytes was reduced (from about 9%
to 4%, Table 1) and due to its low amount was not
further analyzed. The CS chains released into the



Fig. 1. Increased CS levels in HS-deficient embryonic cartilage. Forelimb sections of E15.5 Ext1gt/gt and control
embryos were probed with monoclonal antibodies (green) recognizing native HS chains (HS), the HS neoepitope (DHS) (A)
and the CS neoepitopes DDi-0S, DDi-4S, DDi-6S (B). Sections were counterstained with DAPI (blue). (A) and (C) While the
amount of total HS was reduced (HS) in Ext1gt/gt forelimb sections, no alterations in the number of HS primers (DHS) could
be detected. (B) and (C) CS neoepitopes were increased in Ext1gt/gt cartilage. (C) The intensity of the fluorescence signal in
the zone of columnar chondrocytes (white rectangles in A) was quantified and normalized to the nuclear DAPI signal. Data
are mean values§ s.e.m. relative to the control sample set to 1. n = 3. (D) Quantification of sulfated GAGs of E15.5 Ext1gt/gt

and control skeletal element by carbazole assay showed an increase in the GAG amount of 65% in Ext1gt/gt embryonic skel-
etons compared to control littermates. Values are normalized to tissue dry weight and shown as mean§ s.e.m. n = 4. Statis-
tical significance was calculated by unpaired, two-tailed Student’s t-test. * p<0.05. Scale bars: 100 mm (A) and (B). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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medium showed a slight but reproducible reduction
in length compared to wild type controls (Fig. 3(C)
and (D)). In summary, these experiments strongly
indicate that the increased level of CS in Ext1gt/gt

chondrocytes is due to an increased production of
shorter chains.

CS levels are increased in undifferentiated limb
mesenchymal cells of Ext1gt/gt mutants

As described above, chondrocytes are a unique
cell type producing particularly high levels of CS
[23]. To address the question whether the observed
changes in CS level and chain length are a specific
feature of this cell type, we analyzed the GAGs of
undifferentiated limb mesenchymal cells (LMCs) of
wild type and Ext1gt/gt mice after metabolic labeling
with [35S]sulfate (Fig. 4). In contrast to chondrocytes,
which contain similar levels of 35S-labeled HS and
CS on the cell surface, wild type LMCs are mainly
decorated with HS (Supplementary Figure 2C).
Comparing the GAG composition of wild type and
mutant cells revealed the expected reduced HS lev-
els in Ext1gt/gt cells (Fig. 4(A), Supplementary Fig. 2
(C) and (D)). Importantly, since similar amounts of
labeled GAGs were isolated from mutant and control
cells (data not shown), 35S-labeled CS had replaced
the lost HS in Ext1gt/gt LMCs (Fig. 4(B), Supplemen-
tary Fig. 2(D)). Similar to chondrocytes, the length of
the HS chains was reduced in the mutant, while the



Fig. 2. Ext1gt/gt chondrocytes carry increased levels of CS. The amount (A, D) and disaccharide composition of HS
(B, C) and CS (E, F) isolated from E15.5 Ext1gt/gt (red) and control (black) skeletal elements, were analyzed by RPIP-
HPLC. (A, D) The total amount of HS was reduced to 20% in Ext1gt/gt mutants, while the CS level was increased by 70%.
(B, C) HS 6-O-sulfation was increased in Ext1gt/gt chondrocytes, while the CS sulfation pattern (E) and (F) was unaltered.
(A) Total amount of HS; (B) percentage of HS nonsulfated disaccharides (0S), N-sulfated disaccharides (NS), 6-O-sul-
fated disaccharides (6S), and 2-O-sulfated disaccharides (2S). Total sulfation is the sum of N-sulfate, 2-O-sulfate, and 6-
O-sulfate groups in 100 disaccharides; (C) HS disaccharide composition: D0A0: HexAGlcNAc; D0S0: HexAGlcNS;
D0A6: HexAGlcNAc(6S); D2A0: HexA(2S)GlcNAc; D0S6, HexAGlcNS(6S); D2S0: HexA(2S)GlcNS; D26S: HexA(2S)
GlcNS(6S); (D) Total amount of CS; (E) Percentage of CS nonsulfated disaccharides (0S), 2-O-sulfated disaccharides
(2S), 6-O-sulfated disaccharides (6S), and 4-O-sulfated disaccharides (4S). Total sulfation is the sum of 2-O-sulfate, 6-O-
sulfate and 4-O-sulfate groups in 100 disaccharides; (F) CS disaccharide composition: D0a0: HexAGalNAc; D0a4: HexA-
GalNAc(4S); D0a6: HexAGalNAc(6S); D0a10: HexAGalNAc(4S, 6S); D2a6 HexA(2S)GalNAc(6S). Data are mean values
§ s.e.m. n = 6. Statistical significance was calculated by two-way ANOVA with Bonferroni post-test. n = 6, * p< 0.05, **
p< 0.01. Disaccharide abbreviations are according to the published structural code in Lawrence et al., (2008) [61]. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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size distribution of CS was similar to that in wild type
chondrocytes. The compensation of reduced HS
levels by CS seems thus not to be a unique feature
of differentiated chondrocytes.

