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Abstract

Decorin is a small leucine-rich proteoglycan harboring a single glycosaminoglycan chain, which, 

in skin, is mainly composed of dermatan sulfate (DS). Mutant mice with targeted disruption of the 

decorin gene (Dcn−/−) exhibit an abnormal collagen architecture in the dermis and reduced tensile 

strength, collectively leading to a skin fragility phenotype. Notably, Ehlers-Danlos patients with 

mutations in enzymes involved in the biosynthesis of DS display a similar phenotype, and recent 

studies indicate that DS is involved in growth factor binding and signaling. To determine the 

impact of the loss of DS-decorin in the dermis, we analyzed the glycosaminoglycan content of 

Dcn−/− and wild-type mouse skin. The total amount of chondroitin/dermatan sulfate (CS/DS) was 

increased in the Dcn−/− skin, but was overall less sulfated with a significant reduction in bisulfated 

ΔDiS2,X (X=4 or 6) disaccharide units, due to the reduced expression of uronyl 2-O 

sulfotransferase (Ust). With increasing age, sulfation declined; however, Dcn−/− CS/DS was 

constantly undersulfated vis-à-vis wild-type. Functionally, we found altered fibroblast growth 

factor (Fgf)-7 and -2 binding due to changes in the micro-heterogeneity of skin Dcn−/− CS/DS. To 

better delineate the role of decorin, we used a 3D Dcn−/− fibroblast cell culture model. We found 
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that the CS/DS extracts of wild-type and Dcn−/− fibroblasts were similar to the skin sugars, and 

this correlated with the lack of uronyl 2-O sulfotransferase in the Dcn−/− fibroblasts. Moreover, 

Ffg7 binding to total CS/DS was attenuated in the Dcn−/− samples. Surprisingly, wild-type CS/DS 

significantly reduced the binding of Fgf7 to keratinocytes in concentration dependent manner 

unlike the Dcn−/− CS/DS that only affected the binding at higher concentrations. Although binding 

to cell-surfaces was quite similar at higher concentrations, keratinocyte proliferation was 

differentially affected. Higher concentration of Dcn−/− CS/DS induced proliferation in contrast to 

wild-type CS/DS. 3D co-cultures of fibroblasts and keratinocytes showed that, unlike Dcn−/− 

CS/DS, wild-type CS/DS promoted differentiation of keratinocytes. Collectively, our results 

provide novel mechanistic explanations for the reported defects in wound healing in Dcn−/− mice 

and possibly Ehlers-Danlos patients. Moreover, the lack of decorin-derived DS and an altered 

CS/DS composition differentially influence keratinocyte behavior.
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1. Introduction

Decorin belongs to the family of the small leucine-rich proteoglycans (Iozzo and Murdoch 

1996) and is covalently linked with one glycosaminoglycan chain (GAG). Depending on the 

tissue decorin is covalently linked with either chondroitin or dermatan sulfate (CS/DS). 

Decorin is a multifunctional proteoglycan involved in several biological processes, like 

matrix organization (Seidler and Dreier 2008), myogenesis (Brandan and Gutierrez 2013), 

inflammation and cancer (Schaefer and Iozzo 2008; Schaefer and Iozzo 2012). The 

biosynthesis of GAGs is a multistep process that begins with the formation of a specific 

carbohydrate-protein linkage region and continues with the alternating addition of D-

glucuronic acid (D-GlcA) and either D-N-acetylglycosamine (D-GlcNAc) or D-N-

acetylgalactosamine (D-GalNAc). CS/DS, the two types of galactosaminoglycans, are 

distinguished by the absence or presence of L-IdoA residues, respectively. The dermatan 

sulfate epimerase (Dse) together with several sulfotransferases modify the CS/DS chain thus 

introducing a micro-heterogeneity along the chain. It is known that DS and CS show 

different biological functions (Sugahara et al., 2003) which is primarily due to a greater 

conformational flexibility of L-IdoA-containing GAGs (Inoue et al., 1990; Mulloy and 

Forster, 2000) and more frequently 2-O-sulfated than D-GlcA as the hexuronic acid moiety 

(Kobayashi et al., 1999). There are several DS proteoglycans and the most prominent in skin 

is decorin (Iozzo 1997). Decorin contains about 60 % L-IdoA in the dermis (Malmström et 

al., 2012) in contrast to the lack of L-IdoA in bone (Cheng et al., 1994). The lack of decorin 

in mice (Dcn−/−) results in abnormal collagen fibrillogenesis and skin fragility (Danielson et 

al., 1997). Interestingly, tendon of Dcn−/− mice was less affected by aging compared to wild-

type tendon (Dunkmann et al., 2013). The Dcn−/− mice however show a delayed epidermal 

wound closure and a significantly delayed dermal wound healing (Järveläinen et al., 2006). 

The loss of decorin and the impact on fibroblasts is well studied: Dcn−/− fibroblast 

proliferate and adhere better compared to wild-type and express more β1 integrin (Ferdous 

et al., 2010). Addition of decorin proteoglycan but not decorin protein core can rescue the 
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phenotype of fibrillar collagens (Seidler et al., 2005; Rühland et al., 2007) and the adhesive 

phenotype by reducing the amount of β1 integrin and stabilizing the vimentin intermediate 

filament system during matrix synthesis (Jungmann et al., 2012). These results indicate that 

the DS chain of decorin could also play a major role during regeneration and wound healing. 

This concept is further supported by studies utilizing Dse1−/− mice, which also exhibit 

heterogeneous collagen fibrils and skin fragility presumably as a consequence of reduced 

amount of L-IdoA in CS/DS of decorin and the disrupted L-IdoA clusters in the dermis 

(Maccarana et al., 2009). Consistent with these findings, reduced cell surface L-IdoA 

content of aortic smooth muscle cells leads to delayed wound healing and inability of 

directional migration (Bartolini et al., 2013), underlying the importance of DS in mediating 

proliferation, migration and adhesion (Malmstöm et al., 2012).

There are several mutations described in enzymes involved in the post-translational 

modifications of proteoglycans (Seidler 2012). For example: mutation in the gene 

B4GALT7, an enzyme involved in the synthesis of the linkage region of GAGs lead to an 

Ehlers-Danlos syndrome with skin fragility and wound healing deficiency (Kresse et al., 

1987, Faiyaz-Ul-Haque et al., 2004). Notably, the fibroblasts from the affected patients 

display defective biosynthesis of decorin characterized by release of decorin partially 

lacking a GAG chain (Kresse et al., 1987; Seidler et al., 2006) and reduced amount of L-

IdoA in the partially processed GAG (Seidler et al., 2006). Mutations in CHST14, the gene 

that encodes the dermatan-4-O sulfotransferase, lead to an Ehlers-Danlos syndrome 

categorized either as EDS Kosho-type or kyphoscoliosis-type with a delayed wound healing 

(Miyake et al., 2010, Shimizu et al., 2011). The loss of DS in the dermis leads to abnormal 

fibrillar collagen due to the defects in post-translational modifications of decorin (Miyake et 

al., 2010, Shimizu et al., 2011).

Growth factors require GAGs for their function (Sarrazin et al., 2011) and DS can affect 

interferon-γ (Fernandez-Botran et al., 1999; Bocian et al., 2013) and fibroblast growth 

factors (FGFs) (Trowbridge et al., 2002; Taylor et al., 2005). In a contact allergy model, loss 

of decorin leads to a reduced edema formation due to a disturbed cytokine and chemokine 

expression profile (Seidler et al., 2011). Wound fluid contains GAGs, and the DS derived 

from wound fluid promotes FGF2 signaling (Penc et al., 1998). Indeed, oligosaccharides 

derived from skin fibroblast DS decorin can bind FGF2 (Zamfir et al., 2003). FGF7-induced 

proliferation is DS dependent (Trowbridge et al., 2002). However, the specificity of DS 

interaction with growth factor is still debated. Recently, it has been shown that FGFs display 

a clear preference for distinct structural features of heparin (Xu et al., 2012). Therefore, the 

delayed wound healing of Dcn−/− mice could partially occur due to the lack of DS in skin 

resulting in an altered Fgf7 function on keratinocytes. In this study, we investigated the 

impact of the loss of DS of decorin in skin on growth factor binding. We found that the 

CS/DS chains of decorin null skin were uniformly undersulfated and this affected the 

binding and potentially, the biological activity of various Fgfs. Interestingly, only Fgf2 and 

