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Abstract

ADAMTS5 (TS5), a member of the aggrecanase clade (TS1, 4, 5, 8, 9, 15) of ADAMTS-proteases, has been
considered largely responsible for the proteolysis of the hyalectans, aggrecan (Acan) and versican (Vcan), in
vivo. However, we have reported that ts5-knockout (KO) mice show joint protection after injury due to inhibition
of synovial scarring and enhanced Acan deposition. Also, KO mice have an impaired wound healing
phenotype in skin and tendons which is associated with Acan/Vcan-rich deposits at the wound sites.
Moreover, the Acan and Vcan deposited was aggrecanase-cleaved, even in the absence of TS5. In this study,
we have used adipose-derived stromal cell (ADSC) and epiphyseal chondrocyte cultures from wild type and
KO mice to further study the role of TS5 in Acan and Vcan turnover. We have confirmed with both cell types
that the aggrecanase-mediated degradation of these hyalectans is not due to TS5, but an aggrecanase which
primarily cleaves them before they are secreted. We also provide data which suggests that TS5 protein
functions to suppress glucose uptake in ADSCs and thereby inhibits the synthesis, and promotes the
intracellular degradation of Acan and Vcan by an ADAMTS other than TS5. We propose that this apparently
non-proteolytic role of TS5 explains its anti-chondrogenic and pro-fibrotic effects in murine models of wound
repair. A possible role for TS5 in an endocytotic process, involving competitive interactions between TS5,
LRP1 and GLUT4 is discussed.

© 2015 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

Multipotent connective tissue progenitor cells, also
known as mesenchymal stem cells (MSCs), have
been identified in skin [1] and tissues of the
musculoskeletal system [2] as well as in the stroma
of most tissues and organs, including bone marrow,
brain, kidney, liver, thymus, kidney glomeruli, mus-
cle, lung and adipose tissue [3]. They are emerging
as major effectors in healing, since they proliferate
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and differentiate to cells which can regenerate a
functional location-specific repair tissue [4], such as a
collagen type I/III rich ECM in the dermis, a calcified
ECM matrix at fracture sites, an aggrecan/type II
collagen-rich ECM in cartilage or a mucoid-rich ECM
in the respiratory and gastro-intestinal systems.
In the development of cell-based regenerative

medicine [5], ADSCs [6,7] have gained popularity for
clinical usage, due to their ready availability com-
pared to autologous bone marrow derived MSCs [8]
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2 Role of ADAMTS5 in Acan and Vcan turnover
and umbilical cord blood stem cells [9]. In the
undifferentiated state, progenitor cells express char-
acteristic cell surface molecules [10] and produce a
pericellular ECM, both in vivo and in vitro [11–13].
This ECM, composed of a network of fibrillar proteins,
hyaluronan and proteoglycans, provides cellular
protection from host-rejection [14] and can alter
responsiveness to differentiation factors, such as
TGFβs/BMPs, Wnt/β-Catenin and Notch [12]. For
example, decorin, biglycan, betaglycan and laminin
[15,16] can sequester growth factors of the
TGFβ-superfamily; heparan sulfate proteoglycans
of the syndecan and glypican families [17] enhance
FGF2 dependent signaling [18] and CD44–HA
interactions [19] can facilitate TGF-β1 signaling
processes [20].
The hyalectans, Vcan and Acan have also been

described in the ECM of MSCs and adipose stromal
cells [21–25] but their precise roles are unclear.
Some insight was provided by developmental
studies with ts5−/− mice suggesting that Vcan
accumulates due to a loss of TS5 activity, promotes
the fibroblast–myofibroblast transition [26] and is
associated with mesenchymal cell proliferation in
myxomatous heart valves [27] and myoblast fusion
[28]. Also, our work on soft-tissue wound healing
found that an accumulation of Acan/Vcan in the ECM
of ts5−/− mice prevented TGFβ-dependent SMAD2/3
signaling [29]. We have now extended these studies
to examine the role of TS5 in Acan and Vcan
turnover in ADSCs from WT and ts5−/− mice, using
chondrocyte cultures as a control for Acan secretion
and processing. We present data to suggest that
TS5 reduces the hyalectan content of the pericellular
ECM by inhibiting the synthesis and secretion of
Acan and Vcan. This modulatory function of TS5
appears to operate by decreasing the cellular uptake
of glucose, rather than through the presumed
proteolytic degradation of hyalectans.
Results

Genotyping and mRNA analysis of two strains of
ts5−/− mice

Two lines of ts5−/− mice in the C57BL/6 background
were compared. Both were generated by deletion
of exon 2 which encodes the catalytic site. One was
from Lexicon (characterized in [30], and herein called
ts5−/−P) and the other from the Jackson laboratory
(characterized in [31] and herein called ts5−/−J [27]).
The genomic PCR product was 642 bp for WT,
374 bp for ts5−/−P DNA and no product was detected
in ts5−/−J (Fig. 1D), confirming deletion of exon 2 in
bothKOstrains. For ts5−/−J, deletion of exon 2 and the
insertion of a LacZ + Neo cassette was also
confirmed (WT and ts5−/−P products at 271 bp and
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ts5−/−J product at 424 bp) with Jackson Lab protocols
(Fig. 1E). mRNA transcripts in ADSCs from the three
genotypes were analyzed with primers targeting
exons 1 and 4 (Fig. 1B, primer set ‘I’). This showed
the expected 475 bp product in WT cells and its
absence in ts5−/−J cells, but an unexpected transcript
at 342 bp in ts5−/−P cells (Fig. 1B, F). This was
confirmed by generation of a 277 bp product with
primers to an overlapping sequence generated by
fusion of exons 1 and 3 (Fig. 1F, primer set ‘II’). In
comparison, PCR for transcripts in ts5−/−J cells with
primer set ‘II’ gave no product, consistent with the
reported out-of-frame deletion in this KO strain
(Fig. 1F). Analysis of ts5−/−P mRNA with primers for
exons 1 and 8 (Fig. 1G, primer set ‘III’), showed the
presence of a 2.8 kB lacking exon 2 inADSCcultures.
Identification of thesePCRproductswas confirmedby
sequencing (data not shown). In summary, this
showed that the ts5−/−P mice contained an in-frame
deletion of exon 2, which was not reported previously
[30].

Western analysis of TS5 protein in tissue
extracts, ADSCs and serum

TS5 protein was analyzed with antibodies to the
catalytic domain and the cys-rich region (see
schematic, Fig. 2D, for putative TS5 structures and
epitope locations). WT skeletal muscle contained a
40 kDa species that reacted with both α-cat and
α-cys and, as expected, was not detected in
equivalent samples from ts5−/−P or ts5−/−J mice
(Fig. 2A). Its migration behavior, relative to recom-
binant TS5 standards [32] suggests that it is an
inactive species formed by removal of the pro-do-
main by furin-like activity (R261/S262) and C-termi-
nal truncation at a site including at least part of the
cys-rich region epitope (residues 636–649). The
structure of the strong α-cys-reactive band at
~120 kDa in WT (but not in ts5−/−P or ts5−/−J)
muscle extracts is unknown, but it might represent
the pro-form of TS5. Extracts from WT ADSC
cultures showed TS5 species at 38 kDa and
34 kDa (Fig. 2B) and neither was present in ts5−/−

P or ts5−/−J extracts, consistent with their identifica-
tion as TS5 fragments. In addition, a 75 kDa species,
which reacted strongly with the α-cys domain
antibody, was present in all ADSC samples and
this was found to be from the serum (Fig. 2C). To our
knowledge, this is the first characterization of TS5
protein species that are present in WT mice and
undetectable in the equivalent KO samples.