Reduced HS 2-O-sulfation results in increased
CS levels

As chondrocytes compensate severely reduced
HS levels by elevating their CS content, we next
asked how cells respond to an altered HS structure.
To avoid redundancy by homologous enzymes, we
investigated mice deficient in Hs2st1, the only HS 2-
O-sulfotransferase expressed in mammals. We first
studied the abundance of HS and CS epitopes on
forelimb sections of E16.5 Hs2st1 deficient mice by
immunofluorescence analyses. We found reduced
abundance of the 10E4 epitope, while the DHS epi-
tope, recognized by the 3G10 antibody, seemed to
be increased in the mutant cartilage (Fig. 5(A) and
(C)). Similar to the Ext1gt/gt mice, the level of the sul-
fated CS neoepitopes DDi-4S and DDi-6S was
increased in the mutant cartilage, while for the
nonsulfated neoepitope DDi-0S the increase was
less pronounced (Fig. 5(B) and (C)).

Analysis of the total amount of GAGs by carbazole
assay revealed an increase of CS by 25% in E15.5
Hs2st1�/� skeletons compared to control littermates
(Fig. 5(D)). Detailed analysis of the GAG composi-
tion by RPIP-HPLC revealed no significant differ-
ence in the HS amount of wild type and Hs2st1�/�

mice (Fig. 6(A)). As expected, 2-O-sulfated disac-
charides were only detected at background level in
HS from Hs2st1�/� skeletons. The loss of di-and tri-
sulfated disaccharides containing 2-O-sulfation was
partially compensated by an increase of mono- and
disulfated species carrying N-sulfate groups. Never-
theless, the total HS sulfation level was reduced
compared to that of wild type chondrocytes (Fig. 6
(B) and (C)). Interestingly, similar to our observation
in Ext1gt/gt chondrocytes, we found elevated
amounts of CS (31%) in Hs2st1�/� chondrocytes
(Fig. 6(D)), while the CS composition was not altered
compared to wild type littermates (Fig. 6(E) and (F)).

To investigate whether cells respond to the altered
HS sulfation pattern by modifying the size of the



Table 1. Relative distribution of 35S-labeled CS and HS in mutant and control chondrocyte cultures. [35S]Sulfate-
labeled GAGs isolated from primary differentiated Ext1gt/gt, Hs2st�/� and control chondrocytes were separated by size
exclusion chromatography before and after CSase ABC or HNO2 (pH 1.5 and 3.9) cleavage, respectively. The relative
amounts of HS and CS in the polymer and dp2 peak obtained by each treatment were quantified. The values given for HS
[%] are the mean of the GAG fraction insusceptible to CSase ABC digestion and the fraction degraded by treatment with
HNO2. The corresponding values for CS [%] are the mean of the fraction insusceptible to HNO2 treatment and the fraction
degraded by CSase ABC.

Ext1 contr Ext1gt/gt Hs2st contr Hs2st�/�

HS [%] CS [%] HS [%] CS [%] HS [%] CS [%] HS [%] CS [%]

CL 47 § 4 43 § 8 30 § 6 61 § 10 45 § 1 48 § 3 58 § 2 37 § 3
CM I 9 § 2 88 § 2 4 § 2 93 § 2 9 § 2 83 § 8 9 § 0.1 86 § 4
CM II 9 § 5 89 § 6 4 § 2 92 § 2 7 § 1 89 § 1 8 § 2 88 § 2

Fig. 3. Reduced CS chain length in Ext1gt/gt chondrocytes. [35S]Sulfate-labeled GAGs from cell-lysates (A) and (B),
and culture medium (C) and (D) isolated from intact proteoglycans (see "Experimental Procedures" and Supplementary
Fig. 1) of control and Ext1gt/gt primary differentiated chondrocytes were analyzed by size exclusion chromatography on a
Superose 6 column. (A) The cell-surface-associated HS chains of Ext1gt/gt cells remaining after Chondroitinase ABC
digestion (red circles), were of reduced size compared to the HS chains of control cells (black squares). (B) More Ext1gt/
gt CS chains, obtained after HNO2 digestion, were shifted towards lower molecular weight compared to control CS chains.
(C) and (D) Similarly, the CS chains of both, high molecular (Culture medium fraction I) and low molecular weight proteo-
glycans (Culture medium fraction II) were slightly reduced size in Ext1gt/gt cells. Data are represented as [%] of the input.
V0: void volume, Vt: total column volume, dp2: degradation products, mainly disaccharides. The sizes of saccharide
standards are indicated. n = 3. One representative experiment is shown. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