Fgf7 binding to CS/DS was affected by the reduced amount of sulfation. Using a co-culture 

system of keratinocytes grown on the top of fibroblasts embedded in their own 3D matrix, 

we discovered that the absence of decorin caused a delay in differentiation. Our findings 

offer novel mechanistic explanations for the established defects in wound healing in Dcn−/− 

mice and possibly Ehlers-Danlos patients.
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2. Results

2.1 Dcn−/− dermal CS/DS are undersulfated due to the reduced amount of ΔDi2,XS (X=4 or 
6) and ΔDi2S

Dorsal skin from male wild-type and Dcn−/− mice at postnatal age of 30, 45 and 75 (pools of 

3–5 mice) was extracted and analyzed for total and highly-sulfated CS/DS content. Dcn−/− 

P30 mice showed significantly more uronic acid compared to the respective wild-type mice 

(data not shown). The values are referring to the wet weight of the skin. Analysis of highly-

sulfated CS/DS obtained with further fractionation by HPLC-DEAE (Zamfir et al., 2009) 

showed significantly higher amount of uronic acid in P30 Dcn−/− mice highly-sulfated 

CS/DS compared to wild-type mice (Fig. 1A; n=3; **P<0.01), and a concurrent significant 

reduction in the total sulfate content (Fig. 1B; n=3; **P<0.01). With aging, both genotypes 

showed similar amounts of uronic acid (Fig. 1A); however, the Dcn−/− mice displayed 

reduced sulfation (Fig. 1B). The content of CS/DS GAGs in wild-type is similar to the 

amount described for rat skin (Jung et al., 1997) and the amount of highly-sulfated CS/DS 

for the decorin extraction in porcine skin (Zhao et al., 2013).

Disaccharide analysis of highly-sulfated CS/DS revealed that wild-type P30 CS/DS 

contained 6 differentially-sulfated disaccharides in contrast to Dcn−/− GAGs which 

contained only 4 differentially-sulfated disaccharides. In both genotypes, ΔDi4S and ΔDi6S 

were present to a similar extent at P30. The minor modification of ΔDi2S was detectable by 

FACE analysis in only one out of three CS/DS extractions in Dcn−/− skins. For wild-type 

CS/DS always contained detectable amounts of 2-O sulfated disaccharides. Our method 

could not distinguish between the disulfated ΔDiS2,4 or ΔDiS2,6 species, therefore we used 

Di2,XS (X=4 or 6). In line with ΔDiS2, ΔDiS2,X (X=4 or 6) was also not detectable in 

Dcn−/− CS/DS in contrast to wild-type CS/DS (Fig. 1C,D). The presence of ΔDiS2,4 was 

confirmed by MS/MS fragmentation of wild-type chondroitin ACI lyase digested CS/DS 

disaccharides (Supplementary Fig. 1). To confirm the reduction in 2-O-sulfation, we 

analyzed the expression of the respective enzyme in dermal extracts and fibroblasts: uronyl 

2-O sulfotransferase (Ust) (Fig. 1E, F). In vivo the Ust expression was reduced in Dcn−/− 

skin extracts (Fig. 1E upper panel). Lower panel shows the total protein stain of the extracts. 

Furthermore, immune blots revealed similar Ust protein expression in primary mouse wild-

type and 3T3 fibroblasts; however, Dcn−/− fibroblasts were negative for Ust (Fig. 1F; n=3). 

Therefore, the loss of decorin in the murine dermis leads to changes in uronic acid and 

sulfate content of highly-sulfated CS/DS GAGs.

Next, we determined the DS content of highly-sulfated CS/DS samples following 

chondroitin ACI lyase digestion and separation on a Superdex column (Zamfir et al., 2003). 

We found no difference in the amount of disaccharides derived from wild-type or Dcn−/− 

CS/DS (11–15%). However, P30 Dcn−/− samples contained about twice the proportion of 

tetrasaccharides as wild-type contained (65% vs 35% Table 1) and about thirteen fold lower 

hexasaccharides (~3% vs 40%, Table 1 (analysis of 6 pooled skin extracts)). The lack of DS 

from decorin not only displays differences in composition of the disaccharide structures but 

also affects oligosaccharide structures. Binding of growth factors to CS/DS also required a 

certain size of L-IdoA-blocks (Malmström et al., 2012). These results suggest that Dcn−/− 
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CS/DS display changes in the size of blocks, which therefore might have an altered growth 

factors binding.

Binding of growth factors to CS/DS oligosaccharides requires not only existence of 

particular sulfation motifs, but presence of L-IdoA-blocks with certain size as well 

(Malmström et al., 2012). The loss of decorin in the murine dermis leads to changes in 

uronic acid and sulfate content of highly-sulfated CS/DS GAGs, with deletion of 2-O 

sulfated motifs in the CS/DS chain. Furthermore, Dcn−/− CS/DS display changes in the size 

of the blocks, which therefore might have an altered growth factors binding.

2.2 Differential binding of growth factors to galactosaminoglycans extracted from mouse 
skin

To demonstrate a functional consequence of the altered sulfation, we performed solid-phase 

binding assays with various Fgfs. Recombinant fusion proteins harboring Fgf1, Fgf7 or Fgf8 

fused to alkaline phosphatase (Herzog et al., 2011) were generated as soluble ligand, using 

HEK293 cells. Decorin derived from skin fibroblasts with 50–55% IdoA content (Seidler et 

al., 2006) served as positive control. For soluble AP no binding was observed to bovine 

serum albumin, decorin or the wild-type and Dcn−/− CS/DS. AP-Fgf1, AP-Fgf7 and AP-

Fgf8 showed similar binding to control decorin and minimal binding to bovine serum 

albumin (Fig. 2A). AP-Fgf1 showed only weak binding to highly-sulfated CS/DS extracted 

from P30, P45 and P75 skin of either wild-type or Dcn−/− mice indicating that the micro-

heterogeneity of the GAGs was not important for Fgf1 binding. However, AP-Fgf1 binding 

was observed to the positive control decorin (Herzog et al., 2011). In contrast, AP-Fgf7 and 

AP-Fgf8 had higher binding capacity to wild-type and Dcn−/− CS/DS compared to Fgf1 

(Fig. 2A; n=3; *P<0.05). At P30 and P45 AP-Fgf7 binding was significantly higher in wild-

type compared to Dcn−/− GAGs (n=3; *P<0.05). At P75 there was no difference in Fgf7 

binding anymore.

To analyze the influence of sulfation, the binding of AP-Fgf7 was interfered with different 

NaCl concentrations. P30 Dcn−/− highly-sulfated CS/DS AP-Fgf7 complex was more stable 

compared to wild-type. However, at stage P45 there was no difference in the stability of AP-

Fgf7/wild-type or Dcn−/− CS/DS (data not shown). Another growth factor important in 

wound healing of the skin is Fgf2 (for review: Werner and Grose 2003). Digoxygenin-

labeled FGF2 (Dig-FGF2) was used for the binding assay. The Dig-FGF2 bound to control 

decorin to the same extent and minimally to bovine serum albumin (Fig. 2B) as AP-fusion 

proteins. Interestingly, the binding of Dig-FGF2 was at all time points significantly reduced 

in the Dcn−/− undersulfated preparations (Fig. 2B; n=2; *P<0.05), indicating that FGF2 

function could also be affected in Dcn−/− mice.

2.3 DS proteoglycan expression under 3D culture conditions for wild-type and Dcn−/− 

fibroblasts

To establish the role of SLRPs, we determined the expression of biglycan and decorin in 

wild-type fibroblast 3D cultures (Seidler et al., 2005; Rühland et al., 2007; Jungmann et al., 

2012). There was a dynamic change in the expression of decorin mRNA in wild-type 

fibroblasts during the time course from 2–10 days (Fig. 3A). At day 4, a significant (~6-fold) 
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increase of decorin expression was observed. At day 6, when cells synthesized and deposit 

collagen in the ECM, there was still a 5-fold increase of decorin expression. This further 

declined until day 8. At day 10, when the ECM is formed around the fibroblasts, there was 

another burst of decorin mRNA synthesis (Fig. 3A). As expected, the amount of decorin 

proteoglycan, a broad band centered at ~ 100 kDa, progressively accumulated in the cell/

matrix extracts (Fig. 3B top panel), β-actin is shown as a loading control (Fig. 3B bottom 

panel). The preferential increase of decorin SLRP in these 3D cultures, suggests that the loss 

of DS decorin could be the candidate moiety affecting sulfation. Indeed, we found no 

compensatory changes in biglycan mRNA synthesis from the Dcn−/− fibroblasts for up to 10 

days (Fig. 3A).