Analysis of MSC marker gene expression in
ADSCs and chondrocytes

Both cell types were examined for expression of
putative marker genes for MSCs (Cd73, Cd93, and
AMTS5 does not affect aggrecan or versican degradation but
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Fig. 1. Genotyping and mRNA analysis. (A) Diagram of TS5 gene showing primer locations for genotyping ts5−/−P (P−/−)
and ts5−/−J (J−/−)mice. (B)Diagramof full lengthWTAdamts5mRNAshowing locationsof primer set ‘I’. (C)Diagramofmutant
mRNA with exon 2 deletion, showing locations of primer set ‘II’ and ‘III’. (D) PCR products from genotyping WT, ts5−/−P and
ts5−/−J cells with primer set ‘P’. (E) PCR products from genotyping WT, ts5−/−P and ts5−/−J cells with primer set ‘J’. (F) PCR
products amplified with cDNA fromWT, ts5−/−P and ts5−/−J cells with primer sets ‘I’ and ‘II’. (G) PCR products amplified with
cDNA, from ts5−/−P cells, with primer set ‘III’.

3Role of ADAMTS5 in Acan and Vcan turnover
Cd105 [33]) and murine phagocytotic cells (F4/80
[34]) (Table 1). WT ADSCs expressed these
genes in the following order of abundance: Cd90 N
Cd105 N Cd73 ≫ F4/80. Interestingly their expres-
sion was also seen in primary high density mono-
layers of WT chondrocytes, and found to be at
similar expression levels for Cd90 and Cd105 but
higher expression for Cd73 and F4/80 compared to
ADSCs. This is likely due to the presence in
chondrocyte cultures, of a second cell type, with a
flattened morphology, similar to that characteristic of
ADSC cultures (Fig. S-1C).
Some minor, yet statistically significant changes

were seen, when comparing expression levels of the
marker genes between cells from the different
genotypes. Thus, abundance of transcripts for
Cd73 and Cd90 were lower in ts5−/−J than in either
WT or ts5−/−P ADSCs; Cd105 was higher in ts5−/−P
than WT or ts5−/−J ADSCs. Furthermore, in chon-
drocyte cultures, Cd90 was higher in ts5−/−J than
WT or ts5−/−P and F4/80 expression was higher in
both ts5−/−P and ts5−/−J compared to WT chondro-
cytes. The biological significance of such distinctions
is currently unknown, but could be due to variability
of cell responses to isolation and maintenance often
seen in primary cell cultures.
Please cite this article as: Gorski Daniel J., et al, Deletion of AD
promotes glucose uptake and proteoglycan synthesis in mur..., Mat
Characterization of ADSCs and chondrocytes by
ECM gene expression

The expression of fibroblast and chondrocyte
specific ECMgenes in both cell typeswas determined
forWT, ts5−/−P, and ts5−/−J cells (Table 2). Consistent
with their stromal origin, all ADSCs expressedCol1a1,
Col3a1, Has1 and Has2, but Col2a1, and Acan were
essentially below detection. Conversely chondrocytes
from all three genotypes strongly expressed Col2a1
and Acan. Notably, transcript abundance for Col1a1
and Col3a1, was also high in all chondrocytes, and
this is likely due to the fibroblast-like cells in the
chondrocyte cultures (Fig. S-1C).
Expression levels of ECM genes in both ADSCs

and chondrocytes were clearly affected by the
phenotype. Thus, Col1a1 and Col3a1 in ADSCs
were lower in both KOs than WT, and Col2a1 in
chondrocytes was also markedly decreased in both
KOs, in support of our observation that TS5 is
required for robust expression of fibrillar collagens
[29]. Expression of genes for assembly of a
glyco-matrix (Vcan V1 (previously called V0) and
V2 (previously V1)), were not influenced by ts5
ablation per se, but Has1 and Has2 expression was
elevated in ts5−/−P compared ts5−/−J or WT ADSCs.
AMTS5 does not affect aggrecan or versican degradation but
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Fig. 2. Western analysis of ADAMTS5 in muscle, ADSC cultures and fetal bovine serum. Western blots of skeletal
muscle extract (A), ADSC cell layers (B) and FBS (C) used for cell culture were probed with antibodies raised against the
catalytic domain (α-cat) or cysteine rich domain (α-cys) of human ADAMTS5. (D) Schematic representation of ADAMTS5
with epitope locations and putative fragment structures. Asterisks (*) denotes non-specific bands (#) denotes
uncharacterized band.

Table 1. mRNA transcript abundance of cell surface
markers in ADSC and chondrocyte cultures

Gene ADSCs Chondrocytes

WT ts5−/−P ts5−/−J WT ts5−/−P ts5−/−J

Cd73 3.1a

(0.7)
2.6
(2.3)

2.0‡
(0.4)

24.3
(8.45)

24.3
(1.61)

28.7
(4.70)

Cd90 20.8
(2.39)

34.6
(26.39)

14.1‡
(1.32)

12.5
(2.84)

10.8
(1.76)

21.4‡,*
(2.07)

Cd105 14.3
(1.4)

44.3‡,*
(23.7)

16.0
(2.61)

20.1
(5.00)

15.8
(1.65)

16.5
(0.90)

F4/80 0.12
(0.10)

0.29
(0.15)

0.20
(0.06)

1.7
(0.03)

3.7‡
(0.39)

5.4‡,*
(0.93)

Statistically significant differences with p b 0.05 are indicated for
comparisons between WT and ts5−/−P or ts5−/−J as [‡] or between
ts5−/−P and ts5−/−J as (*).

a Values are given as relative mRNA abundance, calculated as
(2−ΔCt) ∗ 1000 (arbitrary units), ΔCt relative to Gapdh. Values
shown represent the mean (±SD), n = 6, 3 replicates from 2
experiments.
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Expression of Vcan V2 in chondrocytes was higher
in WT and ts5−/−J compared to ts5−/−P and
expression of Has2 in chondrocyte was decreased
in ts5−/−J relative to ts5−/−P. The importance of these
genotypic differences is unknown but likely due to
variations in culture adaptation of cells from the
different genotypes.

CS/DS and HA production by ADSCs from WT,
ts5−/−P and ts5−/−J mice

Cell layers and 24 h conditioned medium from
confluent cultures of WT, ts5−/−P and ts5−/−J cells
were analyzed for CS/DS and HA. No major
difference between genotypes was detected in the
total amounts of CS/DS (~25 ng/μg DNA/24 h)
secreted into the medium (Fig. 3A) or deposited in
the cell layer (~60 ng/μg DNA/24 h) (Fig. 3B) and
the CS/DS was predominantly (N80%) 4-sulfated,
with the remainder 6-sulfated. However, it was noted
on FACE analysis that 6-sulfation was significantly
elevated in ts5−/−P ADSCs, which produced ~25 ng
C6S/μg DNA/24 h, compared to ~9 ng/μg DNA/24 h
for either WT and ts5−/−J ADSCs respectively.
ts5−/−P cells secreted markedly more HA into the

cell layer and the medium than did WT or ts5−/−J
Please cite this article as: Gorski Daniel J., et al, Deletion of AD
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cultures. Notably, the high HA level for ts5−/−P
ADSCs was accompanied by an ~3-fold increase in
mRNA transcript abundance for bothHas1 andHas2
relative to WT or ts5−/−J (Table 2). Staining of
cultures for HA (Fig. 3C, top row) showed that for all
AMTS5 does not affect aggrecan or versican degradation but
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Table 2. mRNA transcript abundance for ECM genes in
ADSC and chondrocyte cultures