An altered HS structure leads to increased levels of CS48



Fig. 4. CS dominates in primary limb mesenchymal cells of Ext1gt/gt embryos. [35S]Sulfate-labeled GAGs purified
from primary limb mesenchymal Ext1gt/gt and control cell lysate (see Fig. 3) were analyzed by Superose chromatography
following digestion with Chondroitinase ABC (A) or HNO2 (B). No alterations in GAG chain length were observed. While
negligible levels of HS were synthesized in Ext1gt/gt cells (A, red circles), CS was the predominant GAG in these cells (B,
red circles). n = 2. One representative experiment is shown. (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)
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GAG chains, 35S-labeled GAGs were isolated from
differentiated chondrocytes cultured in the presence
of [35S]sulfate and analyzed by size exclusion chro-
matography (see Supplementary Fig. 1). Our analy-
sis revealed that the length of cell-surface-
associated HS chains was slightly increased in
Hs2st1�/� chondrocytes, while CS chains were of
similar length to those of wild type chondrocytes
(Fig. 7(A) and (B), Supplementary Fig. 2(E) and (F)).
This was also the case for CS chains found on PGs
of the CM I fraction, while the chains of fraction
CM II seemed to be slightly longer in mutant chon-
drocytes (Fig. 7(C) and (D)).
Together these results demonstrate that chondro-

cytes respond not only to reduced HS levels but
also to an altered HS structure with complex com-
pensatory mechanisms including changes in HS
structure and an increased production of CS.

Mild alterations in gene expression of GAG
synthesizing enzymes and core proteins

To gain insight into the mechanisms leading to the
altered GAG composition, we analyzed the gene
expression of key enzymes of the respective synthe-
sis pathways and common core proteins by quanti-
tative RT-PCR of E15.5 forelimb cartilage elements
(Fig. 8). Surprisingly, the expression of most synthe-
sizing enzymes was not significantly altered in either
mouse strain. Nevertheless, more alterations were
found in the Ext1gt/gt mutants (Fig. 8(A)). Together
with the expected downregulation of Ext1, we found
significantly increased expression of Glce and
Hs2st1. Of the CS synthesizing enzymes, only the
expression of CSGalNAcT1, which initiates the CS
chain, was increased. In Hs2st1�/� chondrocytes,
only the mRNA level of Ext2 was decreased besides
the expected downregulation of Hs2st1 (Fig. 8(C)).
Analysis of the HS-carrying core proteins revealed
an increased expression of the GPI-anchored glypi-
cans (Gpc), Gpc2, Gpc3 and Gpc6 in Ext1gt/gt chon-
drocytes (Fig. 8(B)). In addition, agrin (Agrn), which
encodes a PG secreted into the ECM was
increased. Of the CS/DS carrying core proteins, the
small leucin-rich proteoglycan decorin (Dcn) was
reduced, while the expression of biglycan (Bgn)
was elevated. Importantly, the expression of aggre-
can (Acan) the major PG of the interterritorial ECM,
was increased, accompanied by an increased
expression of the hyaluronan binding link protein
(Hpln1). In the Hs2st1 mutants, Dcn was the only
CSPG core protein showing significantly reduced
expression, while the expression levels of Acan and
Hapln1 were slightly increased (Fig. 8(D)).
CS dependent alterations in BMP and FGF
signaling

To investigate the role of CS as a regulator of
growth factor signaling in chondrocytes, we investi-
gated the phosphorylation of Erk (pErk) and
Smad1/5/9 (pSmad1/5/9) as a readout for Fgf18
and Bmp2 signaling before and after removal of CS
by chondroitinase ABC treatment. Surprisingly,
loss of CS resulted in an immediate increase in
pErk levels even without Fgf18 treatment (Fig. 8
(E)). To test if this is a specific response of chon-
drocytes we analyzed pErk levels in LMCs and
found a similar upregulation upon CS removal
(Supplementary figure 3A) pointing to an important
role of CS in regulating or storing signaling mole-
cules. Treatment of differentiated chondrocytes
with BMP2 resulted in an increased phosphoryla-
tion of Smad1/5/9, which was reduced after CSase
treatment in wild type, Ext1gt/gt and Hs2st1�/�



