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Abstract

Versican is a large extracellular matrix (ECM) chondroitin sulfate (CS) proteoglycan found in 

most soft tissues, which is encoded by the VCAN gene. At least four major isoforms (V0, V1, V2, 

and V3) are generated via alternative splicing. The isoforms of versican are expressed and 

accumulate in various tissues during development and disease, where they contribute to ECM 

structure, cell growth and migration, and immune regulation, among their many functions. While 

several studies have identified the mRNA transcript for the V3 isoform in a number of tissues, 

little is known about the synthesis, secretion, and targeting of the V3 protein. In this study, we 

used lentiviral generation of doxycycline-inducible rat V3 with a C-terminal tag in stable NIH 3T3 

cell lines and demonstrated that V3 is processed through the classical secretory pathway. We 

further show that N-linked glycosylation is required for efficient secretion and solubility of the 

protein. By site-directed mutagenesis, we identified amino acids 57 and 330 as the active N-linked 

glycosylation sites on V3 when expressed in this cell type. Furthermore, exon deletion constructs 

of V3 revealed that exons 11-13, which code for portions of the carboxy region of the protein (G3 

domain), are essential for V3 processing and secretion. Once secreted, the V3 protein associates 

with hyaluronan along the cell surface and within the surrounding ECM. These results establish 

critical parameters for the processing, solubility, and targeting of the V3 isoform by mammalian 

cells and establishes a role for V3 in the organization of hyaluronan.
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Introduction

Versican is a large extracellular matrix (ECM) chondroitin sulfate (CS) proteoglycan (PG) 

which is found in most soft tissues [1] and is synthesized by a variety of different cell types 

(see reviews [2–5]). In humans, it is coded from a single gene locus on chromosome 5q14.3 

[6]. Versican is essential in development, as it is necessary for guiding embryonic cell 

migration during formation of the heart [7–10] and for outlining the path for neural crest cell 

migration [11, 12]. Versican is also a key player in inflammation, interacting with adhesion 

molecules on the surfaces of inflammatory leukocytes [13–15] and with chemokines that are 

involved in recruiting inflammatory cells [15–18]. In normal tissues, versican content is low, 

but it increases in diseases of the vascular system and heart [5, 10, 19–21], lung [15, 22, 23], 

and in many forms of cancer [24, 25]. Inhibiting the accumulation of versican in the lungs of 

mice in a poly I:C-driven injury response significantly reduces the inflammation associated 

with this Toll-like receptor 3 (TLR3) agonist [26].

Versican is structured into multiple molecular domains (Fig. 1A). The amino-terminal 

globular domain (G1) contains two link modules and has the ability to bind hyaluronan (HA) 

[27]. The carboxy-terminal globular domain (G3) contains epidermal growth factor (EGF) 

repeats, a C-type lectin domain, and a complement regulatory protein (CRP)-like domain 

[28, 29]. This G3 domain is also highly interactive, binding cytokines, growth factors, and 

cell surface receptors as well as interacting with components of the ECM to regulate 

assembly and organization of the ECM. The middle region between the G1 and G3 domains 

of the versican core protein is encoded by two large exons that specify the CS attachment 

regions of versican [28, 29]. These CS chains interact with soluble factors, such as cytokines 

and growth factors, regulating cell growth and behavior [2]. The interactive nature of all 

three molecular domains of versican are the basis for the name given to this “versatile” 

molecule. Alternative splicing of the VCAN gene generates at least four major isoforms 

(V0, V1, V2, and V3), each of which is temporally and spatially regulated and distinguished 

by different arrangements of the CS chain attachment regions [30, 31]. The biological 

significance of alternative splicing for versican is yet to be determined.

The spatiotemporal expression patterns and accumulation of the larger isoforms (V0, V1, 

and V2) have been well characterized. V0 is transiently expressed at high levels during 

embryogenesis [32], whereas V1 is most abundant in adult tissues [33]. V1 is also the 

isoform most prominent in repair and remodeling associated with injury and disease [2], 

except for the nervous system where V2 is most abundant [4]. The V3 isoform, on the other 

hand, has been less well characterized due to its unique structure. V3 mRNA is expressed in 

a variety of tissues [4, 33], but detection of V3 protein in tissues or cells has been a 

challenge due to the lack of a functional antibody that specifically recognizes only V3 and 

not the other isoforms [34]. This challenge arises from the fact that V3 contains only the G1 

and G3 molecular domains common to all other versican isoforms but lacks a 
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glycosaminoglycan (GAG) binding domain. Other methods such as proteomic analysis have 

detected peptides of V3 protein made by primary human skeletal muscle cells [35]. Also, 

some success has been achieved in localizing V3 in tissues using tagged primer constructs in 

forced expression systems, such as in the myocardium proximal to the outflow track in 

developing heart [36], as well as in chondrogenesis [37].