Gene WT ts5−/−P ts5−/−J

ADSC CHON ADSC CHON ADSC CHON

Col1a1 1750a

(228.3)
5250
(980.3)

1173‡,*
(484.3)

4427*
(488.0)

1103‡
(194.3)

988‡
(1153.5)

Col3a1 240.7
(56.81)

544.8
(223.4)

125.9‡
(59.52)

335.2
(84.81)

106.2‡
(26.07)

467.0
(58.59)

Col2a1 NDb 49.25
(23.67)

ND 21.04‡
(1.36)

ND 16.01‡
(3.83)

Acan 0.01
(0.003)

67.33
(16.33)

ND 59.21
(4.87)

ND 23.78‡
(8.73)

Vcan V2 1.40
(0.43)

5.49
(0.96)

1.60
(0.80)

4.35*
(0.71)

1.70
(0.53)

2.47‡
(0.64)

Has1 0.46
(0.09)

0.16
(0.05)

1.28‡
(0.95)

0.17
(0.04)

0.13
(0.07)

0.21
(0.02)

Has2 1.80
(0.43)

2.96
(0.26)

6.18‡,*
(2.13)

3.21*
(0.08)

1.81
(1.04)

1.57‡
(0.17)

Statistically significant differences with p b 0.05 are indicated for
comparisons between WT and ts5−/−P or ts5−/−J as [‡] or between
ts5−/−P and ts5−/−J as (*).

a Values are given as relative mRNA abundance, calculated as
(2−ΔCt) ∗ 1000 (arbitrary units), ΔCt relative to Gapdh. Values
shown represent the mean (±SD), n = 6, 3 replicates from 2
experiments.

b ND = not detected, Ct value N 34.

Fig. 3. Analysis of glyco-matrix by FACEand immunohistoch
WT, ts5−/−P (P−/−) and ts5−/−J (J−/−) mice were analyzed for ch
Sulfated disaccharide composition of the CS/DS is shown. Dat
bars are ±SD, p-values are displayed. (C) Cell layers were also
negative control. Scale bar: 30 μm.
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three genotypes, it was in localized in ‘capped
structures’ associated with cells of epithelioid mor-
phology, and also distributed throughout the ECM of
fibroblast-like cells. Notably, ts5−/−P cultures
showed a denser staining of ‘string-like’ networks
extending between cell groups, which might explain
the increased HA content of these cultures. Vcan
(Fig. 3C, second row) showed a widespread
distribution with some structures organized into
dense fibrillar aggregates reminiscent of those
reported for fibronectin accumulation in fibroblastic
cells [35,36]. Notably, despite the undetectable
levels of mRNA for Acan in ADSCs (Table 2), core
protein was readily detected, and its distribution was
clearly distinct from both Vcan and HA, in that only
epithelioid cell groups stained positive (Fig. 3C, third
row). Streptomyces hyaluronidase pretreatment
(data not shown) eliminated HA and Vcan reactivity
from the fibroblastic regions of the cultures, but it did
not affect the HA or Acan staining of the epithelioid
cells, suggesting a localization, perhaps intracellular,
that is not accessible to digestion by the
hyaluronidase.
emistry. Media (A) and cell layers (B) of ADSC cultures from
ondroitin/dermatan sulfate (CS/DS) and hyaluronan (HA).
a presented as the mean ng GAG/μg DNA, for n = 4. Error
immunostained for HA, Vcan, Acan and Non-Immune IgG
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6 Role of ADAMTS5 in Acan and Vcan turnover
Versican turnover in ADSCs and chondrocytes
from WT, ts5−/−P and ts5−/−J mice

The previously reported requirement for TS5 in
murine Vcan degradation [26–28] was examined for
both ADSCs and chondrocytes from WT, ts5−/−P
and ts5−/−J mice using three different antibodies. A
typical set of blots with the three antibodies and a
schematic of epitope locations are shown in Fig. 4.
Western analyses with Ab1033 to the β-GAG
domain (present in both Vcan V1 and V2) gave no
evidence for TS5-dependent Vcan cleavage in
ADSCs (Fig. 4A and S-2) since there were no
major differences in band patterns between WT and
both KO cultures. Further, antibody Vc [37] (Fig. 4B)
detected two major products (at ~64 kDa and
~230 kDa) and these were also the same in all
three genotypes of ADSCs. Some variability in total
Vcan signal was seen and appeared to originate
from culture variability, but it was not related to
genotype. The major Ab1033-positive Vcan prod-
ucts in ADSC cultures from all genotypes were about
100 kDa (in cell layer) and 120 kDa (in medium) and
two other major species, migrating at ~130 kDa and
150 kDa were present in both culture compartments
(see Fig. 4D for all putative structures). A product
N250 kDa, in the size range of full-length Vcan V2,
Fig. 4. Western analysis of Vcan from ADSCs and chondro
(A) Ab1033 probe of cell-associated and media compartmen
ABC. (B) Anti-Vc probe of equivalent samples to (A) run with C
and media compartments, run ± chondroitinase ABC. (D) Sche
putative cleavage sites. Data presented is typical of 3 separate
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was detected in both ADSCs and chondrocytes
(Fig. S-2) and it also showed variable abundance
which was not related to genotype.
Analysis of chondrocyte products with Ab1033

(Fig. 4C) also showed no major differences between
WT and ts5−/−P, confirming that TS5 is also not
required for proteolysis of Vcan in this differentiated
cell type. The Vcan species between 75 kDa and
150 kDa (for all genotypes) required chondroitinase
ABCdigestion for maximumdetection, consistent with
some CS substitution of the β-GAG domain (Fig. 4D).
We next examined the possibility that aggrecana-

se-mediated cleavage of Vcan might be inhibited by
the A2M in serum-containing cultures. We therefore
attempted to promote proteolysis by placing cultures
in 1% FBS. Western analysis of the cell-layers
before serum deprivation (Fig. 5A, 0 h) showed
some accumulation of the G1-DPE product
(~60 kDa) in WT and both KO ADSCs. At 2 and
6 h culture in low serum, products secreted into the
medium or present in the cell layers of ADSCs, were
probed with α-DPE (which detects the neoepitope
formed on aggrecanase-mediated cleavage at
441E/A442). Consistent with the data in Fig. 4,
there was no evidence for TS5-dependent genera-
tion of the neo-epitope in low serum, since the
abundance of the G1-DPE product (~60 kDa) was
cytes from WT and ts5−/− mice maintained in 10% serum.
ts from WT, ts5−/−P (P−/−) and ts5−/−J (J−/−) run ± Chase
hase ABC. (C) WT and ts5−/−P chondrocyte cell-associated
matic representation of Vcan V2 with epitope locations and
cell isolations for each cell type and genotype.
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Fig. 5. Western analysis of Vcan catabolism in ADSC cultures changed to 1% serum. (A) α-DPE probe of
cell-associated products at 0, 2 and 6 h and media products at 2 and 6 h fromWT, ts5−/−P (P−/−) and ts5−/−J (J−/−) ADSCs.
(B) Ab1033 reprobe of membranes shown in (A). Note G1-DPE signal from (A) also detected in (B). Data presented is
typical of 3 separate cell isolations for each cell type and genotype.