Fig. 5. Loss of 2-O-sulfation leads to increased CS levels. Forelimb sections of E15.5 Hs2st�/� and control
embryos were probed with monoclonal antibodies (green) recognizing native chains (HS), the HS neoepitope (DHS) (A),
and the CS neoepitopes DDi-0S, DDi-4S, DDi-6S (B). Sections were counterstained with DAPI (blue). (A, B) In Hs2st�/�

forelimb cartilage, the HS and the sulfated CS neoepitopes were increased, while total HS (HS) and the CS neoepitope
DDi-0S were not considerably altered. (C) Analysis and quantification of fluorescence images were performed as in
Fig. 1. n = 3. (D) Quantification of sulfated GAGs purified from E15.5 Hs2st�/� and control skeletal element using the car-
bazole assay showed an increase in the GAG amount of 25% in Hs2st�/� mutants. Values are normalized to tissue dry
weight and shown as mean § s.e.m. n = 4. Statistical significance was calculated by unpaired, two-tailed Student’s t-test.
* p< 0.05. Scale bars: 100 mm (A) and (B). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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chondrocytes, (Fig. 8(F) and Supplementary Fig. 3
(B)). CS seems thus to support Bmp signaling.
Discussion

In this study, we have characterized the composi-
tion of HS and CS in two mouse strains with an
altered HS biosynthesis: Extgt/gt mice, which synthe-
size low levels of HS, and Hs2st1�/� mutants in
which the pattern of HS sulfation is disturbed. We
found that not only a reduced HS level but also an
altered HS structure results in an increased produc-
tion of CS. To our knowledge, this is the first in vivo
study demonstrating that a mammalian tissue
compensates an altered HS structure with increased
CS levels and distinct alterations in CS and HS
chain length.

Alterations in HS structure lead to increased CS
levels

Detailed analysis of the GAG composition
revealed that Extgt/gt chondrocytes produce about
20% HS, while the HS level in Hs2st1 mutants is
unchanged. Interestingly, both mutants respond to
the altered HS production by distinct changes in the
HS sulfation pattern, which has also been observed
in other mice with an altered HS structure [42-46].
The HS of Ext1gt/gt mutants contains more di- and



Fig. 6. Hs2st deficiency leads to alterations in the HS but not in the CS structure. The amount and disaccharide
composition of HS and CS isolated from E15.5 Hs2st�/� (red) and control (black) skeletal elements were analyzed by
RPIP-HPLC. (A) and (D) The total amount of HS was not altered in Hs2st1�/� mutants, while the CS level was increased
by 31%. (B) and (C) HS 2-O- and 6-O-sulfation as well as total sulfation were decreased in Hs2st1�/� chondrocytes, due
to loss of D2S6 disaccharides and despite an increase in D0S0 and D0S6 disaccharides. (E) and ( F) The CS sulfation
pattern was unaltered. (A) Total amount of HS; (B) Percentage of HS nonsulfated disaccharides (0S), N-sulfated disac-
charides (NS), 6-O-sulfated disaccharides (6S), and 2-O-sulfated disaccharides (2S). Total sulfation is the sum of N-sul-
fate, 2-O-sulfate, and 6-O-sulfate groups in 100 disaccharides; (C) HS disaccharide composition, see legend to Fig. 3 for
explanation of abbreviations; (D) Total amount of CS; (E) Percentage of CS nonsulfated disaccharides (0S), 2-O-sulfated
disaccharides (2S), 6-O-sulfated disaccharides (6S), and 4-O-sulfated disaccharides (4S). Total sulfation is the sum of 2-
O-sulfate, 6-O-sulfate and 4-O-sulfate groups in 100 disaccharides; (F) CS disaccharide composition, see legend to
Fig. 3 for explanation of abbreviations. Data are mean values § s.e.m. n = 6. Statistical significance was calculated by
two-way ANOVA with Bonferroni post-test. n = 6, * p< 0.05, ** p< 0.01. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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trisulfated disaccharides resulting in higher relative
amounts of 6-O-sulfation. In contrast, Yamada et al.
did not find changes in HS sulfation of Ext1gt/gt

embryonic fibroblasts [35]. Similar to Ext1gt/gt mutant
HS, HS of Hs2st1�/� chondrocytes contains ele-
vated levels of mono N-sulfated disaccharides and
disulfated disaccharides carrying N- and 6-O-sulfate
groups. Nevertheless, due to the loss of 2-O-sul-
fated disaccharides the Hs2st1�/� chondrocytes do
not manage to reach the total sulfation degree of
control cells. Different to our findings, Hs2st1�/�

embryonic fibroblasts maintain the overall charge
density of the mutant HS by increasing both, N- and
6-O-sulfation, mostly present in disulfated disac-
charides [46]. Apparently, the HS biosynthesis
machinery responds differently to an altered HS pro-
duction in embryonic fibroblasts and chondrocytes.
Interestingly, while the sulfation pattern of HS is

changed beyond the genetically induced deficiency
in both mutant strains, we did not identify differences
in the sulfation pattern of CS. Instead, we observed
a substantial increase in the amount of CS in Extgt/gt