Next, we analyzed the composition of CS/DS from 3D fibroblast cultures to study the 

impact of DS decorin on CS/DS in this system. The 14-day extracts of wild-type, Dcn−/− 

fibroblasts and Dcn−/− fibroblasts treated with decorin showed that Dcn−/− fibroblasts 

contained similar amounts of uronic acid compared to wild-type; however, a slight increase 

was observed for Dcn−/− extracts alike observed in vivo (Fig. 3C; n=3–4). The total sulfate 

content was 40% less compared to the wild-type fibroblasts, consistent with the in vivo 
results and could be increased by addition of decorin the Dcn−/− fibroblast (Fig. 3D). Cell 

lysates of wild-type and Dcn−/− fibroblasts showed that Ust protein expression is affected by 

the loss of decorin (Fig. 1F). This confirms the results obtained in vivo, where Dcn−/− mice 

display an overall reduction in content compared to wild-type. Exogenous treatment with 

decorin of Dcn−/− fibroblasts can partially rescue the total amount of sulfation in this system.

2.4 CS/DS of wild-type and Dcn−/− fibroblasts and their binding capacity for AP-Fgfs

To determine the possible functional difference of the CS/DS extracted from 3D fibroblast 

cultures, we performed AP-Fgf binding experiments. We discovered that the binding 

capacity for AP-Fgf1 was lower to Dcn−/− and Dcn−/− + decorin GAGs compared to the 

decorin control (data not shown). The results for AP-Fgf1 confirm previous studies with no 

impact of DS on Fgf1 function (Trowbridge et al., 2002). Soluble AP (gWIZ-SEAP) control 

did not bind to the growth factors. Interestingly, AP-Fgf8 bound to a similar extent to the 

total CS/DS extracts, albeit to a lower extent when compared to decorin (Fig. 3E). In 

contrast to the binding of AP-Fgf8 to either wild-type or Dcn−/− fibroblasts total CS/DS, AP-

Fgf7 binding was significantly higher in wild-type fibroblasts CS/DS compared to Dcn−/− 

(n=3; **P<0.01). Interestingly, total CS/DS of Dcn−/− 3D cultures supplemented for 14 days 

with DS decorin showed also significantly increased binding of AP-Fgf7 (Fig. 3E; n=3; 

*P<0.05) indicating that exogenous decorin can rescue the phenotype. The binding of AP-

Ffg8 was still not affected (Fig. 3E). The binding assays for mouse skin and 3D fibroblast 

CS/DS from wild-type and Dcn−/− origin revealed that the structural differences of these 

GAGs influenced their binding capacity to Fgf7. Keratinocytes are the dominant Fgf7 

responding cells in the skin (Werner et al., 2007) and therefore the influence of CS/DS and 

Fgf7 on keratinocytes was analyzed.

2.5 Influence of wild-type and Dcn−/− CS/DS on primary keratinocytes proliferation

As Fgf7 and DS are involved in keratinocytes proliferation and migration during wound 

healing (Taylor et al., 2005), we evaluated the impact of AP-Fgf7 binding to keratinocytes in 
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the presence of exogenous P30 wild-type and Dcn−/− CS/DS. Interestingly, wild-type and 

Dcn−/− CS/DS significantly reduced the binding of AP-Fgf7 in a concentration dependent 

manner (n=3; **P<0.01; ***P<0.001), indicating that the soluble skin GAGs can capture the 

Fgf7 even in the presence of cell surface heparan sulfate (Fig. 4A). However, the less 

sulfated Dcn−/− CS/DS significantly increased at low concentration (0.1 μg/ml) the amount 

of cell-surface bound AP-Fgf7 when compared to wild-type CD/DS treated cells (n=3; 

*P<0.05). In higher concentrations this difference was not present any longer.

For the functional impact of the human FGF7/GAG interaction we analyzed human primary 

keratinocyte proliferation. Primary human keratinocytes were cultured to a density of 40–

60% and afterwards medium was changed to MCDB 153 medium supplemented with of 5 

ng/ml FGF7 or FGF7 + CS/DS (different concentrations) for 24 h + 16 h to induced 

proliferation. The proliferation is lower compared to previously published data because we 

incubated for 16 h in the presence of BrdU in contrast to 72 h incubation time (Trowbridge 

et al., 2002), taking as an advantage that only newly synthesized cells are detected with 

BrdU incorporation. Keratinocytes proliferation in the presence of 5 ng/ml FGF7 and 

different GAG concentrations was only partially influenced (Fig. 4B). There was a slightly 

positive influence with 0.1 and 1 μg/ml Dcn−/− CS/DS + FGF7 on keratinocyte proliferation 

in contrast to wild-type CS/DS. Interestingly, again 5 μg/ml Dcn−/− CS/DS and FGF7 

induced significantly cell proliferation up to 60% when compared to FGF7/wild-type CS/DS 

or FGF7 alone (n=6; ***, P<0.001, **, P<0.01) treated keratinocytes. These results indicate 

that the decreased binding of FGF7 to the cell surface in the presence of wild-type GAGs 

prevented proliferation; however, for Dcn−/− CS/DS proliferation was observed. Next, we 

analyzed of the different highly-sulfated CS/DS on keratinocyte proliferation alone. 40–60% 

confluent primary human keratinocytes were incubated with MCDB 153 medium, 

supplemented with different concentrations of wild-type or Dcn−/− highly-sulfated CS/DS. 

As a positive control for proliferation, the Celloneer® culture medium was used. 

Proliferation was determined by BrdU incorporation as described above. CS/DS 

preparations isolated from both genotypes had a minor, but similar impact on proliferation at 

low dosage (0.001–0.05 μg/ml, equivalent to 22–111 pM) (Fig. 4C). However, at higher 

(more physiological) concentrations, the CS/DS preparation from the decorin-null mice 

induced keratinocyte cell proliferation up to 100% in contrast to the wild-type preparations 

(Fig 4C; n=7, **P<0.01). No differences in the viability or metabolic activity of the cells 

were detected for all tested GAG concentrations with MTT assays (data not shown). Thus, 

undersulfated CS/DS derived from decorin-null mice, which display a reduced 2-O sulfation, 

can stimulate keratinocyte proliferation. To exclude growth factor contaminations CS/DS 

preparations were analyzed at 280 nm UV. To evaluate the impact of CS/DS on keratinocyte 

proliferation we analyzed the activation of mitogen-activated kinase/extracellular regulated 

kinase-1,2 (ERK1,2) (Trowbridge et al., 2002). Interestingly, for both, wild-type and Dcn−/− 

CS/DS we could observe a concentration dependent (0.1–5 μg/ml) increase in ERK 

activation (Fig. 4D; n=3). This result is indicating that both, wild-type and Dcn−/− CS/DS 

induce ERK signaling. However, this affects keratinocytes differently, because only the 

Dcn−/− CS/DS induced proliferation in contrast to wild-type CS/DS. ERK activation is also 

known to be involved in differentiation.
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2.6 Co-cultures of 3D fibroblasts and keratinocytes

To analyze keratinocytes behavior in a more in vivo-like situation, where keratinocytes are 

able to differentiate, we used a 3D model of fibroblasts embedded in their own collagen-rich 

matrix (Seidler et al., 2005; Stock et al., 2011) upon which keratinocytes are grown. The 

keratinocytes grew as multi-layer cells positive for the wide spectrum keratin marker pan-

keratin (Fig. 5A). Collagen I staining was used to visualize the underlying fibroblast matrix. 

To exclude proliferative differences, we used low concentrations (0.1 μg/ml) of exogenous 

GAGs derived from P30 wild-type or Dcn−/− CS/DS for up to 72 h. As shown in figure Fig 

4D, both activated ERK to a similar extent. To determine the impact of CS/DS on 

keratinocyte differentiation, the co-cultures were analyzed for specific markers (Fig. 5B). 