7Role of ADAMTS5 in Acan and Vcan turnover
essentially the same at all times, in both WT and KO
cultures (Fig. 5A). Confirmation was obtained by
reprobing with Ab1033, since the products seen
previously at about 75 kDa, 100 kDa, 120 kDa and
130 kDa (Fig. 5B) were again detected in WT and
KO cultures. In summary, there was no evidence that
elimination of TS5 prevented the formation of
G1-DPE or any other truncated Vcan product. The
fact that the same fragmentation occurs in 10% and
1% serum suggests that versicanolysis in WT and
both ts5−/− cells occurs in a location protected from
serum inhibitors, and perhaps intracellularly.

Aggrecan turnover in ADSCs and chondrocyte
cultures from WT, ts5−/−P and ts5−/−J mice

Similarly, the expected requirement for TS5 in Acan
degradation [38,39] was examined by Western
analysis of confluent ADSCs and chondrocytes from
WT, ts5−/−Pand ts5−/−Jmice, and a typical set of blots
is shown in Fig. 6. Analysis with α-DLS (Fig. 6A), gave
no evidence for TS5-mediated aggrecanolysis, since
the species present in WT and both ts5−/− ADSCs
were similar, as was their distribution between
medium and cell associated pool. All blots showed a
broad band of DLS-reactive species, which on low
exposure was resolved into bands of ~150 kDa,
~130 kDa, ~120 kDa (together labeled as species 2)
and ~64 kDa (species 4) (see Fig. 6D for all putative
core protein structures). For WT and both ts5−/−

ADSCs, cell-associated Acan core species were not
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extensively substituted with CS (migration or abun-
dance unaffected by chondroitinase digestion), how-
ever the 130 kDa and 150 kDa species secreted into
the medium were highly substituted.
Portions of medium were further analyzed with

antibodies to the aggrecanase neo-epitopes,
SELE1480 and KEEE1667, and the calpain-gener-
ated neoepitopeGVA (Fig. 6B). These results showed
that species labeled as 1 (250 kDa), 2 (148 kDa) and
4 (64 kDa) are aggrecanase-generated fragments,
and species 3 (100 kDa) is calpain generated (see
Fig. 6D for all putative structures). This, in turn, shows
that proteolysis of Acan at these sites occurs in the
presence of 10% serum, and that again TS5 is not
demonstrably involved. To support the identification of
the Acan species in ADSCs, media and cell extracts
werealso prepared fromchondrocytes for blottingwith
α-DLS (Fig. 6C). The four major Acan species
identified in ADSCs were also present in chondro-
cytes and again, no major differences were observed
between WT and ts5−/−P samples. It was noted that
on a per cell basis, ADSCs produced about 30%of the
Acan core andCS/DSmade by chondrocytes in these
cultures (data not shown). CS/DS substitution of Acan
in chondrocyte samples was also examined by
digestion with chondroitinase ABC (Fig. 6C) and, as
observed for ADSCs, cell-associated core proteins
were largely devoid of CS, whereas the medium
contained the CS-substituted species. However,
chondrocyte cultures contained a higher proportion
of the CS-substituted 250 kDa species than ADSCs.
AMTS5 does not affect aggrecan or versican degradation but
rix Biol. (2015), http://dx.doi.org/10.1016/j.matbio.2015.03.008

http://dx.doi.org/10.1016/j.matbio.2015.03.008


Fig. 6. Western analysis of Acan core proteins in ADSCs and chondrocytes fromWT and ts5−/− mice maintained in 10%
serum. (A) Proteoglycans from cell-associated and medium compartments of ADSCs from WT, ts5−/− P (P−/−) and ts5−/−J
(J−/−) mice were probed with α-DLS. (B) Portions of WT ADSC samples probed with a mixture of α-TAS/α-KEEE to
detected CS-region aggrecanase neo-epitopes, and separately with α-GVA to detect calpain-mediated Acan cleavage. (C)
Proteoglycans from cell-associated and medium compartments of chondrocytes from WT and ts5−/− P mice were probed
with α-DLS. A1A1 lane is 10 μg A1A1 human Acan. (D) Schematic representation of Acan with epitope locations and
putative cleavage sites number-matched with immunoreactive bands. Note: By variable film exposure we estimated that
10% of the Acan and 50% of the Vcan were retained in the cell layer in cultures of this type. Data presented is typical of 3
separate cell isolations for each cell type and genotype.
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We also assayed for potential enhancement of
Acan proteolysis by placing cultures in 1% FBS.
Western analysis of the cell-layers before serum
deprivation (Fig. 7A, 0 h) showed some accumula-
tion of the G1-NITEGE product (~60 kDa) in WT and
both ts5−/− ADSCs. At 2 h and 6 h culture in low
serum (Fig. 7A), similar amounts of a “dimeric”
120 kDa NITEGE-reactive species accumulated in
cell layers of all three genotypes, but only minor
amounts of this aggrecanase product were found in
the culture media at either 2 or 6 h. These data also
show that TS5 is not involved in the generation of
any of the aggrecanase-generated Acan products. A
reprobe of these membranes with α-DLS confirmed
the presence of species 1 and 2 (250 kDa and 150–
120 kDa, respectively) in the cell layer of all
genotypes at 0 h and showed that these species
disappeared from the cell layer (Fig. 7B), as
expected from the further generation of G1-NITEGE
(Fig. 7A). Indeed, some of the expected DLS-reac-
tive fragments were also detected in the medium
(Fig. 7A and B).
The authenticity of the Acan degradation products

in ADSCs (120 kDa–150 kDa ladder, Fig. 6D) was
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supported by the presence of the same NITEGE-r-
eactive products in chondrocyte cell layers (Fig. 7C).
Furthermore, the “dimeric” form of G1-NITEGE
product in ADSC cultures (Fig. 7A) was not due to
aberrant glycosylation, since N-glycanase pre-treat-
ment [40] did not alter the migration of the NITEGE
positive band (Fig. 7D). It probably represents the
same non-reducible “dimeric” form of G1-NITEGE
described in human cartilage extracts [41]. We
speculate that this species is formed by a protein
cross-linking enzyme, such as a transglutaminase,
in the aggrecan biosynthetic pathway of ADSCs and
chondrocytes.
In summary, there was no evidence that TS5 is

responsible for proteoglycan cleavage in ADSCs or
chondrocytes, despite the fact that injuries to the
dermis, diarthroidal joint and tendon, in ts5−/−P mice
accumulate more aggrecan than WT [29,42,43].