Other studies demonstrated that expression of V3 can have prominent effects on the 

proliferation and migration of different cell types such as chondrocytes [37], arterial smooth 

muscle cells (SMCs) [38, 39], fibroblasts [40, 41], melanoma cells [42–44], and 

fibrosarcoma cells [45]. One particularly impressive consequence of expressing V3 in a 

variety of cells is the remodeling of the ECM, including promoting the synthesis of 

tropoelastin and the assembly of elastic fibers [40, 46–49]. Additionally, several point 

mutations in a splice acceptor site of the VCAN gene have been identified as the cause of 

erosive vitreoretinopathy and Wagner disease [50]. The most often detected exon 7 point 

mutation 1Z8861540309529236c.4004-5T→C, results in an imbalance of versican splice 

variants in the eye, with a strong expression of V2 and V3 and an insufficiency in expression 

of V0 and V1, indicating possible involvement of V3 in these diseases [51].

While there is abundant information on the expression and accumulation of the CS-

containing isoforms of versican, little is known about the V3 isoform. Therefore, in this 

study, we aimed to explore the synthesis, secretion, and processing of V3 in a mammalian in 
vitro system and to determine if V3 plays a role in the organization of HA at the surface of 

the cell and surrounding ECM. Using lentiviral generation of doxycycline (Dox)-inducible 

V3 expression in stably transduced NIH 3T3 cell lines, we demonstrated that V3 is secreted 

through the classical secretory pathway and uses N-linked glycosylation to establish efficient 

secretion and maintain solubility. We determined the active sites of N-linked glycosylation 

and established that exons 11-13 are critical for V3 secretion. Once secreted, V3 both 

associates with, and organizes, the HA present at the surface of the cell, as well as within the 

surrounding ECM. These results establish critical parameters for the processing, solubility, 

and targeting of this versican isoform and should enhance our ability to distinguish the 

specific roles of this enigmatic form of versican.

Results

V3 is secreted through the classical secretory pathway

Due in part to its low level of expression under normal conditions and a lack of effective 

specific immunohistochemistry (IHC) tools, native V3 has yet to be specifically located in 

cells and tissues. However, viral expression systems using C-terminally tagged V3 result in 

the protein being localized to the extracellular space [36, 37], supporting the speculation that 

V3 is secreted in the same manner as the other versican isoforms. Therefore, to more 

specifically determine the synthesis and secretion mechanisms, as well as the cellular 

localization of V3, we employed a lentiviral approach to generate a stable cell line which 

overexpresses rat V3. Initial attempts to create stable cell lines constitutively expressing V3 

driven by viral (cytomegalovirus [CMV], spleen focus forming virus [SFFV]) or mammalian 

(EF-1 alpha) promoters using lentiviral transduction were unsuccessful. After strong initial 

expression, the polyclonal lines showed a rapid loss of V3 expression, even under persistent 
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and stringent selection pressure, resulting in almost undetectable protein levels after two to 

three weeks (data not shown). This made achieving consistent levels of V3 expression 

between experiments impossible. Therefore, to achieve greater control over V3 expression 

levels, a tetracycline-inducible expression system with constitutive co-expression of the 

selection marker hygromycin (pSLIK-Hygro) was used [52]. NIH 3T3 fibroblasts were 

transduced with pSLIK-rV3-Hygro (Fig. 1B) or pGL11-rV3-GFPzeo (Fig. 1C) and were 

induced to express c-terminal hemagglutinin-tagged (Hag-tag) V3 with doxycycline (Dox). 

Consistent levels of V3 mRNA were apparent up to 8 days after each induction with Dox 

(Fig. 1D).

In order to determine whether V3 is secreted through the classical secretory pathway, V3-

expressing cells were treated with Brefeldin A (BrefA). BrefA inhibits protein transport 

from the endoplasmic reticulum (ER) to the Golgi indirectly by preventing the formation of 

COPII-mediated transport vesicles, thereby preventing the movement of secretory proteins 

out of the ER. Secretion of V3 into the culture medium in response to Dox treatment was 

detected via western blotting using an antibody directed against the c-terminal Hag-tag. As 

expected, when the cells were treated with Dox alone, V3 protein could be detected (Fig. 

2A), however treatment of Dox-induced cells with BrefA inhibited the secretion of V3 into 

the culture medium. In the absence of Dox treatment, no secreted V3 protein could be 

detected.

The presence of V3 protein in the ECM was confirmed by IHC using the same antibody 

against the c-terminal Hag-tag (Fig. 2B–F). NIH 3T3 cells were grown on glass coverslips 

and treated with and without Dox and BrefA, as described above. The cells were then 

probed for Hag-tagged V3 (orange) and F-actin (green), and the nuclei were counterstained 

(blue). The untreated cells showed no positive staining for V3 (Fig. 2B), whereas the Dox-

induced cells showed a strong extracellular staining of secreted V3 (Fig. 2C, E). This 

prominent extracellular V3 staining could not be observed in the BrefA-treated cells, where 

positive V3 staining could only be detected in intracellular vesicles, confirming retention in 

the ER/Golgi (Fig. 2D, F). These results support the conclusion that V3, similar to other 

versican splice variants, is secreted via the classical secretory pathway into the extracellular 

space, where it remains soluble such that it can be detected in conditioned culture media.