Pan keratin was used as a general marker for keratinocytes seeded on wild-type 3D 

fibroblast matrices. In all three conditions, pan keratin was detectable. Quantification of the 

signal intensity per keratinocyte area showed that Dcn−/− CS/DS treated cultures expressed 

less pan keratin compared to wild-type treated cultures (Fig. 5C), indicating delayed 

differentiation (n=19 images each condition; ***P<0.001). The signal intensity of wild-type 

treated and untreated cultures was similar. Cytokeratin 10, a marker of early differentiation, 

was not differentially affected by the highly-sulfated CS/DS treatment (n=19 images for the 

control and n=25 for the treated cultures). The later differentiation marker involucrin, 

however, was reduced by Dcn−/− CS/DS treatment (Fig. 5B, C) (n=19 images for the control 

and n=27 for the treated cultures; **P<0.01). These results were supported by immune 

blotting of extracts of the 3D co-culture systems treated with wild-type or Dcn−/− CS/DS 

and the respective control (Fig. 5D). Signals were normalized to the loading control of 

human β-actin (Fig. 5D, left panel). Immune blots confirmed the significant reduction of 

involucrin in the Dcn−/− treated cultures compared to wild-type and the controls (Fig. 5D 

right panel; n=3; *P<0.05).

These data confirm the impact of GAGs sulfation on keratinocytes and could provide an 

explanation for the delayed wound healing in Dcn−/− mice (Järveläinen et al., 2006).

3. Discussion

The dermatan sulfate moiety in proteoglycans, such as decorin, mediates biological 

functions including extracellular matrix organization, cell proliferation, migration and 

adhesion (Malmström et al., 2012; Seidler 2012). We show for the first time, that a DS-

decorin deficient matrix displays altered sulfate levels that affect growth factors involved in 

wound healing. The physiological importance of DS became obvious in the connective 

tissue disorder, Ehler-Danlos syndrome (EDS), a group of inherited disorders characterized 

by cutis laxa, loose joints and an altered wound healing. Minor subgroups of patient’s 

exhibit mutations in the CHST14 or B4GALT7 gene, encoding enzymes involved in DS 

synthesis (Kresse et al., 1987; Seidler et al., 2006; Miyake et al., 2010; Shimizu et al., 2011). 

Interestingly, in skin the major proteoglycan affected by the mutations of CHST14 or 

B4GALT7 is decorin because it’s relatively high expression in fetal dermis (Scholzen et al., 

1994). CHST14 encodes the dermatan-4 sulfotransferase-1, and loss of function leads to the 

complete loss of DS in the dermis and to defects in collagen bundles (Miyake et al., 2010). 

Mutation in B4GALT7 gene leads to a reduced activity of the galactosyltransferase 1 and the 
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partial loss of the GAG chain of decorin (Kresse et al., 1987) and to a reduced L-IdoA 

content in decorin and biglycan (Seidler et al., 2006). Mutant mice with targeted disruption 

of the decorin gene exhibit also an abnormal collagen architecture in the dermis and reduced 

tensile strength, which together lead to a skin fragility phenotype (Danielson et al., 1997) 

and delayed healing for epidermal and significantly of dermal wounds (Järveläinen et al., 

2006). In this study we discovered that loss of DS decorin is associated with subtle, but 

reproducible, changes in the GAG composition of the skin, mainly characterized by a 

reduced overall sulfation of CS/DS up to 75 days of postnatal life. For wild-type mice the 

extracted uronic acid amount from skin is comparable to previous studies in rat as well as 

the finding of reduced sulfation with aging (Jung et al., 1997). A more detailed study 

revealed that the content of porcine skin decorin GAG was 0.1–0.12 mg/g wet skin (Zhao et 

al., 2013). Particularly prominent, is a reduction in ΔDi2,XS (X=4 or 6) and ΔDi2S in 

Dcn−/− highly-sulfated CS/DS disaccharides structures. Sequence analysis of porcine skin 

decorin GAG revealed about 2.2 % of Di2,4S-units (Zhao et al., 2013), supporting our 

hypothesis that the lack of DS decorin leads to the loss of specific functional GAG 

structures. These posttranslational changes may likely lead to loss of binding motifs for 

growth factors, like Fgf2 (Zamfir et al., 2003) and Fgf7 (Taylor et al., 2005).

We further noticed that with aging, total sulfation is further reduced within both wild-type 

and Dcn−/− GAGs; however, Dcn−/− GAGs are constantly less sulfated than wild-type. 

CS/DS from wild-type and Dcn−/− skin show a different composition, like the CS/DS of the 

3D fibroblast cell culture. Notably, the reduced sulfation in highly-sulfated Dcn−/− CS/DS 

correlates well with a reduction in uronyl-2-O sulfotransferase expression in fibroblasts. 

Interestingly, at P45, 2-O-sulfation is still detectable but reduced compared to Dcn−/− GAGs. 

At P75 ΔDi2S is not detectable any more. Interestingly, the partial loss of the decorin GAG 

chain in EDS patient affects the amount of L-IdoA in decorin and biglycan (Seidler et al., 

2006). Thus, we hypothesized that some defects could be due to structural alterations of 

CS/DS of these patients. This could explain the heterogeneous clinical picture and the 

difficulties in diagnosing these patients, because the symptoms are changing with age 

(Shimizu et al., 2011).

Growth factors are involved in wound healing and the reduced amount of ΔDi2,4S and 

ΔDi2S in CS/DS could affect the signaling of Fgf as shown for heparin (Ashikari-Hada et 

al., 2009). Thus, changes in the micro-heterogeneity of Dcn−/− P30 CS/DS could lead to a 

reduced Fgf7 and Fgf2 binding in contrast to Fgf1 or Fgf8. Previously it has been shown that 

growth factors display a preference for specific HS oligosaccharides (Xu et al., 2012). The 

reduced Fgf2 binding to Dcn−/− CS/DS could explain the increased proliferation of Dcn−/− 

embryonic fibroblasts (Ferdous et al., 2010). The role of CS/DS sulfation pattern in wound 

healing is not fully understood. For the healing dermis, changes in CS/DS structures or the 

loss of CS/DS of decorin cause alterations in the ECM and cell/matrix interactions (Rühland 

et al., 2007, Jungmann et al., 2012). Dse1−/− mice contain only 25 % L-IdoA in the dermis 

and also show an altered ECM (Maccarana et al., 2009), however there are so far no data 

about skin wound healing. In vitro, wound healing of aortic smooth muscle cells derived 

from Dse1−/− mice was delayed due to a reduced cell surface L-IdoA. The functional 

consequence was the loss of directional migration of these cells (Bartolini et al., 2013). 

Notably, Dse1−/− mice display reduced L-IdoA-blocks and ΔDi2,4S-units and therefore 
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might have an altered growth factor function (Maccarana et al., 2009). Not only the sulfation 

pattern but also the L-IdoA clusters were altered in the Dcn−/− CS/SD, which could be due 

to the increased amount of DiS0 and the reduction in 2-O sulfation. The amount of 2-O 

sulfation in skin CS/DS is only ~2 % (Miller et al., 2006). For heparan sulfate/FGF2 

interaction there are detailed information describing the importance of L-IdoA, 2-O sulfation 

in FGF2 binding (Jemth et al., 2002). The 2-O sulfation of the structural homologue DS, 

might be involved in Fgf2 (Penc et al., 1998; Ashikari-Hada et al., 2009) or Fgf7 

(Trowbridge et al., 2002) binding and signaling. The amount of GAGs in the wound fluid is 

15–65 μg/ml, and DS in wound fluid is a more potent stimulator of Fgf2 signaling than 

heparan sulfate (Penc et al., 1998). DS from porcine mucosa showed that FGF2 requires 

sulfated octasaccharides whereas FGF7 requires a sulfated decasaccharide to induce 

proliferation on FGFR2IIIb transfected BaF3 cells. Even though these studies conclude no 

impact of 2-O sulfation on BaF3 cell proliferation mediated by FGF7 and -2 (Taylor et al., 

2005), the amount of 6.5% ΔDi2,4S in DS from porcine mucosa is even higher than the one 

determined in the wild-type P30 CS/DS. Interestingly, CS fractions, in contrast to crude 

extracts, also induced proliferation; however both, CS and DS, required 4-O sulfation 

(Taylor et al., 2005). Dcn−/− and wild-type highly-sulfated CS/DS preparations showed no 

differences in the 4-O sulfation; therefore specific 2-O sulfated sequences might be 

important. It has been shown that addition of exogenous 2-O sulfated heparin 

oligosaccharides can inhibit Fgf2 binding and signaling, since Fgf is captured by the 

exogenous polysaccharide. CHO cells deficient in heparan sulfate still exhibit Fgf2 

signaling, albeit lower than control cells (Ashikari-Hada et al., 2009) indicating that the 

remaining CS/DS could support Fgf signaling. This observation confirms our data that FGF7 

can bind to wild-type highly-sulfated CS/DS and prevent partially the binding to 

keratinocytes. In contrast, only at high concentration of Dcn−/− CS/DS binding to 

keratinocytes is prevented.