ADSCs from ts5−/− mice take up glucose more
rapidly than ADSCs from wild-types

Since therewas no evidence that TS5 is responsible
for proteoglycan cleavage in ADSCs or chondrocytes,
AMTS5 does not affect aggrecan or versican degradation but
rix Biol. (2015), http://dx.doi.org/10.1016/j.matbio.2015.03.008

http://dx.doi.org/10.1016/j.matbio.2015.03.008


Fig. 7. Western analysis of Acan catabolism in ADSCs and chondrocytes from WT and ts5−/− mice changed to 1%
serum. (A) Cell-associated and medium products fromWT, ts5−/−P (P−/−) and ts5−/−J (J−/−) ADSCs probed with α-NITEGE
(B) α-DLS re-probe of (A). (C)WT chondrocyte cell extracts probed with α-NITEGE (D) Cell-associatedWTADSC samples
treated ±N-glycanase. Data presented is typical of 3 separate cell isolations for each cell type and genotype.
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and yet dermal, diarthroidal joint and tendon injuries in
ts5−/−P mice exhibit higher Acan expression and
accumulate more hyalectans than WT [29,42,43], we
speculated that the increases in ts5−/−P mice could
result from a prolonged stimulated production of Acan
and Vcan by MSCs in vivo. A potentially critical step in
stimulating proteoglycan synthesis by MSCs is an
enhanced glucose uptake through IGF-1 or insulin in
MSC-mediated dermal healing [44] and in pro-chon-
drogenic responses of MSCs [45–47]. This mecha-
nism would provide energy and UDP precursors for
production of a provisional glycocalyx for survival of
pluripotent cells in a wound, and prior to deposition of
fibrous scar tissue. To test this, we examined glucose
uptake in confluent WT and ts5−/−P ADSCs main-
tained for 4 h or 24 h in medium containing either
5 mM or 10 mM glucose. At both time points and at
both glucose levels, the ts5−/−P cells took upmarkedly
more glucose than WT cells (Fig. 8A), and a similarly
elevated uptake was also seen over 24 h with ts5−/−J
cells in 5 mM glucose (data not shown).
Since ts5−/−P ADSCs secreted markedly more HA

than WT over 24 h (Fig. 3A, B), we decided to
determine whether their higher consumption of
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glucose also resulted in a higher production of
CS-substituted aggrecan core. For this, we exam-
ined media and cell layers from cultures after the
24 h exposure to the two glucose concentrations.
Western blot (typical blots shown Fig. 8B) confirmed
that at both concentrations of glucose the ts5−/−P
cells produced markedly more CS-substituted Acan
(full-length, 1 and 2) than WT cells. Furthermore,
glucose-induced CS substitution of Acan by ADSCs
from both genotypes in 10 mM glucose was con-
firmed by Chase ABC digestion of the 24 h medium
and cell fractions (Fig. 8C, top and bottom panels
respectively). In contrast, Vcan production was not
markedly affected by the increased glucose concen-
tration or the deletion of TS5 (Fig. 8D) and this could
be explained by different CS-addition pathways for
Acan and Vcan.

LRP-1 is fragmented in WT but not ts5−/−P
ADSCs

Since the absence of TS5 enhanced glucose
uptake by ADSCs, we wondered whether this might
be due to an increase in the glucose transporter
AMTS5 does not affect aggrecan or versican degradation but
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Fig. 8. Glucose uptake and proteoglycan synthesis by ADSCs fromWT and ts5−/− mice. (A) Glucose uptake by ADSCs
in medium containing 5 mM or 10 mM glucose. Glucose was measured in fresh medium and in medium collected after 4 h
and 24 h. Uptake [Glc at 0 h–Glc at 4 h or 24 h] was calculated as μmol of glucose per μg DNA per 4 h or 24 h, (*p b 0.05,
n = 4). (B) Western analysis (with α-DLS) of Acan in cell associated and medium samples after 24 h in 5 mM and 10 mM
glucose (C) Effect of chondroitinase ABC digestion on Acan signal (α-DLS) of medium (above) and cell-associated
products (below) in 10 mM glucose. (D) Western analysis of the same samples for Vcan with Ab1033.

10 Role of ADAMTS5 in Acan and Vcan turnover
GLUT4, however its mRNA abundance was very
similar in the two genotypes and was not affected by
culture conditions (data not shown). Since TS5 [48]
andGLUT4 [49] are both known ligands of LRP-1, and
LRP-1 is critically important for endocytotic recycling
and translocation of GLUT4 to the cell surface, we
next examined the abundance of transcripts and
protein for LRP-1 in cultures treated for 4 h or 24 h in
5 mM or 10 mM glucose. The data showed that the
abundance of LRP-1 mRNA was ~2-fold lower in
untreated ts5−/−P relative to WT ADSCs, and levels
were even lower (~4-fold) in the KO cells after culture
at both glucose concentrations (data not shown).
However, Western analysis for the intact transmem-
brane 85 kDa β-chain [50] (Fig. 9A, lanes 1, 2 and
Fig. 9B, upper panels) showed that its abundancewas
not markedly affected by genotype, but was increased
in both genotypes in cultures maintained in 10 mM
glucose (Fig. 9C). Higher exposureof theWestern blot
with the C-terminal-specific antibody (Fig. 9A, lane 3)
revealed the presence of multiple lower mol. wt.
species at ~60 kDa, 45 kDa, 35 kDa and 25 kDa,
presumably generated by progressive N-terminal
truncation of the intracellular domain of LRP-1 [51].
Whether this processing occurs while resident at
the plasma membrane or within endocytotic vesicles
Please cite this article as: Gorski Daniel J., et al, Deletion of AD
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is currently unknown. Most notably, however, these
truncated formswere absent or in very low abundance
(relative to β-actin) in ts5−/−P cells (Fig. 9B & C). The
lower β-actin signal in the ts5−/−P samples relative to
WT shows that less cellular protein was loaded per
volume of lysate. This is consistent with the finding
that the typical DNA content of non-dividing ‘confluent’
culture of ts5−/−PADSCswas ~50%of thatmeasured
for WT cultures, which is likely due to the greater
degree of spreading and less dense packing of ts5−/−

P cells on plastic as shown in Fig. 3. Taken together,
these results indicate that a lack of TS5 in ADSCs
reduces expression of LRP-1 and also impairs its
intracellular proteolysis. Lastly, the geneexpression of
TS5 in WT cells was not markedly affected by the
period of culture or concentration of glucose (not
shown), and Western analysis of TS5 in these
samples (Fig. 9D) showed that the abundance of the
proteolytically “inactive” 38 kDa form (see Fig. 2) was
also essentially unaffected.
Discussion

We have presented data which provides a number
of novel perspectives on the synthesis and
AMTS5 does not affect aggrecan or versican degradation but
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Fig. 9. LRP-1 and ADAMTS5 western analysis in ADSCs from WT and ts5−/− mice. (A) Lane 1: LRP-1 85 kDa
transmembrane domain in extracts of murine spleen; lane 2, 85 kDa species in extracts from WT ADSC cells; lane 3,
extended exposure times of Western blot from cell extracts showing the range of lower mol wt N-terminally truncated
LRP-1 species. (B) anti LRP-1 Western of extracts from WT and ts5−/−P cells maintained for 4 or 24 h in medium
containing 5 mM or 10 mM glucose, and blots exposed from 1 and 5 min to visualize the 85 kDa or truncated products,
respectively. (C) Membranes were reprobed with anti-β-actin, band intensities determined using ImageJ and abundance of
LRP-1 species calculated relative to β-actin. (D) anti-TS5 (α-cat) Western of extracts fromWT and ts5−/−P cells maintained
for 4 or 24 h in medium containing 5 mM or 10 mM glucose.
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degradation of Acan and Vcan in connective tissue
cells, and in particular a new and apparently
non-proteolytic role for TS5 in this process. There
has beenmuch debate over the role of TS5 in murine
and human tissues; for example it was shown
previously [38] that the Acan degradation product
(G1-NITEGE) could not be detected in cartilage
extracts from ts5−/− mice suggesting that TS5
activity must be responsible for cartilage Acan
degradation. These findings were re-enforced by
the finding that TS5 ablation prevented the formation
of the equivalent Vcan product (G1-DPEAAE) in
atherosclerosis [52], aortic valve disease [53],
myxomatous valve disease [27] interdigital web
regression [54] and myofibroblast differentiation
[26]. While these data suggested that TS5 was
responsible, there are at least two possible alterna-
tive explanations for the findings. For example, TS5
ablation might result in activation of other proteases
which degrade G1-NITEGE and G1-DPEAAE, or
TS5 ablation might promote endocytotic clearance of
the G1 species, a process which has previously
been demonstrated for G1-NITEGE with cells in vitro
[55].
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Studies in the present paper (Figs. 5, 7 and 8) show
clearly that TS5 is not required for aggrecanase-me-
diated cleavage of Acan or Vcan with isolated ADSCs
or chondrocytes from either ts5−/−P mice (used
primarily to study Acan cleavage [30,42,56]) or ts5−/−