mutants and, even more surprisingly, in Hs2st1�/�
chondrocytes. A compensation of HS by CS has
been described before in HS-deficient CHO and
embryonic stem cells [6,32,47]. In Ext1�/� embry-
onic stem cells and embryoid bodies, the elevated
CS amount was approximately equivalent to the
loss of HS, leading to the hypothesis that the pool of
unused precursors, like uridine diphosphate sugars
and the sulfate donor 30phosphoadenosine-
50phosphosulfate (PAPS), drives the increased CS
synthesis [32]. The interdependence of HS and CS
synthesis has also been investigated in different
zebrafish mutants [48]. In this study, loss of Extl3,
and thereby loss of HS-chain initiation, leads to
increased CS synthesis, while a morpholino-induced
inactivation of CSGalNAcT1/2 slightly increased HS
amounts. In contrast to our results, a substantial
reduction of HS levels, in this case, due to loss of
Ext2, did not increase CS levels. This led to the
hypothesis that the balance between the chain-initi-
ating enzymes is the critical factor determining the
relative levels of HS and CS. However, our results
clearly demonstrate that not only a chain-initiation-
independent reduction of HS synthesis but also an



Fig. 7. Altered size distribution of GAGs synthesized by Hs2st�/� chondrocytes. [35S]Sulfate-labeled GAGs from
cell lysates (A) and (B) and culture medium (C) and (D) isolated from intact proteoglycans (see “Experimental Procedures”
and Supplementary Fig. 1) of control and Hs2st1�/� primary differentiated chondrocytes were analyzed by size exclusion
chromatography on a Superose 6 column. (A) While the HS chains of the Hs2st1�/� cells remaining after CSase ABC
digestion (red circles) were longer compared to the control cells (black squares), (B) no alteration in CS chain length was
observed. (C) The length of the secreted CS chains of fraction CM I was not altered, while the CS chains of fraction CM II
(D) were slightly longer. Data are represented as [%] of the input. V0: void volume, Vt: total column volume, dp2: degrada-
tion products, mainly disaccharides. The sizes of saccharide standards are indicated. (A), (B) n = 5; (C), (D) n = 3. One
representative experiment is shown. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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altered HS structure leads to increased CS levels.
Furthermore, the stoichiometry of HS and CS in
chondrocytes strongly supports a yet unidentified,
precursor-independent mechanism, which senses
the amount and quality of HS in an environment that
contains a vast excess of CS. Whether such a sens-
ing mechanism is directly linked to the synthesis
machinery in the Golgi apparatus or involves spe-
cific yet unknown extracellular receptors has to be
investigated in future studies. In this respect, it is
interesting to note that loss of Ext1 in embryonic
stem cells [32] or chondrocytes [49] leads to a cell-
autonomous upregulation of Smad2 and Smad1/5/8
phosphorylation, respectively. One might thus spec-
ulate that altered growth factor signaling contributes
to the changes in the GAG composition.
Another unsolved question addresses the

mechanism by which CS levels are increased.
Interestingly, the expression of most HS or CS
synthesizing enzymes is not dramatically changed
in either mutant strongly pointing to a regulation
on protein level.

Chondrocytes produce more, instead of longer
CS chains

To understand if altered CS levels are due to an
increase in length or chain number, we investigated
the size and distribution of HS and CS chains in pri-
mary differentiated chondrocytes. We found that the
vast majority of the 35S-labeled GAGs is secreted
into the ECM and consists almost exclusively of CS,
while similar amounts of HS and CS are present on
the cell surface. This distribution reflects the localiza-
tion of PGs in chondrocytes, in which the majority of
HSPGs like syndecans or glypicans are associated



Fig. 8. An altered HS structure leads to distinct alterations in PG synthesis and growth factor signaling. The
expression level of GAG biosynthesis enzymes (A) and (C) and selected PG core proteins (B) and (D) in cartilage ele-
ments of E15.5 Ext1gt/gt (A) and (B), Hs2st�/� (C) and (D) and control littermates were evaluated by quantitative RT-PCR.
Data are represented as fold change (DD-CT value) relative to b2M expression and control littermates. n = 3. Fgf18
(pErk/Erk, (E)) and Bmp2 (pSmad1/5/9/TP (F)) signaling was analyzed in primary Ext1gt/gt and wild type differentiated
chondrocytes with or without chondroitinase ABC treatment. (A) Control and Ext1gt/gt mice responded to a similar degree
to Bmp2 treatment. The response was diminished when chondroitin sulfate was digested prior to the Bmp2 stimulation.
(E) CS removal leads to increased pErk levels independent of FGF18 treatment and to a reduced response to Bmp2 treat-
ment (F). Values are shown as mean § s.e.m. Statistical significance was calculated by two-way ANOVA with Bonferroni
post-test. Measurements were performed in technical duplicates. n indicates biological replicates. (A) n = 3, (B) n = 5
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with the cell surface, while aggrecan, the most abun-
dant cartilage PG, which may carry up to 100 CS
chains, is located in the interterritorial ECM.
As has been observed in MEFs [35], loss of Ext1

in chondrocytes also leads to a decreased HS chain
length. CS chains of the cellular fraction show a
broad size distribution in both, mutant and wild type
cells, but a larger fraction of the CS chains from the
Ext1gt/gt cells distributes towards smaller molecular
size. A small but reproducible decrease in chain
length was also seen for the CS chains of the
secreted PGs. In Hs2st1 mutants, the length of the
HS chains was increased, while no alteration in CS
chain length was observed, except for a slight
increase in the secreted fraction CMII. Together with
the increased level of CS neoepitopes detected by
the immunofluorescence analysis, these results
strongly indicate that the increase in CS levels is
mainly due to the production of additional chains
and not to the synthesis of longer chains.