To determine the consequences of the reduced amount of 2-O sulfation in Dcn−/− skin 

CS/DS we analyzed Fgf7 function on keratinocytes (Trowbridge et al., 2002). Although 

Fgf7 is synthesized by fibroblasts, it only binds to a splice variant of FGFR2 (FGFR2IIIb) 

expressed by keratinocytes (Werner et al., 2007). We found that primary human 

keratinocytes display an improved proliferation supported by ERK activation when treated 

with Dcn−/− highly-sulfated CS/DS alone. This is confirming the positive impact of DS, 

which is a part of our CS/DS, on keratinocyte proliferation (Trowbridge et al., 2002). The 

reduced binding of Fgf7 to Dcn−/− undersulfated CS/DS along with altered effects on 

proliferation and differentiation of keratinocytes might have an impact on epidermal wounds 

(Taylor et al., 2005) in analogy to the delayed wound healing of EDS patients (Kresse et al., 

1987; Shimizu et al., 2011) and Dcn−/− mice (Järveläinen et al., 2006). In the presence of 

CS/DS, Fgf7 binding to keratinocytes is inhibited by wild-type CS/DS and at higher 

concentrations also by Dcn−/− CS/DS, indicating that the reduced amount of 2-O sulfation in 

Dcn−/− CS/DS can also capture Fgf7 (Ashikari-Hada et al., 2009). Cell proliferation is 

however induced Dcn−/− CS/DS and one might speculate that this is an example that CS/DS 

structures are still able to activate the growth factors depending on the organization of the 

disaccharide units. Notably, addition of DS-decorin to Dcn−/− fibroblast cultures rescues the 

Fgf7 binding to CS/DS, indicating that DS decorin could be the primary source of binding 
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and modulation of its activity. This is in line to previous published data, where higher 

concentration of DS promotes Fgf7 binding to the surface of BaF3 cells transfected with the 

respective receptor FGFR2IIIb. Also, the impact on DS on human primary keratinocytes 

revealed the same as our data, DS alone induced proliferation was most active with 5 μg/ml 

in contrast to the 50 μg/ml on BaF3 cells (Trowbridge et al., 2002). In contrast to the 

previous study, we used complex highly-sulfated CS/DS and did not enzymatically removed 

CS. Furthermore, our GAG source was from mouse skin including both dermis and 

epidermis. The impact of the both CS/DS preparation on ERK activation was in line with the 

increased proliferation observed for Dcn−/− CS/DS treatment, but not for wild-type CS/DS 

treatment. This shows that structure-activity of GAG-FGF signaling is affected by the loss of 

DS decorin in skin. Recently, Sterner and coworkers showed that FGF2, which is known to 

require HS with 2-O sulfation also can also use DS with low amount of 2-O sulfation for 

proliferation indicating that the balance between IdoA and sulfate is important, too (Sterner 

et al., 2013).

It is well established that 2-D cell cultures do not allow assembly of complex ECM (Florin 

et al., 2005) and that 3D cultures are more physiologic not only in terms of proper matrix 

assembly, but also for cell-matrix adhesion (Harunaga and Yamada, 2011). Therefore, we 

used a 3D co-culture system of fibroblasts embedded in their own ECM (Cukierman et al., 

2000; Seidler et al., 2005) upon which we seeded and cultured primary keratinocytes. It is 

well known that the morphology of keratinocytes depend on the number of fibroblasts 

(Schoop et al., 1999), and keratinocytes can stimulate fibroblasts to synthesize and secrete 

growth factors like Fgf7, IL6 and G-CSF (for review: Werner et al., 2007) and induce 

proliferation and differentiation (Florin et al., 2005). In our co-culture system, primary 

human keratinocyte grow in multilayer on ECM of fibroblasts and are able to differentiate. 

To avoid the proliferative effect of the GAGs in the co-cultures, as determined in 2D 

keratinocyte cultures, we used a lower GAG concentration with similar ERK activation. The 

suprabasal marker keratin 10 was similarly expressed in both conditions. Surprisingly, the 

addition of Dcn−/− highly-sulfated GAGs to the 3D co-culture system caused a delayed 

differentiation compared to the addition of wild-type CS/DS. Overall, primary keratinocytes 

differentiate faster compared to HaCaT cells (Micallef et al., 2008). Interestingly, the 

addition of extracted skin CS/DS positively influences the differentiation evoked by wild-

type GAGs, supporting the effects of CS/DS seen by others (Trowbridge et al., 2002). The 

negative effect of Dcn−/− CS/DS on keratinocyte differentiation could be an explanation of 

the delayed wound healing of Dcn−/− mice (Järveläinen et al., 2006). However, we cannot 

exclude that in the co-culture of fibroblasts and keratinocytes other factors may play a role. 

For example, under the co-culture conditions fibroblasts can also synthesize other heparin-

binding factors like pleiotrophin or stromal cell derived factor 1 and therefore influence 

keratinocyte differentiation (Florin et al., 2005). However the changes observed in this study 

are due to alterations in GAG fine structures caused by lack of DS-decorin, that negatively 

influence keratinocyte differentiation on wild-type 3D fibroblast cultures supporting our 

hypothesis that DS of decorin is playing an important role in wound healing.

In conclusion, ablation of DS-decorin leads to changes in the composition of CS/DS in skin, 

specifically causing a decline in 2-O sulfation, thereby altering the bioactivity of these 

GAGs, pivotal for keratinocyte proliferation and differentiation. The observation that Fgf7 
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and -2 bioactivity is affected by loss of DS in skin and in Dcn−/− fibroblasts 3D cell culture, 

together with fact that Fgf7 binding can be restored by addition of decorin proteoglycan, 

suggest that DS of decorin is the key molecular factor that triggers Fgf7 signaling and 

ultimately affects keratinocyte behavior.

4. Experimental Procedures

4.1. Decorin-null mice

Dcn−/− mice (Danielson et al., 1997) and wild-type mice were bred in the animal facility in 

accordance with the German Animal Protection Act (May 25th 1998) and were approved by 

LANUV, NRW, Germany.

4.2. Materials and Methods

The following primary antibodies were used: decorin LF113 (dilution 1:1000; polyclonal 

rabbit anti-mouse, Fisher et al., 1995), uronyl-2 O sulfotransferase UST D-20 (dilution 

1:500, Santa Cruz Biotechnology), collagen type I (dilution 1: 500; polyclonal rabbit; Acris), 

cytokeratin wide spectrum (dilution 1:250; Abcam), cytokeratin 10 (dilution 1:250; 

polyclonal rabbit; Abcam), involucrin (dilution 1:250 and 1:400; monoclonal mouse; 

Thermo Scientific), pERK1,2 and ERK1,2 (both dilution 1:1000; Cell Signaling). As 

secondary antibodies Alexa488 rabbit anti-mouse IgG (Molecular Probes, USA) in 1:400, 

Alexa647 goat anti-rabbit (Cell Signaling) and for immune blotting anti-rabbit HRP 

conjugated in 1:1000 were used. Decorin was purified from conditioned medium of human 

skin fibroblasts as described before (Rühland et al., 2007; Zamfir et al., 2009). The purity of 

decorin was verified by silver staining after SDS gel electrophoresis.

4.3. 3D cultures of decorin-null and wild-type fibroblasts

Skin fibroblasts were obtained from one-day-old Dcn−/− (Danielson et al., 1997) and wild-

type mice. Cells were cultured in modified Eagle’s minimum essential medium (MEM) with 

Earle’s salts supplemented with 10 % bovine serum (Biochrom, Germany), 2 mM glutamine 

and 100 U/ml penicillin/0.1 mg/ml streptomycin (PAA, Germany). Cells were used for the 

following experiments at passage 3 as described previously (Seidler et al., 2005; Rühland et 

al., 2007). Briefly, 200.000 cells/well were seeded confluent in a 24-well plate or 400.000 

cells/12 well (Falcon, Becton Dickinson, France) and after 24 h the medium was replaced 

with fresh medium containing 1 mM L-ascorbic acid 2-phosphate (Sigma, Germany) and the 

5 μg/ml decorin, or the medium. Cells were cultured for up to 14 days or the indicated time 

points and medium was changed every second day (Seidler et al., 2005; Rühland et al., 

2007). As control for primary wild-type fibroblasts we used 3T3 mouse fibroblasts (ATCC, 

VA, USA).