G3 domain contains critical elements for V3 expression and secretion

To determine which exons are critical for generating soluble, secreted V3 in stable NIH 3T3 

cell lines, we tested different exon-deletion mutants expressed using the same Dox-inducible 

lentiviral system as described for the native, full-length rat V3, including the addition of the 

c-terminal Hag-tag for detection. The mutants generated by site-directed mutagenesis of 

native V3 contained deletions of exon 3 (rE3), exons 4-6 (rE456), and exons 11-13 (rE1113) 

(Fig. 3A) and expressed similar levels of mRNA under Dox-induced conditions (not shown). 

As anticipated, full length V3 protein was expressed and was present in both the cell layer 

and the conditioned media, as were mutants rE3 and rE456 (Fig. 3B, C, respectively). Only 

rE1113 failed to express any V3 protein, indicating that these exons, as part of the G3 

domain of the molecule, contain critical elements for successful V3 protein expression and 
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secretion. More in depth analysis of the G3 domain will determine the specific sequences 

critical for effective navigation through the secretory pathway.

V3 is N-glycosylated

Since the lack of GAG side chains on V3 does not affect either its secretion or solubility, we 

next determined the glycosylation status of V3. Attempts to express V3 in a bacterial system 

in which proteins are not glycosylated resulted in the production of a completely insoluble 

product located exclusively in the inclusion bodies (Suppl. Fig. 1). The primary amino acid 

sequence of V3 predicts that it is likely N-glycosylated, however this is the first attempt to 

experimentally determine its specific glycosylation pattern.

In order to test if V3 is N-glycosylated, tunicamycin (Tun) was used to block N-

glycosylation during V3 synthesis. Tun inhibits, among others, the enzyme GlcNAc 

phosphotransferase, which catalyzes the transfer of N-acetylglucosamine-1-phosphate from 

UDP-N-acetylglucosamine to dolichol phosphate in the first step of glycoprotein synthesis. 

In this experiment, V3 expression was induced in V3-transduced NIH 3T3 fibroblasts by 

treatment with Dox, with or without addition of Tun. Cellular V3 protein was detected via 

western blotting with an antibody directed against the c-terminal Hag-tag. We found that 

cells treated with Dox and Tun express V3 at a lower molecular weight than that which is 

made by cells treated with Dox alone (Fig. 4A), indicating that N-glycosylation was 

successfully blocked. A portion of the V3 produced was also found in higher molecular 

weight bands which we have interpreted to be multimers of V3 (Fig. 4A, lanes 2 and 3) and 

are also reduced in size following Tun treatment. These results support an involvement of N-

linked glycosylation when V3 is expressed in a mammalian system, as predicted.

We further investigated whether V3 is O-glycosylated. Cellular protein harvested from V3-

expressing NIH 3T3 fibroblasts was subjected to enzymatic deglycosylation with PNGase F, 

sialidase, and O-glycanase for 24 h (Fig. 4B). Western blotting and antibody detection 

against the c-terminal Hag-tag revealed that enzymatic removal of all N-glycosylation 

moieties with PNGase F reduces the V3 band by approximately 6 kDa compared to non-

digested cell lysate from Dox-induced cells. No further shift in the V3 band size was 

detected after digestion with sialidase and O-glycanase in combination with PNGase F, 

indicating that V3 is exclusively N-glycosylated in this expression system.

N-glycosylation enhances V3 secretion

Transduced NIH 3T3 cells were grown on glass coverslips treated with Dox to induce V3 

expression and Tun to block N-glycosylation. Using an immunocytochemical approach, the 

cells were probed for Hag-tagged V3 (red), F-actin (green), and nuclei (blue) (Fig. 5A–C). 

Cells receiving Dox showed strong positive extracellular V3 staining (Fig. 5B; orange). 

When the cells were treated with both Dox and Tun (Fig. 5C), the extracellular staining 

pattern for V3 was minimally altered, suggesting that V3 was reaching the outside of the 

cell. However, cells transduced with a lentivirus engineered to maximize secreted 

recombinant protein (Fig. 1C) still showed a slight 12% reduction in secreted V3 in the 

presence of Dox and Tun, compared to Dox alone, as measured by digital pixel densitometry 

of the western blot (Fig. 5D). These data indicate that N-glycosylation is not essential for 
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extracellular targeting of V3, but does have an impact on the quantity of protein secreted 

from the cell, which could suggest an impact on protein stability and/or solubility.

Native V3 is N-glycosylated at amino acids 57 and 330 in the G1 domain

As the Tun treatment of the cells revealed that V3 is N-glycosylated, we wished to determine 

the exact location of the glycosylation sites. Sequence analysis of full-length rat V3 revealed 

that it contains a total of twelve possible N-glycosylation sites. Three of these sites, at amino 

acid (AA) positions 57, 330, and 613 relative to the initial methionine, were predicted to be 

highly likely N-glycosylation sites by NetNGlyc, a web-based N-glycosylation prediction 

algorithm (Suppl. Fig. 2). Of these predicted attachment sites, only AA position 57 was 

expected to be glycosylated by two other prediction algorithms (GlycoEP and NGlycPred).