J mice (used to study Vcan cleavage [52–54]). It
should be noted that this is not an observation
restricted to isolated cells since a number of reports
from in vivo studies directly support this conclusion.
Thus, IHC of growth plate cartilage in ts5−/− mice
shows robust G1-NITEGE staining [39] and joint
extracts from ts5−/− mice contain aggrecanase-gen-
erated cleavage fragments in abundance [42]. More-
over, cartilage explants from ts5−/− mice release
aggrecanase-generated products [57,58], and TS5 is
not required for the aggrecanase-generated products
of Acan in the injured spine [59], nor is it essential for
Vcan cleavage in stage E13.5 mouse embryos [31].
A conclusion that TS5 is not required for cleavage

of aggrecan or versican, necessitates that one or
more of the other aggrecanases (TS1, 4, 8, 9, 15) is
active in ts5−/− mice. However, finding that TS5 is not
required does not prove that TS5 is not responsible
for aggrecanase activity in WT mice. The notion that
AMTS5 does not affect aggrecan or versican degradation but
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TS5 is not responsible is supported by the finding
that TS5 protein in WTmouse muscle extracts and in
WT ADSCs is present in forms at or below ~40 kDa
(Fig. 2), all of which have been shown to be essentially
inactive against Acan as a substrate [32]. The
significance of the inactive ~40 kDa species de-
scribed here (Fig. 2) is that it appears to represent a
major natural form of TS5,most evident when extracts
of fresh tissues, such as larynx [60], cartilage [61] and
tendon [62] are analyzed. In addition there is a
well-characterized ~50 kDa form in human synovial
fluids [63]. The proteinase(s) responsible for these
C-terminally truncated forms is unknown, but their size
indicates that they could represent auto-proteolytic
products, formed in vivo by TS5 cleavage at the
knownE753/G754 site [64] and a putativeD642/A643
site, respectively. Indeed the sequence at the D642/
A643 site is highly suited to aggrecanase-mediated
cleavage, and since TS5 is the only aggrecanase
which contains this sequence, it may play a unique
role in TS5, such as a capacity for rapid inactivation of
catalytic properties. Taken together with the published
studies on this topic we have interpreted our new data
to mean that TS9 is non-redundantly responsible for
both Acan and Vcan cleavage in progenitor and
differentiated cells in the mouse. The major unexpect-
ed finding supporting this conclusion is that the
aggrecanase responsible must be active intracellu-
larly. Such an intracellular location is supported by the
following findings: a) The proteolytic activity was not
affected by the potent inhibitory effects of serum A2M
and b) the degradation products were solubilized from
the cell layer by addition of 10× PIs and a short term
extraction in denaturing 7 Murea, 50 mMTrisAcetate,
and pH 8.0. These products were not however
solubilized by treatment of cell layers with Stre-
p.Hyase in PBS as described [29] c) both cell layers
and medium contained aggrecanase-cleaved Acan
products (as shown by the neo-epitope positive
species 1, 2, 4 in themedium (Fig. 6) andG1-NITEGE
in the cell layer (Fig. 7); d) both cell layers andmedium
from ADSCs contained aggrecanase-cleaved versi-
can products, as shown by the presence of the
G1-DPEAAE fragment in all samples (Fig. 5). e) The
ADSC cell layer Acan products were not substituted
with CS (unaffected by Chase ABC digestion)
(Fig. 6A, left panel) whereas the medium products
were substituted (altered by Chase ABC digestion)
(Fig. 6A, right panel) and the same observations were
made with chondrocytes (Fig. 6C). This finding of
aggrecanase-cleaved non-substituted core is per-
haps the strongest evidence for intracellular cleavage
of both Acan and Vcan in both cell types because it
places aggrecanase-mediated proteolysis upstream
of CS-substitution and sulfation, which occurs in the
late Golgi, immediately before secretion. The pres-
ence of CS-substituted species in the medium
(Figs. 4A & C, 6A & C) confirms that CS synthesis
was fully competent in these cells, and that the
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generation of un-substituted cleaved forms was not a
result of the absence of the necessary CS synthesiz-
ing enzymes.
Such proteolysis during secretion is also support-

ed by the presence of a long-lived biosynthetic pool
of precursor Acan in a specialized ER compartment
of chondrocytes [65] and the intense staining
of chondrocyte membranes with neoepitope anti-
bodies to fragmented Acan [61] and Vcan [28]. It is
also consistent with the papers that show aggreca-
nase-generated neo-epitopes in close association
with cells, where the substrate pool of extracellular
proteoglycan is comparatively limited, such as
prostate stromal cells [66], myoblasts [28], adipo-
cytes [24], neurons [67,68] fibroblasts [69], myofi-
broblasts [38], BMSCs [70] and glioblastomas [71].
Taken together, these data suggest that the con-
centration of Acan and Vcan in tissues is not
primarily controlled by proteolysis in the ECM but
by degradation during secretion, a mechanism with
obvious control advantages for cells. In addition the
proteolysis appears to occur very late in biosynthesis
(before, during or after CS addition) since most of the
degraded Vcan (Fig. 4), and some of the degraded
Acan (Fig. 6) is CS-substituted. These findings also
pose the important question of which clan member
is, in fact, non-redundantly responsible for intracel-
lular Acan and Vcan degradation. It is unlikely that
TS5 or TS15 are involved because they are
activated only after secretion [72,73], whereas TS1
and TS4 can be excluded because their null-mice
generate the same aggrecanase products as the
WT [74]. TS8 is an unlikely candidate due to its
extremely low aggrecanase activity [75], and its
established post-secretory role as an anti-angio-
genic factor [76]. Therefore, when taken together,
the available information suggests that TS9 is the
aggrecanase primarily responsible for in vivo cleav-
age of hyalectans. This conclusion could explain
why TS9-null mice die at E7.5 [77], since robust
hyalectan turnover is presumably essential for
skeletal development [78]. Also, TS9 appears ideally
suited to the intracellular proteolysis described here,
since the pro-form is active inside the cell and is
inactivated by furin just before secretion [79,80].
Moreover, knockdown of chondrocyte TS5 or TS9
promotes matrix deposition [81] and interestingly,
TS9 is the most evolutionarily conserved clade
member, consistent with a central and non-redun-
dant function [82].
It is recognized that this hypothesis does not

exclude a role for other aggrecanases, such as TS4
and TS5 in cartilage explant systems, however it is
conceivable that some of the subtle control mecha-
nisms of matrix turnover which operate in vivo are
partially lost on explant culture with stimulatory
cytokines.
The data presented here and elsewhere indicate