4.4. Isolation of epidermal keratinocytes and their cell culture

Primary keratinocytes were isolated from human infantile foreskin (Aasen and Izpisúa 

Belmonte, 2010). Skin was cut into 0.5 cm2 pieces and decontaminated for 2 h with MEM 

medium containing 25 mg/L Gentamicin and 25 mg/L Amphotericin. Dispase II treatment 

(0.5% in PBS, Roche, Germany) of the foreskin over night at 4 °C followed by digestion 

with trypsin-EDTA for 10 min at 37° C resulted in isolated keratinocytes. For the following 
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experiments keratinocytes were used in passage 2–3. Also experiments were performed with 

Celloneer® pooled human juvenile foreskin keratinocytes. The keratinocytes were cultured 

with Celloneer® medium (PAA).

4.5. Co-cultures of 3D fibroblasts and human primary keratinocytes

Fibroblasts were seeded and cultured for 14 days as described under 4.3 to synthesis and 

deposit their own collagen-rich matrix. ~105 primary keratinocytes (53.000 cells/cm2) were 

seeded in Celloneer® medium on top of the 3D fibroblasts matrices and cultured for 24 h. 

Co-cultures were treated with 0.1 μg/ml highly-sulfated wild-type and Dcn−/− CS/DS for 

72–144 h and monitored every 24 h. Finally, the co-cultures were paraffin embedded and 

sections analyzed for keratinocyte differentiation.

4.6. Immunofluorescence of 3D co-cultures sections

To determine differentiation of keratinocytes the 3D cell cultures were fixed and embedded 

in paraffin and cut into 4μm sections. De-waxed sections were fixed and blocked followed 

by incubation with antibodies against collagen type I (1:500), cytokeratin wide spectrum 

(1:250), cytokeratin 10 (1:250), involucrin (1:250) for overnight at 4°C. Positive cells were 

detected using the respective secondary fluorescence-conjugated antibody. To rule out 

unspecific binding of antibodies, negative controls without primary and/or secondary 

antibodies were performed, respectively. Nuclei were visualized by DAPI. To quantify the 

fluorescence signals of the keratinocyte markers, control sections were analyzed at different 

exposure times and gain settings and converted into grey scale. The final adjustment was an 

exposure time of 100 ms and a camera gain of 1. The areas of positively-stained 

keratinocytes were selected and fluorescence signals were quantified in 8-bit grey scale by 

surface blot of ImageJ software (rsb.info.nih.gov) (Jungmann et al., 2012; Seidler et al., 

2006; Parsons-Wingerter et al., 2005).

4.7. Western blot analysis for decorin, uronyl 2-O sulfotransferase and ERK signaling

Time course experiment (2–10 days) using wild-type fibroblast cultured in the presence of 

ascorbate 2-phosphate to generate their own collagen-rich matrix (Stock et al., 2011). 

200.000 cells/24-well were harvested at day 2, 4, 6, 8 and 10. Protein extracts of cultures 

separated under reduced conditions with a 4.5–15 % gradient SDS–gel and transfer onto a 

polyvinylidenedifluoride (PVDF) membrane. Membranes were blocked with 5% skim milk/

TBST for 1 h at RT followed by incubation with specific mouse polyclonal antibodies 

against decorin (a gift from Larry Fisher). 400.000 cells/12-well were used to determine Ust. 

Dermal extracts of Dcn−/− and wild-type newborn mice (Jungmann et al., 2012) were also 

analyzed for Ust expression. Membranes were incubated with anti-rabbit HRP-conjugated 

secondary antibodies and visualized by enhanced chemi-luminescence (Perkin-Elmer Life 

Sciences, Boston, MA) and monitored with Fusion-SL 4.2 MP (PeqLab, Erlangen, 

Germany). Blots were stripped with 100mM β-Mercapto-EtOH, 62.5 mM Tris-HCl and 2% 

SDS at 50°C for 30 min and reprobed with β-actin (1:1000) overnight at 4 °C as a loading 

control.

Human primary keratinocytes (26.000 cells/cm2) were cultured in 12-well plates as 

described in section 4.14. Sub-confluent cells were starved with MCDB 153 medium over 
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night followed by FGF7 or GAG treatment for 30 min. Cells were extracted with a lysis 

buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5 % Triton X-100, 5 mM EDTA) 

containing cOmplete Mini protease inhibitor and PhosSTOP Mini phosphatase inhibitor 

(both Roche). 10 μg protein lysates were subjected to SDS-PAGE (12%) followed by 

immune blotting with the following antibodies: anit-pERK1,2 and reprobed with anti-

ERK1,2 and β-actin detected with anti-rabbit HRP-conjugated secondary antibodies as 

describe for fibroblasts.

The co-cultures of keratinocytes and 3D fibroblasts as described above were treated with 

RIPA buffer and 4.2 μg of protein extract was used for analysis. For involucrin detection a 

specific antibody was used in a dilution of 1:400 and as a loading control blots were 

reprobed with β-actin (1:1000). The signal intensities of involucrin and human β-actin were 

quantified using ImageJ software.

4.8. Glycosaminoglycan extraction and characterization

GAGs from 3D cell cultures and male mouse skin postnatal stages 30, 45 and 75 mice (P30, 

45 and 75) were extracted after the modified protocol (Zamfir et al., 2012). Briefly, 3D 

cultures and skin samples, from the dorsum of male wild-type and Dcn−/− mice, were pre-

digested with collagenase B (1 mg/ml) for 24 h at 4°C, respectively. Proteoglycans were 

then extracted using guanidinium hydrochloride buffer (4 M guanidinium hydrochloride, 

0.05 M sodiumacetate, proteinase inhibitors, pH 6.0) by rotation at 4 °C until samples were 

completely dissolved. Lysates were centrifuged (30 min, 5000 rpm), diluted 1:10 with 

starting buffer (0.15 M NaCl, 0.02 M Tris HCl, pH 7.4, 1% Triton X-100) and pre-cleared 

by DEAE-Ceramic HyperD® F (Pall Life Science, France) anion-exchange-chromatography 

(Zamfir et al., 2009). CS/DS proteoglycans were eluted with the buffer 1 M NaCl, 0.02 M 

Tris HCl, pH=7.4, dialyzed against starting buffer and further fractioned by HPLC-DEAE 

(Seidler et al., 2002) or followed by β-elimination. CS/DS were concentrated using PEG 

20000 (Sigma) and dialyzed against ddH2O.

Glucuronic acid (HexA) concentration was determined in CS/DS extracts with carbazol 

reaction (Bitter und Muir, 1962). The total sulfate was quantified using the reaction 

described in (Held and Buddecke, 1966). Briefly, 100 μl of sample was hydrolyzed with 50 

μl of HCl (3 M) for 3 h at 110 °C and cooled to room temperature. Luviskol K90 (2 % 

(w/v)) and BaCl2 (1 % (w/v) in H2O) solution was prepared and added to the sample (100 

μl). After rigorous shaking, the reaction was incubated 30 min RT and measured at OD366 

using ammonium sulfate as standard (0–4 μM) (Herzog et al., 2011). β-elimination of the 

CS/DS was performed overnight at 37°C using 1:1:1 (v/v/v) solution of the sample, 1M 

NaBH4 and 1M NaOH. The reaction mixture was neutralized with acetic acid (1:10 (v/v)), 

diluted with starting buffer and purified with a 0.5 mL DEAE-Ceramic HyperD (Pall) 

column. Released CS/DS were eluted with 1 M NaCl and desalted. 10 μg CS/DS was 

depolymerized with 2 × 5 mU chondroitin AC I lyase (Seikagaku Kogyo, Tokyo, Japan) in 

200 μL 0.05 M Tris/HCl (pH 8.0), containing 0.06 M sodium acetate, 0.06 M NaCl, 0.01% 

BSA and 0.003 M NaN3 for 2 h at 37°C (Seidler et al., 2002). Oligosaccharides were 

fractionated on a Superdex Peptide HR10/30 column (Pharmacia, Freiburg, Germany) with 
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0.5 M NH4HCO3 at a flow rate of 0.5 mL/min (Zamfir et al., 2003). Disaccharide CS/DS 

peaks were pooled and subjected to MS analysis or AMAC derivatization.