This leads to the question, to which core proteins
the additional CS is bound. In the Ext1 mutants, the
secreted PG biglycan, which carries two CS/DS
chains is upregulated, while the one side chain car-
rying decorin is expressed at lower levels. While
biglycan might contribute to the increased amounts
of CS , its expression level hardly explains the mas-
sive increase of CS in the mutants. In contrast, in
both mutants, Acan expression is upregulated mak-
ing it likely that the majority of the additional CS
chains are attached to the aggrecan core protein.
The vast increase in chain-initiation points might
then deplete the CS precursor pool resulting in a
shortening of the chains.

While aggrecan might carry most of the secreted
CS, the association of CS to specific PGs on the cell



Fig. 9. An altered HS structure is compensated by increased CS levels in chondrocytes. In wild type chondro-
cytes (center), PGs carrying HS (blue, (1)) and CS (red, (2)) chains decorate the plasma membrane or are secreted into
the interterritorial matrix. Reduced levels of HS (left panel) in Ext1gt/gt chondrocytes trigger a compensatory mechanism
resulting in increased sulfation of the remaining HS chains (3). Additionally, chondrocytes double the amount of CS by
producing more but shorter chains (4). Hs2st1�/� chondrocytes (right panel) increase the level of sulfated disaccharides
(light blue) not affected by the mutation and elongate the HS chains (5). In addition, they increase the amount and size of
the secreted CS (6). In both mutants, the additional CS is mainly secreted and bound to aggrecan. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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surface is more difficult to explain. No CS-carrying
PG is obviously upregulated, leading to the hypothe-
sis that attachment sites less frequently used for CS
substitution or such normally occupied by HS harbor
CS chains in the mutants. It has previously been
shown that modification of the tetrasaccharide link-
age region affects the type of GAG chains synthe-
sized [50,51], providing a potential mechanism to
increase the CS attachment points. In accordance
with this hypothesis, Holmborn et al. observed a
higher number of CS-substitutions on zebrafish syn-
decan-4 after siRNA-dependent silencing of Extl3
[48]. We did, however, not detect any decrease in
HS neoepitopes in either analyzed mutant, making it
unlikely that the increased CS levels depend on CS
polymerization on sites normally carrying HS.
As shown in Fig. 4 and demonstrated before

[32,52], not only chondrocytes but also primary limb
mesenchymal cells and ES cells, increase their CS
content as a response to reduced HS levels leading
to the question whether all tissues react in a similar
way. If so, why does the altered HS structure lead to
generally less severe phenotypes in chondrocytes
compared to other cell types? One reason might be
the unusually high level of CS in chondrocytes,
which might contribute to the regulation of signaling
factors under normal conditions. First analyses of
Fgf18 and Bmp2 signaling, two important regulators
of chondrocyte differentiation, revealed a CS-depen-
dent activity strongly pointing to a function of CS as
a regulator of growth factor signaling in chondro-
cytes. If this function is mainly due to the storage of
growth factors, as indicated by the Fgf18-indepen-
dent upregulation of pERK, or by a direct regulation
of signaling, as suggested by the reduced pSmad1/
5/8 levels, will require detailed further studies. Nev-
ertheless, the obtained data point to a yet underesti-
mated importance of the HS/CS composition in
regulating tissue homeostasis.
Conclusions

In summary, our experiments give new and impor-
tant insight into the regulation of sulfated GAG bio-
synthesis in chondrocytes. We demonstrate that
increased amounts of CS are produced to compen-
sate for alterations of the HS composition (Fig. 9).
Although other studies have found increased CS
synthesis as a response to reduced HS levels, an
altered sulfation pattern has not been shown before
to affect the synthesis of CS. In addition, our results
together with the data obtained by Holmborn et al.,
[48], strongly support the hypothesis that cells try to
maintain a certain level of HS sulfation on the cell
surface by compensating an altered HS composition
with increased sulfation at mutation-independent
positions. Likewise, the elongated chain length
observed in Hs2st1�/� mutants might be an addi-
tional attempt to restore the abnormal HS, which is
hampered in Ext1gt/gt chondrocytes. If, however, HS
sulfation cannot sufficiently be increased, cells
increase their CS content (Fig. 9). This is in accor-
dance with the role of HS as a regulator of many sig-
naling pathways, which require the interaction of HS
for ligand-receptor binding or the control of ligand
distribution. As CS also binds to many HS-depen-
dent growth factors, the vast increase in CS might
compensate for at least some of the lacking HS
function. Our investigations of Bmp and Fgf
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signaling in mutant cells strongly indicate that the
interaction and relative importance of HS and CS is
more complicated than previously thought and will
require an in-depth analysis of the response of indi-
vidual signaling pathways.
Experimental procedures
Ethics statement