that accumulation of Acan at wound sites in ts5−/−
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mice is not due to an absence of its removal by TS5,
but rather, the result of a marked stimulation of its
synthesis and deposition due to an amplified uptake
of glucose by local reparative cells. This seems
reasonable since Acan production requires a high
level of CS synthesis, which is dependent on the
intracellular supply of glucose for UDP-N-acetylga-
lactosamine and UDP-glucuronic acid precursors. A
potential explanation for how an absence of TS5
could enhance glucose uptake is provided by
findings that the abundance of both TS5 [48] and
GLUT4 [49,83] at the cell surface is reduced by their
endocytosis in association with a common receptor,
LRP-1. The capacity of LRP-1 to bind and endocy-
tose ligands such as MMPs has been shown to be
down-regulated by MT1-MMP-mediated cleavage
and loss of the ligand-binding α-chain while leaving
the 85 kDa β-chain intact [50]. Our analyses of
LRP-1 protein in ADSCs using a C-terminal specific
antibody, was confined to detection of the β-chain.
We detected N-terminally cleaved forms of the
β-chain, and such processing could provide an
additional mechanism for down-regulating ligand
binding and/or endocytosis or simply be the result
of endosomal proteolysis following translocation of
the LRP-1 with its ligands into such intracellular
compartments. Notably, the abundance of these
truncated forms was markedly lower in ts5−/−P cell
extracts, suggesting that binding of ligands, such as
GLUT4 and their endocytosis is reduced in the
absence of TS5. What effect this might have on the
abundance of the GLUT4 pool provided to the
membrane in GLUT storage vesicles, and actively
involved in glucose uptake, remains to be deter-
mined. Whatever, the precise mechanism by which
TS5 depresses glucose uptake, the data are
consistent with it having a non-proteolytic role in
controlling the cell surface interaction between
GLUT4 and LRP-1, and thereby in modulating the
energy status of cells. Further examination of the
dynamics of endocytotic pathways in wild type and
ts5−/− cells, at the biochemical and ultrastructural
levels, offers an opportunity to delineate the dynam-
ics of the relationship between membrane trans-
porters and cellular rates of glucose uptake during
tissue regeneration.
Finally, the functional significance of Acan pro-

duction by undifferentiated stromal cells and fibro-
blasts is unclear, since it is not stably incorporated as
a proteoglycan into their extracellular matrix. How-
ever, taken together with the known accumulation of
an intracellular Acan core protein pool (Fig. 3C
[84,85]), CS-Acan secretion could serve to stabilize
intracellular ATP levels by utilizing an excess of
high-energy sugar substrates, formed, for example,
after rapid glucose uptake by cells in a wound [86].
Indeed a similar mechanism for reducing cell stress
has been reported for the enhanced HA secretion
[87–89] that occurs under hyperglycemic conditions.
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Moreover, these findings need to be taken into
consideration when interpreting ‘chondrogenic’ differ-
entiation responses in pluripotent cells, which are
often done in media with supra-physiologic concen-
trations of glucose. Thus, assays of sulfated GAG
accumulation may be misleading, because such
accumulation might occur as a stress response to
glucose in freshmediumand result in the deposition of
a ‘pro-inflammatory’matrix [90], which would diminish
functionality of such material for cartilage implanta-
tion. A detailed biochemical and structural analyses of
progenitor cell-generated tissues in vivo and in vitro
[91] therefore remains essential.
Materials and methods

Mouse strains

All mouse breeding and experimental procedure
were carried out under approved IACUC protocols.
The two TS5 knockout strains used in this study,
ts5−/− (Lexicon) (denoted ts5−/−P) and ts5−/−

(Jackson) (denoted ts5−/−J), both with deletion of
exon 2, have been described [27,30]. Both KO strains
were backcrossed six times into the in house
maintained wild type C57Bl/6 strain. Genomic DNA
and mRNA preparation and agarose electrophoresis
used standard protocols, and PCR was performed
with the following primer sets: For ts5−/−P: forward
5′-TTTGAATTTGTCTTTGGAAGGCCTC-3′, reverse
5′-GACAGTGTTGACTCATCCGGGGATA-3′; for
ts5−/−J: forward 5′-GCATACCACTCCAAACTTAGA-
GAGG-3 ′ , mu tan t -neo 5 ′ -GGGCCAGCT-
CATTCCTCCCACTCAT - 3 ′ and r e v e r s e
5′-CGCAGCTGACTGCTCTTGTGCTTG-3′.
mRNA was isolated from WT and ts5−/− ADSCs,

using theRNeasy kit (Qiagen) and cDNApreparedwith
the iScript kit (Bio-Rad) and QPCR amplification was
done with the following primers. Primer set ‘I’ (Fig. 1B,
F); 5′-GAGCACTACGATGCAGCCAT-3′, and
5′-CACAGACATCCATGCCAGGG-3′. Primer set ‘II’
(Fig. 1C, F); 5′-TGTTCACCCGAGAGGGCATC-3′
and, 5′-TGTCAAGTTGCACTGCTGGG-3′. Primer set
‘III’ (Fig. 1C, G); 5′-AGCAAGCATCCAGCTA-
GACTCA-3′ and 5′-TTTGTGCATTAGAGTAAACCA-
CAGG-3′. For sequence analyses of amplified PCR
fragments they were purified using QIAquick PCR
purification columns (Qiagen) and cloned into pDrive
plasmid vector (Qiagen). Five recombinant clones from
eachgenotypewere sequencedandcompared to each
other using ClustalW2 alignment (EMBL-EBI).

Western blot analysis of TS5 protein

Gastrocnemius muscle (~100 mg) was harvested
immediately after sacrifice, washed in cold PBS
containing proteinase inhibitors (Roche Complete
AMTS5 does not affect aggrecan or versican degradation but
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Mini), rinsed and snap frozen in liquid N2 before
being powdered in a Bessman pulverizer. Powder
was extracted in 300 μL Laemmli sample buffer
(BioRad) with proteinase inhibitors at 100 °C for
10 min with mixing. Also, confluent ADSCs were
extracted in 100 μL 50 mM Tris HCl pH 7.5, 150 mM
sodium chloride, 5 mM EDTA, 1% NP-40, 10 mM
sodium fluoride, 100 mM sodium orthovanadate and
proteinase inhibitors for 15 min at 4 °C with mixing,
and 2 μL of the serum batches used in this study
(Atlanta Biologics, E1101, B12027, H12120,
A13005) were mixed with 98 μL of Laemmli sample
buffer (plus proteinase inhibitors) and heated at
100 °C for 10 min. Insolubles were removed by
centrifugation and 10 μL (equivalent to about 3 mg
of muscle), 5 μL (corresponding to products of
~2 × 104 cells) and 10 μL (equivalent to 0.2 μL of
serum) were run on 4–12% SDS PAGE and analyzed
byWestern with antibodies against residues 338–368
of the catalytic domain (α-cat, Ab135656, 0.25 μg/mL,
Abcam) and residues 636–649 of the Cys-rich region
(α-cys, KNG [61] at 2 μg/mL).