4.9. Preparation of CS/DS disaccharides and derivatization with 2-aminoacridone

Ten μg of CS/DS were digested with 10 mU chondroitin ABC lyase (Seikagaku, Japan) as 

described previously (Seidler et al., 2002; Zamfir et al., 2003). Derivatization of the 

unsaturated disaccharides with 2-aminoacridone (AMAC) was performed by adding 5 μl of 

0.1 M AMAC in 15%/85% CH3COOH/DMSO solution. After incubation of 10 min at RT, 5 

μl of NaBH3CN (1 M) was added and incubated 16 h at 37°C. After filling up to 20 μl with 

DMSO/Glycerol/H2O solution (2:1:7 (v/v)) (Seidler et al., 2002; Herzog et al., 2011) the 

AMAC derivatized disaccharides were separated on a 30 % borat PAGE and visualized with 

UV-Transiluminator. As standard for disaccharides we used the unsaturated chondro-

disaccharide kit (Seikagaku Corp., Japan) containing Di0S, Di4S, Di6S, Di4,6S and Di2,6S. 

Furthermore, we used 10 μg CS6S (Sigma) treated as described above as a second standard. 

Photos were documented with the photo system (Biometra) and band intensities were 

quantified by ImageJ software.

4.10. mRNA extraction and quantitative Real-time PCR

For gene expression analysis fibroblasts were seeded in 24-well plates for indicated period 

of time (Greiner, Germany). Total RNA was extracted from fibroblasts at different time 

points using RNeasy Mini Kit and cDNA was synthesized from 2 μg of total RNA using 

Omiscript RT Kit (all: Qiagen, Germany). mRNA levels of target genes were quantified by 

Real-Time RT-PCR using an ABI PRISM 7300 Sequence Detector (Applied Biosystems) 

and MESA GREEN (Eurogentec, Germany). Amplification was performed in triplicate in a 

total volume of 25 μl. Raw data were normalized on geometric average of control genes 

(Vandesompele et al., 2002). The following primer sequences were used: ubiquitin c-F 5′-

GCC CAG TGT TAC CAC CAA G-3′; ubiquitin c-R 5′-CAC CAA AGA ACA AGC ACA 

AG-3′; biglycan-F: 5′-CCT GAG ACC CTG AAC GAA C-3′; biglycan-R: 5′-GTG ACC 

TAA GCC CAA CCT GT-3′; decorin-F 5′-TGAGCTTCAACAGCATCACC-3′; and 

decorin-R 5′-AAGTCATTTTGCCCAACTGC-3′. F-forward primer, R-reverse primer.

4.11. Cloning of SEAP-Fgf7 and SEAP-Fgf8

cDNA encoding murine Fgf7 (full length cDNA clone IRAKp961/20112Q) and murine Fgf8 

(full length cDNA clone) were purchased from imaGenes. To generate a fusion protein with 

soluble alkaline phosphatase at the N-terminus PCR fragments were generated with specific 

primers for Fgf7 or Fgf8 and introducing XbaI and EcoRV restriction sites. The PCR 

fragments were digested with XbaI and EcoRV and cloned into the vector gWIZ™SEAP 

(Gene Therapy Systems) digested with HpaI and XbaI. The plasmids were transformed into 

DH5α and selected with kanamycin.

4.12. Expression of SEAP fibroblasts growth factor fusion proteins and binding assays

HEK293 cells were transfected with Polyfect (Qiagen) and 1.5 μg cDNA for SEAP-Fgf-7, 

SEAP-Fgf-1 and SEAP-Fgf-8 in MEM containing 10% FBS according to the manufacturers’ 

instructions. 16 h after transfection the medium was changed to serum-free MEM and 
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incubated the following 24 h. Successful expression was monitored by alkaline phosphatase 

assay. AP-Fgf7 expression was confirmed by immune blotting after purification via heparin-

sepharose (data not shown). The conditioned medium of HEK293 cells containing the fusion 

proteins SEAP-Fgf7, SEAP-Fgf1 and SEAP-Fgf8 (Herzog et al., 2011) were used to test 

whether they bind to the CS/DS proteoglycans extracted from different stage of male mice 

skin (P30, P45, P60 and P75) and 3D fibroblasts cultures. As control 1% bovine serum 

albumin was used. Briefly, 50 ng proteoglycans were coated to Nunc MaxiSorp plates 

(Fisher Scientific, Germany) over night at 4 °C in coating buffer (50 mM NaCl, 100 mM 

Tris/HCl, pH 7.4). Plates were washed three times with Tris-buffered saline (TBS) and then 

blocked with 1% BSA/TBS for one hour at room temperature. SEAP-Fgfs containing 

conditioned medium (SEAP OD405~1.0) was applied and incubated for 2 hr at 37 °C in a 

binding buffer (150 mM NaCl, 20 mM Tris/HCl, pH7.4). To analyze the binding strength of 

Fgf7 to the GAGs, wells were incubated for 5 min with buffer containing 20 mM Tris/HCl 

and increasing concentration of NaCl (150 mM, 200 mM, 300 mM, 400 mM, 500 mM, 600 

mM, 800 mM and 1M). After washing with TBS, substrate p-nitrophenylphosphate (Sigma, 

Germany) in diethanolamine (2 mg/ml, pH 9.8) was added. The absorbance was measured at 

405 nm, 30 min after incubation at 37°C using ELISA reader Synergy HT (Biothek).

The cell surface binding assays were performed with confluent primary keratinocytes 

incubated with conditioned medium containing AP-Fgf7. The medium was supplemented 

with different concentrations of wild-type and Dcn−/− highly-sulfated CS/DS. Following 2 hr 

incubation cells were washed three times with PBS and the substrate solution was added. 

The absorbance was measured like described above.

4.13. Digoxigenin labeled FGF2 fibroblasts growth factor protein and solid-phase binding 
assays

Digoxigenin-conjugated FGF2 was prepared as described previously (Ashikari et al. 1995). 

Briefly, 10 μg of FGF2 (Sigma-Aldrich, Germany) in 0.2 M phosphate buffer, pH 8.5, were 

added into N-acetylated heparan sulfate and then mixed with 8.75 nmol of digoxigenin-3-O-

methylcarbonyl-ε-aminocaproic acid-N hydroxysuccinimide ester (Roche, Germany) in 

ethanol, followed by incubation for 2 h at room temperature. The Dig-FGF2 solution was 

purified with a 0.5 ml of heparin-Sepharose gel equilibrated with PBST containing 1 mg/mL 

BSA. Heparin-Sepharose gel was washed with 5 mL of PBST containing 1 mg/mL BSA. 

Dig-FGF2 was eluted with 2 mL of 2 M NaCl in PBST containing 1 mg/ml BSA and 

dialyzed overnight against PBS. Binding assay was performed as described for AP-Fgfs by 

incubation of the Dig-FGF2 (~10 ng) with the immobilized CS/DS for 2h at 37 °C. After 

washing with PBS, wells were blocked with 1 mg/ml BSA/PBS for 1 hr at 4 °C. The wells 

were washed and alkaline phosphatase-conjugated Fab fragments of the anti-digoxigenin 

antibody (1:1000) were added for 1 hr at room temperature. Unbound Fab fragments were 

washed with PBS/Tween 20 0.05% (v/v), and the alkaline phosphatase substrate was added 

for 30 min at 37 °C as described above. Statistical analyses were performed with GraphPad 

Prism 4, using Mann-Whithey t-test. Values of P<0.05 were taken as significant.
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4.14. Proliferation and metabolic activity of human primary keratinocytes

Primary human keratinocytes were seeded in 96-well plates and cultured as described above 

until 50–60% confluence. The medium was replaced by MCDB 153 (Biochrom, Germany) 

complete medium containing 0.001 to 5 μg/ml CS/DS GAGs. MCDB 153 complete medium 

was used as control, whereas Celloneer® medium was the positive control. BrdU labeling 

solution was added after 24 h for 16 h. BrdU cell proliferation ELISA was carried out 

according to the manufacturers’ instructions (Roche) and measured at 450nm with the 

ELISA reader Synergy HT. Results are expressed as one representative experiment as means

±SD. Three independent experiments in triplicates were performed. FGF7 stimulation was 

carried out with 5 ng/ml FGF7 (Sigma) in MCDB153 medium as descried previously 

(Trowbridge et al., 2002). 5–6 independent experiments were carried out in triplicates. Data 

were compared by non-parametric analysis (GraphPad Prism software) using the Mann–

Whitney t’test for independent groups. Metabolic activity was monitored by the MTT assay. 