Mice were kept and bred according to the institu-
tional guidelines of the University of Duisburg-Essen
and the University Hospital Essen, specifically
approved by the animal welfare officer of the Univer-
sity of Duisburg-Essen. Mouse husbandry was
approved by the city of Essen (Az: 32-2-11-80-71/
348) in accordance with x 11 (1) 1a of the “Tier-
schutzgesetz”. Work with transgenic animals was
approved by the “Bezirksregierung Duesseldorf”
(Az: 53.02.01-D-1.55/12, Anlagen-Nr. 1464) in
accordance with x 8 Abs. 4 Satz 2 GenTG of the
“Gentechnikgesetz”.

Transgenic mice

For timed pregnancies, noon of the day of a vagi-
nal plug was considered to be embryonic day (E)
0.5. Heterozygous Ext1gt (Ext1Gt(pGT2TMpfs)064Wcs)
[12] mice were maintained on a C57Bl/6 J back-
ground. Hs2stf (Hs2st1tm1.1Je) [53] mice were cross-
bred to Prx1-Cre (Tg(Prrx1-Cre)1Cjt) females [54] to
induce germline recombination. Hs2st1� mice were
maintained on a C57Bl/6J background. Genotyping
was performed by genomic PCR of tail biopsies
using the established primers [13] [53].

Immunofluorescence analysis and imaging

Embryonic limbs (E15.5 for Ext1gt and E16.5 for
Hs2st1�, and wild type littermates) were prepared in
phosphate-buffered saline (PBS), fixed overnight in
4% paraformaldehyde, dehydrated and embedded
in paraffin. Serial sections of 6 mm thickness were
then rehydrated and stained. HS epitopes were
detected with mAb 10E4 and 3G10 [36] (Amsbio) fol-
lowing digestion with 1000 U Hyaluronidase I
(Sigma-Aldrich) or 200 mU heparitinase I (Amsbio),
respectively. The CS neoepitopes DDi-0S, DDi-4S
and DDi-6S were detected with mAb 1B5, 2B6 and
3B3, respectively [38] after digestion with 50 mU
Chondroitinase ABC (Sigma-Aldrich). The primary
antibodies were then detected using Alexa-Fluor
488 conjugate (Thermo Fischer Scientific). The sec-
tions were counterstained with DAPI (Sigma-
Aldrich). Pictures were taken on AxioObserver 7
with Axiocam 506 mono CCD camera using soft-
ware Zen 2.3 (Zeiss) and Axioplan2, Axiovert 200 M
(Zeiss), using MetaMorph� imaging software 6.3r6
(Molecular devices).

Image analysis

The DAPI and GFP fluorescence intensity were
measured in identical region of columnar proliferating
chondrocytes (Fig. 1(A), white rectangle), taken in the
respective channel using Fiji (1.52e) Software [55].
The Corrected total cell fluorescence (CTCF) was
calculated as described before [56]. CTCF value of
the desired probe was normalized to CTCF of the
nuclear DAPI staining. Data are shown as mean val-
ues§ s.e.m., relative to the control set to 1.

Real-time quantitative PCR analysis

E15.5 forelimbs were manually freed from the sur-
rounding tissues in PBS under a stereomicroscope.
RNA was purified using NucleoSpin� RNA Plus
RNA isolation kit (Macherey-Nagel). cDNA was syn-
thesized using Maxima first strand cDNA synthesis
(Thermo Fischer Scientific) according to the manu-
facturer’s instructions. RT-qPCR measurements
were carried out on a CFX384 TouchTM Real-Time
PCR detection system using EVA green PCR mas-
ter mix (Bio-Budget Technologies GmbH). Amplifica-
tion efficiencies were determined using serial
dilutions of the template. Primer specificity was con-
firmed analyzing the melting-curves. Relative gene
expression was calculated by the 2�DDCt method
[57] and was normalized to the reference gene b2-
microglobulin (b2m) and a littermate control sample.
Primers used to detect targeted genes are listed in
SupplementaryTable 1. Primer for Gpc2 and Agrn
were described before [20,58].