To determine if AA position 57 is the only N-glycosylated attachment point, rat V3 was 

mutated at position 57 from an asparagine to a glutamine (N57Q) and expressed in Dox-

inducible NIH 3T3 fibroblasts. As a comparison, we also mutated AA 330 in the same 

fashion (N330Q). When cell lysates from Dox-treated cells were analyzed by western 

blotting, mutant N57Q V3 ran at a lower apparent molecular weight compared to native V3, 

indicating that this is indeed an active N-glycosylation site (Fig. 6). Further treatment of the 

N57Q mutant with Tun resulted in a V3 band of even lower molecular weight, suggesting 

that V3 is glycosylated at more than just AA 57. Similar results were found with the N330Q 

V3 mutant, indicating that V3 is N-glycosylated at both sites.

Total inhibition of glycosylation with Tun treatment resulted in a modest reduction in the 

production (1.8–5.3-fold; Figs. 4A and 6) and secretion (0.12–1.9-fold; Figs. 5D and 7A) of 

native V3 as measured by western blot densitometric analysis. However, in the absence of 

Tun treatment, even partial loss of N-glycosylation was able to reduce cellular production as 

well as secretion of V3. Cell lysates from N57Q and N330Q mutants displayed a reduction 

in overall V3 production (2.2- and 11.8-fold, respectively; Fig. 6, lanes 5 and 8), suggesting 

that N-glycosylation is important for protein stability during processing. Furthermore, 

western blotting demonstrated a marked reduction in soluble V3 in the conditioned media of 

the N57Q and N330Q mutant V3 cultures (10.2- and 37.6-fold, respectively; Fig. 7A, lanes 

5 and 8). Dox-induced cells, grown on coverslips and probed for Hag-tagged V3 (red) 

clearly demonstrate this marked reduction in V3 production and secretion by the 

glycosylation mutants compared to native V3 (Fig. 7B), which manifested as reduced 

accumulation of V3 in the extracellular space. Further treatment with Tun for 24 h nearly 

abolished the presence of pericellular V3 in the glycosylation mutant cultures (Fig. 7A, lanes 

6 and 9; and Fig. 7B, right panels). Taken together, these results demonstrate that V3 is N-

glycosylated at multiple sites in its G1 domain and that proper glycosylation at these sites is 

necessary for maximal secretion of the protein into the ECM.

Expression of V3 increases the amount of exogenous HA bound at the cell surface

V3 has the same G1 domain common to all versican splice variants, containing link domains 

that allow versican to bind HA, which is an important process for ECM organization during 

development, inflammation, and disease progression [2, 15, 16, 22]. However, the specific 

ability of V3 to bind HA has not been previously demonstrated and it is unknown if the close 
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proximity of the G3 domain to the G1 domain in V3 has an impact on the ability of the G1 

domain to actively bind HA.

In order to determine the binding capacity of V3 for HA, NIH 3T3 cells transduced with 

native V3 were grown on glass coverslips for 24 h in the presence or absence of Dox and 

incubated with high molecular weight HA (> 106 kDa) labeled with fluorescein for an 

additional 24 h. In the absence of Dox, no positive staining for V3 (red) was detected, as 

expected, and the exogenous HA (green) was not retained in the pericellular ECM (Fig. 8A, 

C). In contrast, when the cells were treated with Dox to induce V3 expression, the 

pericellular ECM showed a bright, positive co-staining for V3 and HA confirming that the 

link domains in the G1 region of V3 retain their ability to bind and organize HA near the cell 

surface. Cells expressing N57Q glycosylation mutant V3, which secreted ~10-fold less V3, 

did not retain any more HA at the cell surface than the – Dox controls, which expressed no 

V3 (Fig. 8B, D), indicating that the quantity of secreted V3 had a direct impact on the ability 

of the cells to organize the exogenous HA in their pericellular ECM. Whether the lack of 

glycosylation also impacted the ability of V3 to bind HA could not be determined using this 

approach.

Discussion

In this study, we used lentiviral generation of Dox-inducible V3 with C-terminal Hag-tag in 

NIH 3T3 stable cell lines to demonstrate that V3 travels through the classical secretory 

pathway to the extracellular space and uses N-linked glycosylation to establish efficient 

secretion and stability. By site-directed mutagenesis, we verified predictions that AA 57 and 

330 are active N-linked glycosylation sites in V3 and that loss of glycosylation at either site 

markedly reduced V3 production and secretion. Furthermore, exon deletion constructs 

revealed that exons 11-13, which encode the lectin binding region of the G3 domain, were 

essential for V3 processing and secretion. Once outside the cell, V3 associates with HA in 

the pericellular matrix. Hyaluronan is a critical component influencing cell phenotype in 

development and disease [53, 54]. These results establish critical parameters for proper 

processing and targeting of the versican V3 isoform in mammalian cells.

Although V3 contains no GAG chains, and is N-glycosylated, it should technically be 

considered a glycoprotein. However, as it is an isoform of versican, it is commonly grouped 

with PGs and is characterized as such [34]. RNA splicing of versican occurs in the two large 

exons, 7 and 8, which encode the GAG attachment regions, giving rise to the distinct 

isoforms of versican [31]. These variants differ in the length of their core proteins and 

number of attached GAGs [55]. Regulation of versican core protein and CS GAG synthesis 

can be transcriptional [56] or post-transcriptional [56–58] and may involve similar or 

different signaling pathways regulating core protein and CS synthesis independently [57]. 