Keratinocytes were seeded and treated with different GAGs as described above following 

incubation with MTT solution over night. The supernatant was removed and the crystals 

dissolved in DMSO followed by photometric measurements at 490 nm with the ELISA 

reader Synergy HT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SLRP small leucine-rich proteoglycan

Dcn−/− decorin-null mouse

GAG glycosaminoglycan

DS dermatan sulfate

CS chondroitin sulfate

Dcn mouse decorin gene

Fgf fibroblast growth factor

ECM extracellular matrix

EDS Ehler-Danlos syndrome

Dse1−/− Dermatan sulfate epimerase 1-null mice
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Highlights

➢ The CS/DS content of Dcn−/− skin is increased but less sulfated compared 

to wild-type.

➢ Dcn−/− CS/DS displayed a reduced Fgf7 and Fgf2 binding capacity.

➢ Dcn−/− CS/DS induced keratinocyte proliferation in contrast to wild-type 

CS/DS.

➢ In a co-culture system Dcn−/− CS/DS delayed keratinocytes differentiation.
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Fig. 1. 
Characterization of skin CS/DS at different stages of wild-type and Dcn−/− mice. GAGs 

were isolated from the back of adult male mice skin at different postnatal stages (P30, P45 

and P75) and analyzed for uronic acid and sulfate content of highly-sulfated CS/DS fractions 

(A and B). (A) Uronic acid content in the wild-type and Dcn−/− highly-sulfated CS/DS 

extracts at different stages (n=3; ***P<0.001). (B) The sulfate content of P30, P45 and P75 

highly-sulfated fractions of CS/DS of wild-type and Dcn−/− GAGs (n=3; **P<0.01). (C) 

Disaccharide analysis of the highly-sulfated fractions of CS/DS of wild-type and Dcn−/− 

GAGs derived from P30 and P45. GAGs were digested with chondroitin ABC lyase 

followed by AMAC labeling and separation by FACE-PAGE. (D) Quantification of the 

disaccharide composition was analyzed by ImageJ software (n=3 each 5–6 pooled skin). (E) 
Immune blot for uronyl 2-O sulfotranseferase (Ust) protein expression in wild-type and 

Dcn−/− newborn dermal extracts. (F) Immune blot for uronyl 2-O sulfotranseferase (Ust) 

protein expression in wild-type and Dcn−/− fibroblasts. As a positive control, 3T3 mouse 

fibroblasts were used with β-actin as a loading control (n=3).
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Fig. 2. 
AP-Fgf fusion proteins and their binding to highly-sulfated CS/DS from wild-type and 

Dcn−/− skin. Mouse alkaline phosphatase tagged growth factors (AP-Fgf1, AP-Fgf7 and AP-

Fgf8) and AP (gWIZ-SEAP) alone were incubated with immobilized mouse skin highly-

sulfated CS/DS GAGs derived from different stages (P30, 45, 75). (A) Binding of AP, AP-

Fgf1, AP-Fgf7 and AP-Fgf8 was evaluated by alkaline phosphatase assay, using 1% BSA as 

a negative and decorin derived from conditioned medium of skin fibroblasts (Herzog et al. 

2011) as positive control (mean ±SD; n=3; Mann-Whitney t-test; *P<0.05; **P<0.01). (B) 

FGF2 binding was determined with GAG extracts derived from P30, P45 and P75 using 

digoxigenin labeled FGF2 (Dig-FGF2) detected by alkaline phosphatase assay. 1% BSA was 

used as a negative and decorin derived from conditioned medium of skin fibroblasts as 

positive control (mean ± SD; n=2; *P<0.05).
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Fig. 3. 
CS/DS characterization in 3D fibroblasts cultures. (A) Decorin (Dcn) and biglycan (Bgn) 

expression was determined with qRT-PCR using cDNA derived from 3D cultures of wild-

type fibroblasts harvested at different time points. Ubiquitin C was used as an endogenous 

control. (B) Western blots of wild-type fibroblasts cultured for 2–10 days in the presence of 

ascorbate-2 phosphate using LF113 antibody (gift from Larry Fisher) to detect decorin (top 

panel) and β-actin as a loading control (bottom panel). (C) Total CS/DS extracts of Dcn−/−, 

Dcn−/− + decorin and wild-type fibroblasts were cultured for 14 days in the presence of 

ascorbate-2 phosphate. Total CS/DS extracts of 3D cultures were analyzed for uronic acid 

(n=3; each 2–3 pooled 6-wells). (D) Total sulfate content of the 3D culture CS/DS extracts 

(n=3; each 2–3 pooled wells). (E) Solid-phase binding assay of alkaline phosphatase tagged 

growth factors (AP-Fgf7 and AP-Fgf8) and total CS/DS extracted from 3D cultures. gWIZ-

SEAP was used as a negative control. Decorin derived from conditioned medium of skin 

fibroblasts was used as a positive control. Data are expressed as mean±SD of three 

experiment performed in duplicates with each 2–3 pooled 6-well plates of 3D cell cultures 

(number of experiments: n=3; *P<0.05; **P<0.01).
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Fig. 4. 
Binding properties and functional impact of FGF7 and GAGS on keratinocytes (A) Binding 

of AP-Fgf7 to the cell surfaces of human primary keratinocytes in the presence of 0.1, 0.5 

and 5 μg/ml CS/DS purified from wild-type and Dcn−/− P30 skin (data are expressed as 

mean±SD: n=3; *P<0.05; **P<0.01; ***P<0.001). Conditioned medium of gwizSEAP 

expressed in HEK 293 cells was used as a negative control (SEAP). (B) Proliferation of 

human primary keratinocytes in the presence of 0.1, 1 and 5 μg/ml wild-type and Dcn−/− P30 

CS/DS and 5 ng/ml FGF7 (data are expressed as mean±SEM: n=5–6 independent 

experiments performed in triplicates; *P<0.05; **P<0.01; ***P<0.001). (C) Dose response 

proliferation curve of human primary keratinocytes treated with highly-sulfated wild-type 

and Dcn−/− CS/DS (after β-elimination) determined by 16 h BrdU incorporation. Data are 

expressed as mean±SD of one representative experiment performed in triplicates and 

normalized to the control (number of experiments: n≥3; statistics for 5 μg/ml: n=7; 

**P<0.01). For statistical analysis Mann-Whitney t-test was used. (D) Influence of wild-type 

and Dcn−/− P30 highly-sulfated CS/DS GAGs on ERK1/2 activation. Keratinocytes were 

treated with 0.1, 1 and 5 μg/ml GAGs for 30 min and harvested with lysis buffer. 20 μg 

protein was analyzed by immune blotting for pERK1/2 and ERK1/2 protein expression. β-

actin was used as a loading control. Basal pERK1/2 expression was determined in non 

treated keratinocytes and Celloneer® growth medium (GM) treated cells were used as a 

positive control.
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Fig. 5. 
Characterization of co-cultures of 3D wild-type fibroblasts and human primary 

keratinocytes. Keratinocytes were seeded on 3D fibroblast cultures for 24 h following an 

incubation for 72–144 h. (A) Keratinocytes were visualized by hematoxylin and eosin 

(H&E) (bar=50μm) and by immune fluorescence using the keratinocyte marker pan keratin 

(green) and collagen I (red) staining of the fibroblast matrix. (B) Differentiation of 

keratinocytes on 3D cultures treated for with 0.1μg/ml P30 wild-type and Dcn−/− highly-

sulfated CS/DS monitored with markers: pan keratin (red), cytokeratin 10 (red) and 

involucrin (green). Fluorescence signals of pan keratin (n=19 images for each condition), 

cytokeratin 10 (n=19 images for the control and n=25 for the treated cultures) and involucrin 

(n=19 images for the control and n=27 for the treated cultures) were quantified (C) and 

normalized on the area of stained keratinocytes. Data are expressed as mean±SD (**P<0.01; 

***P<0.001). (D) The fluorescence analysis was supported by immune blotting of co-

cultures protein extracts as described in (B). Left panel: Representative blot μg protein 

lysates stained for involucrin and human β-actin (hβ-actin). Right panel: the quantification 

of 3 different experiments expressed as mean±SD (*P<0.05; Student’s t’test).
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Table 1

Highly-sulfated CS/DS P30 GAGs purified from Dcn−/− and wild-type mice

Chondroitin ACI lyase digested highly-sulfated Dcn−/− and wild-type CS/DS GAGs were fractioned on a 

Superdex Peptide column. The column was calibrated cytochrome C to determine V0 and glycin to determine 

Vt. Data represent CS/DS of 6 pooled skin.

Fraction Wild-type [%] Dcn−/− [%]

V0 14 17

Disaccharide 11 15

Tetrasaccharide 35 65

Hexasaccharide 40 3
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