Primary chondrocyte culture

Fore- and hindlimbs of E13.5 mouse embryos
were dissected in sterile PBS (Gibco) and sequen-
tially digested with Neutral Protease (1 U/ml, Serva)
and digestion cocktail containing Collagenase NB4
(0.3 U/ml; Serva), 5% fetal calf serum (FCS, Pan-
Biotech) and 0.05% Trypsin-EDTA (Invitrogen).
Cells were passed through a 40 mm Falcon cell
strainer (DB) and cultured in DMEM/F-12 (Gibco)
supplemented with 10% FCS and 1% penicillin/
streptomycin (Invitrogen). Primary cells were either
expanded for 24 h (analysis of undifferentiated limb
mesenchymal cell) or allowed to reach 100% conflu-
ency and differentiated in DMEM/F-12 medium sup-
plemented with 5% FCS and 1% Insulin-Transferrin-
Selenium (ITS) (Life Technologies) for five days.

Analysis of FGF and BMP signaling

1 £ 105 primary Ext1gt/gt, Hs2st�/� and control
chondrocytes were seeded in 24-well plates and
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cultured as described above. Cell were washed in
PBS and starved in serum free DMEM/F-12 medium
supplemented with 1% ITS 24 h prior to analysis.
Cells were treated with or without Chondroitinase
ABC (5 mU/ml) for 30 min at 37 °C followed by stimu-
lation with FGF18 (25 or 50 ng/ml) or BMP2 (25 ng/
ml) for 15 min at 37 °C. Immunoblot analysis of cell
lysates was performed using monoclonal mouse anti-
a-p44/42 MAPK (Erk1/2), rabbit anti- aphospho-
Smad1/5/9 (Cell Signaling Technology) rabbit
aphospho-p44/42 MAPK (pErk1/2) (Santa Cruz Bio-
technology) and fluorochrome labeled secondary
antibodies (Li-COR Bioscience). Total protein amount
was measured using the Revert total protein stain (Li-
COR Bioscience). Signal intensity was quantified
using the Odyssey CLx and Image Studio software
(LI-COR), and quantified against total protein (pSmad
1/5/9) or p44/42 MAPK signal (pErk).

Isolation and characterization of 35S-labeled
GAGs

Primary cells were incubated with 100 mCi/ml [35S]
sulfate supplemented in the cell culture medium for
16 h before harvest. The [35S]sulfate-labeled PGs
were purified from cell lysates and culture media by
DEAE ion-exchange chromatography (GE Healthcare)
followed by a preparative separation on a Superose 6
column 10/300 (GE Healthcare) (Supplementary Fig.
1) [41]. The 35S-labeled GAG chains were released
from the core proteins by alkali treatment (0.5 M
NaOH overnight at 4 °C followed by neutralization with
HCl). The 35S-labeled GAG, HS and CS chains were
then subjected to size exclusion chromatography on a
Superose 6 column 10/300 (GE Healthcare) before
and after treatment with Chondroitinase ABC (1 mU,
Amsbio) and combined nitrous acid deamination at pH
1.5 and pH 3.9 [59], respectively. Samples were eluted
with 1 M NaCl, 50 mM Tris�HCl, pH 7.5, 0.1% Triton
X-100. Fractions of 0.5 ml were collected and ana-
lyzed by scintillation counting.

GAG quantification and analysis

The skeletons of E15.5 Ext1gt/gt and Hs2st�/�

embryos were manually freed from inner organs and
surrounding tissue under a stereomicroscope as
described before [20]. The HS and CS disaccharides,
generated following exhaustive enzymatic depo-
lymerization, were analyzed using reverse-phase ion-
pairing (RPIP)-HPLC as described before [60]. A
cocktail of heparin lyases I, II and III was used to
cleave HS (IBEX Pharmaceuticals), while Chondroiti-
nase ABC (Amsbio) was applied for CS degradation.
Signals were quantified against known standards
(Calbiochem). For GAG quantification using the car-
bazole assay, GAGs were purified as described [41]
but increasing the NaCl concentration to 0.3 M. Car-
bazole assay was performed as described before
[39,40]. The absorbance was measured in technical
duplicates at 530 nm. The GAG concentration was
determined using a standard curve of predefined hep-
arin solution and normalized to tissue dry weight.
Data are shown as mean values§ s.e.m.

Image analysis

The DAPI and GFP fluorescence intensity were
measured in identical region of columnar proliferat-
ing chondrocytes (Fig. 1(A)), taken in the respective
channel using Fiji (1.52e) Software [55]. The regions
were selected using ROI Manager. The Corrected
total cell fluorescence (CTCF) was calculated as
described before [56]. CTCF value of the desired
probe was normalized to CTCF of the nuclear DAPI
staining. Data are shown as mean values § s.e.m.,
relative to the control set to 1.

Statistical analyses

Statistical analyses were performed using
unpaired, two-tailed Student’s t-test and two-way
ANOVA with Bonferroni post-test using GraphPad
Prism version 5.0b for Mac OS X (GraphPad Soft-
ware, San Diego California USA, (www.graphpad.
com). Significance was assumed if p<0.05. n refers
to biological replicates.
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