The majority of studies have focused on the synthesis and secretion of the CS-carrying 

isoforms of versican, V0, V1, and V2. The fact that V3 contains no CS chains indicates that 

this isoform may be regulated and function very differently than the other isoforms.

We and others have shown that V3 expression by a variety of cell types induces significant 

changes in cell phenotypes. For example, V3 expression significantly decreased proliferation 
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of melanoma cells and cardiomyocytes [36, 42–44] and increased cell-cell association [36]. 

In melanoma cells, this reduction in cell proliferation was partly due to the inhibition of 

EGF-dependent signaling pathways [42, 43]. In Splotch mice, which have mutations in the 

Pax3 gene, defective neural crest migration was associated with altered expression of V3 

[11, 59]. In chondrocytes, V3 expression reduced the expression of aggrecan, the principal 

PG present in cartilage [37]. Expression of V3 in tumor cells in a fibrosarcoma tumor model 

inhibited tumor cell growth [45]. Similarly, we have shown that controlled expression of V3 

alters phenotypes of fibroblasts and arterial SMCs such that cell growth and migration are 

reduced while cell adhesion is enhanced [39, 40, 48].

Moreover, V3 expression in arterial SMCs induced a significant change in ECM 

composition, including a comcomitant reduction in the production of the larger V0/V1 

isoforms of versican and HA, as well as an increase in elastic fiber deposition [39, 40, 46, 

48]. One potential consequence of this altered ECM is the finding that V3-expressing arterial 

SMCs exhibit a reduced capacity to bind monocytes both in vitro and in vivo [47], by 

altering TGFβ-, EGF-, and NFκB-dependent signaling pathways [46]. Despite these 

mechanistic and functional experiments, definitive data showing V3 protein secretion and 

localization in these experimental systems has been lacking.

V3, like other members of the lectican family of PGs, which includes versican, aggrecan, 

brevican, and neurocan, is characterized by having N-terminal (G1) and C-terminal (G3) 

globular domains, with variable GAG attachment domains in between [60]. The V3 

molecule consists of the N- and C-terminal globular domains of versican spliced together 

with the variable region of protein carrying the CS chains spliced out [34]. The globular 

domains of the lecticans each have distinctive motifs with their own folded structures [61, 

62]. The G1 domain contains two PG binding tandem repeats and one immunoglobulin 

motif [63]. The folded domain in the tandem repeat of G1 defines the HA binding site [64]. 

This site engages HA after the PG is secreted. The G3 domain bears homologies to EGF, C-

type lectin and sushi or CRP [65, 66] with the number of EGF repeats variable among the 

lecticans. A number of early studies showed that each of the globular domains can have 

different activities [61, 62, 67–70]. For example, the importance of the globular domains of 

the lecticans was recognized in nanomelia, a lethal autosomal recessive mutation in chickens 

caused by a premature stop codon in aggrecan. The truncated aggrecan protein accumulates 

within the cell due to the absense of the G3 domain [68, 70]. Other studies have focused on 

the importance of the globular domains in the secretion of aggrecan and versican. In vitro, 
the G1 domain tended to inhibit secretion, while G3 tended to promote secretion [61, 62, 67, 

69, 71]. Our findings in the current study highlight exons 11–13 of V3, which code for a 

portion of the C-type lectin domain, as critical for V3 secretion and processing. This finding 

supports the importance of this portion of the G3 region in facilitating versican secretion 

similar to what has been reported for aggrecan [71]. Likewise, the loss of exon 3 in the G1 

region enhanced V3 secretion, verifying that this region of G1 inhibits secretion. The 

mechanisms by which these regions modulate V3 secretion are still being elucidated.

Exon 3 encodes the Ig-like domain (Fig. 1). Hatano et al. postulated that this region was 

involved in versican aggregation and essential for proper heart development [72]. However, 

we propose that its role in V3 may be different, as the cell layer of the rE3 mutant clearly 
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demonstrates the presence of higher molecular weight bands (Fig. 3B) similar to those seen 

with cellular and secreted native V3 (Figs. 4A and 7A) which are of the correct molecular 

weight to be multimers of V3. The apparent increase in production and secretion of the rE3 

mutant can be due to a multitude of factors including increased rate of protein production, 

enhanced protein stability and/or reduced protein breakdown. Further analysis will be 

needed to fully understand the function of exon 3 in regulating V3 production and secretion.

When expressed independently, the two globular domains of versican appear to have 

different effects on cellular phenotypes such as influencing cell proliferation, migration, and 

cell survival [2, 71, 73–76]. Interestingly, when expressed separately in cultured cells, the 

G1 and G3 domains each promote proliferation [76, 77]. In contrast, expressing V3, which 

contains the G1 and G3 domains linked together, reduces proliferation [39]. Such opposing 

activities between individually expressed domains and intact V3 may also have an impact on 

inflammation. For example, through its ability to self-associate into multimers via 

intermolecular disulfide bonds, G3 expression enhances the production of an ECM which 

promotes leukocyte interaction and aggregation [74]. Contrastingly, we have shown that 

expression of intact V3 organizes an ECM which resists leukocyte binding and dampens 

inflammatory signalling [46, 47, 49].