Isolation and culture of murine ADSCs and
epiphyseal chondrocytes

ADSC cultures were prepared from abdominal and
groin adipose essentially as described in [92].
Briefly, for each separate experiment, tissue was
harvested from five 10–12 week male mice into
CO2-independent medium (Gibco) and dispersed
under agitation for 2 h at 37 °C in 25 mL of
CO2-independent medium with 3 mg/ml collagenase
type II (Worthington). The digest was centrifuged at
300 g for 10 min, the lipid-rich layer discarded, the
pellet treated with 1.5 mL RBC lysis buffer
(eBioscience) and then washed three times in PBS,
before suspension in 30 mL DMEM/5 mM glucose/
10% FBS containing 2 ng/mL bFGF and plating in a
T75 flask.Non-adherent cellswere removedafter 24 h
and fresh medium was added. Medium changes were
performed every 48–72 h. Cells were expanded at
~90% confluence by trypsinization (1:3 split) and used
in T25 flasks after 2 passages. Typical cell morphol-
ogies at each passage are shown in Fig. S-1A, B.
For primary chondrocyte cultures, cartilages were

collected from the epiphyses of the tibia and femur of
six one-week old mice, into CO2-independent
medium. Digestion was as described [93] and cells
were plated in 60 mm dishes at 7 × 104 cells/cm2

and maintained in Advanced MEM, 5 mM glucose,
10% FBS. Medium was changed daily, confluence
was reached by day 4, and typical cell morphology is
shown in Fig. S-1C.

QPCR assay for gene expression

Total RNA was purified from confluent ADSCs
and chondrocytes with TRIzol® using the Ambion
Please cite this article as: Gorski Daniel J., et al, Deletion of AD
promotes glucose uptake and proteoglycan synthesis in mur..., Mat
protocol. The RNA pellet was suspended in 100 μL
RNase/DNase free water (Gibco) and further purified
using the RNAeasy kit (Qiagen). RNA purity and
yield were determined, mean yield for ~3 × 106 cells
was 1290 ± 725 ng/μL, and mean 260 nm/280 nm
ratio was 2.08 ± 0.013. cDNA was synthesized from
1 μg RNA with the First-Strand Synthesis Kit
(Invitrogen), then diluted 10-fold and combined with
Taqman™ Gene Expression Master Mix (Applied
Biosystem, Inc.). QPCR was done using the Taqman
™ platform (Life Technologies), and primers used in
this study are given in Table S-1. Data are presented
as mRNA abundance relative to Gapdh, calculated
as (2−ΔCt) × 1000 (arbitrary units).

Acan and Vcan purification and Western
analysis in ADSC and chondrocyte cultures

At confluence, cultures were changed into fresh
medium (for ADSCs, DMEM:AMEM (3:1)/5 mM
glucose plus 10% FBS; for chondrocytes, AMEM/
5 mM glucose/plus 10% FBS). For termination,
cultures were placed on ice, medium was removed
and adjusted to 7 M urea including proteinase
inhibitors. Cell layers were solubilized by sequential
addition of 300 μL of a 10× protease inhibitor
solution (150 mM benzamidine, 50 mM EDTA,
1 mM AEBSF, 50 mM IAA, 5 μg/mL pepstatin and
10 μg/mL leupeptin, Sigma Aldrich) and 3 mL 7 M
urea, 50 mM TrisAcetate, pH 8.0, and clarified by
centrifugation (14,000 g for 5 min). Media and cell
extracts were fractionated by anion exchange
chromatography using DE52 resins as described
[29], and purified proteoglycans were separated on
4–12% gradient gels, before and after treatment with
chondroitinase ABC, and then visualized byWestern
blot. For ADSCs and chondrocyte products, each
lane was loaded with medium or cell extract from
~2 × 106 cells. Western analysis of Acan was done
with α-DLS [29], α-NITEGE and α-TASELE/TFKEEE
[42] and α-GVA [94], all at 1 μg/mL. For Vcan,
Ab1033 (Abcam) was used at 1:1000, α-DPEAAAE
[95] at 1 μg/mL and anti-Vc [37] at 1:1000 (anti-Vc
was a kind gift from Dr. Simon Foulcer). As
previously reported for fibroblasts [29] N90% of the
Vcan and Acan species recovered from ADSC and
chondrocyte cultures, including the non-CS-substi-
tuted G1-products, were recovered in the
DE52-bound fraction (data not shown). Data shown
is typical of 3 separate cell isolations for each cell
type and genotype.

Glucose uptake and Western blot analysis of
LRP1 and ADAMTS5 in ADSC cultures

Cultures of WT and ts5−/−P ADSCs were estab-
lished after the 2nd passage by plating ~0.5 × 106

cells per well in 12-well plates maintained in 1 mL
DMEM/5 mM glucose/10% FBS/2 ng/mL bFGF for
AMTS5 does not affect aggrecan or versican degradation but
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24 h, and for an additional 24 h in DMEM:AMEM
(3:1), 5 mM glucose/10% FBS, after which DNA
contents of cultures remained unchanged. Media
were changed to DMEM:AMEM (3:1)/10% FBS
containing 5 or 10 mMglucose.Mediumwas removed
at 4 h or 24 h and assayed for glucose content using
the Amplex™ kit (LifeTech Inc.). Briefly, 0.1 μL media
(serially diluted from10 μL portion) wasmeasured in a
total reaction volume of 100 μL. Uptake data were
calculated from the change in medium glucose
concentration, and expressed as μmol of glucose
per μgDNAper 4 h or 24 h. For LRP-1 andADAMTS5
Western analyses, 4 h and 24 h treated cell layers
were solubilized for 15 min at 4 °C in 100 μL 50 mM
Tris HCl pH 7.5, 150 mM sodium chloride, 5 mM
EDTA, 1% NP-40, 10 mM sodium fluoride, 100 mM
sodium orthovanadate and proteinase inhibitors,
insolubles were removed by centrifugation. 10 μL
portions were mixed with 20 μL of Laemmli sample
buffer (plus proteinase inhibitors), heatedat 100 °C for
10 min and were run on 4–12% SDS-PAGE gels,
Western analyses performed using anti-LRP-1
(ab92544, Abcam, 200 μg/mL) and anti-TS5 (α-cat
Ab135656, Abcam, 0.25 μg/mL).

Other methods

HA and CS/DS content of ADSC cultures was
determined by fluorophore-assisted carbohydrate
electrophoresis (FACE) as described [96]. DNA
was assayed in proteinase K-digested cell layers
with Hoechst 33258 as described [97]. Typical DNA
contents of non-dividing ‘confluent’ culture of ts5−/−P
ADSCs was ~50% of that measured for WT cultures.
The lower cell density in non-dividing KO cultures is
likely due to the greater degree of spreading and less
dense packing of these cells on the plastic.

Immunohistochemistry for HA, aggrecan and
versican

ADSCs were grown to ~90% confluence in 8-well
chamber slides (Nunc™ Lab-Tek™ II) andmaintained
for 24 h in DMEM:AMEM (3:1), 5 mM glucose plus
10% FBS. The medium was removed and cell layers
rinsed twice with PBS before fixation in Histochoice™
(Amresco). HA was visualized with biotinylated HABP
at 1 μg/mL [98,99], Acan with α-DLS and Vcan with
Ab1033, and counterstained with Methyl Green. S.
hyaluronidase treatments were done as described
[29] and 1 μg/mL non-immune rabbit IgGwas used as
the negative control.

Statistical methods

Groupdifferences (mean ± SD)were evaluatedwith
Students t-test and p-values are shown. For QPCR
analyses n = 6 (3 replicates from 2 separate experi-
ments), glucose uptake assay n = 4 (4 replicates
Please cite this article as: Gorski Daniel J., et al, Deletion of AD
promotes glucose uptake and proteoglycan synthesis in mur..., Mat
from 1 experiment) and FACE n = 4 (4 replicates from
1 experiment).
Supplementary data to this article can be found

online at http://dx.doi.org/10.1016/j.matbio.2015.03.
008.
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