In other ways, the individual globular domains have activity similar to intact V3 while 

opposing the activity of full-length, CS-containing forms of versican. Recently, we found 

that adding recombinant G1 to dermal fibroblast cultures promoted the formation of cable-

like structures of HA, whereas V0/V1 had no effect on HA organization [78]. Our data 

presented herein likewise show that expression of V3 enhances HA organization at the cell 

surface. Furthermore, we have previously shown that V3 expression reduces the expression 

and accumulation of the CS-containing isoforms of versican, V0/V1 [46], which may be a 

partial explanation for the opposing effects that V3 and V0/V1 have on cell phenotypes. 

Also, the tendency of V3 to self aggregate points to the possibilty that V3 directly interacts 

with other versican isoforms, and perhaps other lecticans, thus altering the organization of 

the ECM and changing its interaction with the cell.

The importance of N-linked glycosylation of glycoproteins is well established [79–83]. 

However, little is known about the importance of N-linked oligosaccharides in the 

processing and trafficking of PGs. Our earlier studies revealed that the protein core of the 

CS-carrying isoforms versican, V0 and V1, also contained N-linked and O-linked 

oligosaccarides in addition to the CS GAG chains [84], but it was not clear at the time if the 

V3 isoform contained N- and O-linked sugars. It was also not clear what role these N- and 

O-linked oligosaccharides played in the processing and trafficking of V0/V1. The results 

from the current study clearly establish that V3 does contain N-linked sugars but not O-

linked sugars and that the N-linked sugars have a role in establishing proper trafficking and 

stability of this isoform. Previously, Yang et al. [85] suggested that a truncated portion of G1 

containing the HA binding domain expressed alone in COS-7 cells might be glycosylated in 

some form based on western blot data, without confirming such. Interestingly, Seyfried et al. 
[86] showed that N-linked glycosylation of G1 was not necessary for binding to HA or for 

the formation of ternary complexes; however we find that it does appear to be neccessary for 

efficient secretion. It remains to be determined if this is a general property of all versican 

Harten et al. Page 9

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isoforms, or whether it reflects differences in the structure of the isoforms which relate to 

differences in function.

While it is well known that the CS-bearing isoforms are degraded by a variety of proteases, 

V3 lacks consensus sequences for the major proteases that degrade versican, the ADAMTS 

(a disintegrin and metalloproteinase with thrombospondin motifs) proteases [87]. The major 

versican cleavage product generated by ADAMTS1 has been termed versikine [88], which 

has proinflammatory activity via its ability to stimulate production of IL-1β, IL-6 and CCL2 

[89, 90]. Whether V3 is non-cleavable awaits further study, however should this be the case, 

there are interesting possibilities for V3 to be an effective therapeutic reagent. In fact, as the 

CS-containing variants of versican are emerging as potential targets for therapeutic 

intervention across a variety of conditions, V3 acts to counter pathological changes induced 

by the parent GAG-containing versican isoforms, V0, V1 and V2, highlighting the potential 

therapeutic importance of V3 in the treatment of disease [16, 22, 49, 91].

Experimental Procedures

Plasmid construction

The open reading frame of rat V3 (NM_001170559.1) was PCR-amplified with primers 

rV3SpeIF and rV3XbaIR (Table 1) introducing SpeI and XbaI restriction sites and a c-

terminal Hag-tag and cloned into pEN_TTGmiRc2 (Addgene #25753) cut with SpeI and 

XbaI to remove the green fluorescent protein and CDDB. The resulting expression cassette 

consisting of the TRE-tight promoter and rV3 flanked by attL sites was cloned into pSLIK-

Hygro (a gift from Iain Fraser; Addgene #25737) by gateway cloning to produce pSLIK-

rV3-Hygro (Fig. 1B). This construct was further modified to generate the pGL11-rV3-

GFPzeo configuration (Fig. 1C) by inserting a Gateway destination cassette amplified from 

pSLIK-Hygro into the pCVL-A backbone (a generous gift from David J. Rawlings of Seattle 

Children’s Research Institute) upstream of the SFFV promoter [52, 92]. The third generation 

doxycycline reverse transcriptional transactivator (rtTA3) from pSLIK-Hygro was linked to 

a GFP Sh ble fusion protein (conferring Zeocin resistance; GFPzeo) using the P2A peptide 

and cloned downstream of the SFFV promoter using XhoI and XbaI restriction sites [93]. To 

confer additional resistance to silencing of the tetracycline-inducible CMV promoter, a 

minimal matrix attachment region (MAR) derived from the Ig kappa locus and the murine 

anti-repressor element 40 (ARE) residing upstream of the IL17R gene were fused and 

inserted upstream of the attR site by In-Fusion® cloning (Clontech) [94, 95]. All plasmid 

and insert sequences were verified by sequencing. Plasmids and plasmid sequences are 

available from the authors upon request.

All exon deletion and asparagine-to-glutamine mutants of rat V3 were generated by PCR 

using the Agilent QuikChange Mutagenesis Kit. Because the N- and C-terminal sequences 

are retained in all deletion construct primers, rV3SpeIF and rV3XbaIR (Table 1) were used 

to amplify and subclone the deletions shown in Figure 3 with the same strategy that was 

used for the full length V3.
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Viral production and transduction

HEK 297 LTV cells (Cell BioLabs) were plated 48 h prior to transfection in Dulbecco’s 

modified Eagle medium high glucose supplemented with non-essential amino acids, Gluta-

MAX, pen-strep antibiotics (Life Technologies) and 10% v/v fetal bovine serum (FBS; 

Atlanta Biologicals) (DMEM 10%). Cells were transfected with 25 kDa PEI-based 

transfection reagent (made in-house) and a mixture of the transfer vector, psPAX2 and 

pMD2G at a ratio of 3:2:1. Transfected cells were cultured in DMEM 10% supplemented 

with 8 mM butyrate overnight (~16 h), and then cultured further in DMEM 10% with 1 mM 

butyrate for an additional 24 h. The virus-containing conditioned media was harvested and 

cells and debris were removed by centrifugation. Virus was concentrated by centrifugation at 

13,000 x g through a 10 % sucrose cushion for 4 h and transferred to target cultures of 50% 

confluent NIH 3T3 cells in DMEM 10% supplemented with 1 mg/ml Synperonic F-108 and 

5 μg/ml DEAE-dextran for 6–12 h. Successfully transduced cells were then selected with 

500 μg/ml hygromycin for 7 days.

Cell culture

NIH 3T3 cells (ATCC) transduced with pSLIK-rV3-Hygro were grown in DMEM 10% and 

induced to express Hag-tagged rV3 by treatment with 500 ng/ml Dox (Sigma-Aldrich) for 

48 h. In some experiments, movement of secreted proteins through the secretory pathway 

was inhibited with the addition of 50 μM BrefA (Sigma-Aldrich) to the culture medium 

together with Dox for 24–48 h. In an independent set of experiments, N-glycosylation was 

blocked by the addition of 10 μM Tun (Sigma-Aldrich). Fluoresceinated HA was added to 

some cultures at a concentration of 1 μg/ml.

Western blotting

Cells were lysed in Laemmli buffer containing 100 mM DTT and equal protein amounts for 

each condition were separated on 10% SDS-PAGE gels. Volumes of conditioned media 

normalized to equal cellular protein were ethanol precipitated, dissolved in Laemmli buffer 

containing 100 mM DTT and separated on 10% SDS-PAGE gels. After semi-dry transfer of 

protein gels to nitrocellulose, membranes were blocked with 1% fish serum [96] in Tris-

buffered saline containing 0.02% Tween 20 (TBST) and incubated with polyclonal rabbit 

anti-Hag-tag antibody (1:3000; Sigma-Aldrich) and, in the case of cell layer protein, mouse 

anti-β-actin (1:4000; Abcam) at 4 °C overnight. Membranes were washed three times in 

TBST and incubated with fluorescently-labeled secondary antibodies (1:20,000; Li-Cor 

Biosystems) for 1 h. Membranes were washed again and scanned in a Li-Cor Odyssey CLx. 

Desitometric analysis of Hag-tag-positive V3 bands was carried out using the Image Studio 

software provided by Li-Cor. Cellular protein loading was normalized to β-actin.

Enzymatic digestion of glycans

Cultures of V3-expressing cells were lysed with RIPA buffer, and 100 μg of total protein 

were subjected to deglycosylation with PNGase F, sialidase and O-glycanase (ProZyme) 

under denaturing conditions for 24 h according to the manufacturer’s instructions. After 

enzymatic digestion, samples were analyzed for V3 via western blotting using the anti-Hag-

tag antibody.
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Gene expression analysis

Cultured cell monolayers were lysed in 0.5 ml Trizol followed by the addition of 0.1 ml 

chloroform and vigorous mixing. The solution was incubated at room temperature for 5 min 

and spun at 14,000 RPM for 10 min at 4 °C. The aqueous phase was collected, mixed with 

equal volume of 70% ethanol, and RNA was purified using EconoSpinTM columns (Epoch 

Life Science). cDNA was prepared from the isolated RNA with a High Capacity cDNA 

Reverse Transcription Kit (Life Technologies) according to manufacturer’s instructions. 

Real-time PCR was carried out with SYBR Select Master Mix (Life Technologies), as 

directed by the manufacturer, on an Applied Biosystems 7900HT Fast Real-Time PCR 

System. For each sample, assays were run as technical duplicates. cDNA levels were then 

expressed as estimated copy numbers of mRNA using the master-template approach [97]. 

SYBR® primer information is listed in Table 2.

Immunocytochemistry

Cells were grown on glass coverslips and fixed with neutral buffered formalin (NBF) for 2 h. 

Cells were washed with TBST and stained with a polyclonal rabbit anti-Hag-tag antibody 

(1:1000; Sigma-Aldrich). Alexa fluor-labeled secondary antibodies were obtained from Life 

Technologies. Affinity histochemistry of HA was performed with biotinylated HA binding 

protein (made in-house according to the method of Green SJ et al. [98]; and used at a 

concentration of 3 μg/ml), and detected with Alexa fluor-labeled streptavidin (1 μg; Life 

Technologies). For standard fluorescence microscopy, nuclei were labeled with DAPI 

(ThermoFisher), for images taken with a confocal microscope (Leica TCS SP5), TO-PRO 

(Life Technologies) was used instead of DAPI.

Web-based N-glysosylation site prediction

Rat V3 protein sequence (NP_001164030.1) was analyzed by NetNGlyc (www.cbs.dtu.dk/

services/NetNGlyc/), GlycoEP (www.imtech.res.in/raghava/glycoep/), and NGlycPred 

(https://exon.niaid.nih.gov/nglycpred/) to determine the sites most likely to be N-

glycosylated.

Supplementary Material

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

AA amino acid

BrefA Brefeldin A

CMV cytomegalovirus

CRP complement regulatory protein

CS chondroitin sulfate

DMEM Dulbecco’s modified Eagle medium

Dox doxycycline

ECM extracellular matrix

EGF epidermal growth factor

ER endoplasmic reticulum

FBS fetal bovine serum

G1 amino-terminal globular domain of versican

G3 carboxy-terminal globular domain of versican

GAG glycosaminoglycan

HA hyaluronan

Hag-tag hemagglutinin-tagged

IHC immunohistochemistry

NBF neutral buffered formalin

PG proteoglycan

SFFV spleen focus forming virus

SMC smooth muscle cell

TBST Tris-buffered saline with Tween

TBS Tris-buffered saline

Tun tunicamycin

References

[1]. Bode-Lesniewska B, Dours-Zimmermann MT, Odermatt BF, Briner J, Heitz PU, Zimmermann 
DR, Distribution of the large aggregating proteoglycan versican in adult human tissues, J. 
Histochem. Cytochem 44 (1996) 303–12. [PubMed: 8601689] 

Harten et al. Page 13

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[2]. Wight TN, Kinsella MG, Evanko SP, Potter-Perigo S, Merrilees MJ, Versican and the regulation of 
cell phenotype in disease, Biochim. Biophys. Acta 1840 (2014) 2441–51. [PubMed: 24401530] 

[3]. Zimmermann D, Versican, in: Iozzo R (Ed.), Proteoglycans: Structure, Biology and Molecular 
Interactions, Marcel Dekker, Inc, New York, 2000, pp. 327–341.

[4]. Zimmermann DR, Dours-Zimmermann MT, Extracellular matrix of the central nervous system: 
from neglect to challenge, Histochem. Cell Biol 130 (2008) 635–53. [PubMed: 18696101] 

[5]. Karamanos NK, Theocharis AD, Neill T, Iozzo RV, Matrix modeling and remodeling: A biological 
interplay regulating tissue homeostasis and diseases, Matrix Biol. 75-76 (2019) 1–11. [PubMed: 
30130584] 

[6]. Iozzo RV, Naso MF, Cannizzaro LA, Wasmuth JJ, McPherson JD, Mapping of the versican 
proteoglycan gene (CSPG2) to the long arm of human chromosome 5 (5q12-5q14), Genomics 14 
(1992) 845–851. [PubMed: 1478664] 

[7]. Henderson DJ, Copp AJ, Versican expression is associated with chamber specification, septation, 
and valvulogenesis in the developing mouse heart, Circ. Res 83 (1998) 523–32. [PubMed: 
9734475] 

[8]. Mjaatvedt CH, Yamamura H, Capehart AA, Turner D, Markwald RR, The Cspg2 gene, disrupted 
in the hdf mutant, is required for right cardiac chamber and endocardial cushion formation, Dev. 
Biol 202 (1998) 56–66. [PubMed: 9758703] 

[9]. Nielsen SH, Mouton AJ, DeLeon-Pennell KY, Genovese F, Karsdal M, Lindsey ML, 
Understanding cardiac extracellular matrix remodeling to develop biomarkers of myocardial 
infarction outcomes, Matrix Biol. 75-76 (2019) 43–57. [PubMed: 29247693] 

[10]. Christensen G, Herum KM, Lunde IG, Sweet, yet underappreciated: Proteoglycans and 
extracellular matrix remodeling in heart disease, Matrix Biol. 75-76 (2019) 286–299. [PubMed: 
29337052] 

[11]. Mayanil CS, George D, Freilich L, Miljan EJ, Mania-Farnell B, McLone DG, Bremer EG, 
Microarray analysis detects novel Pax3 downstream target genes, J. Biol. Chem 276 (2001) 
49299–309. [PubMed: 11590174] 

[12]. Henderson DJ, Ybot-Gonzalez P, Copp AJ, Over-expression of the chondroitin sulphate 
proteoglycan versican is associated with defective neural crest migration in the Pax3 mutant 
mouse (splotch), Mech. Dev 69 (1997) 39–51. [PubMed: 9486530] 

[13]. Masuda A, Yasuoka H, Satoh T, Okazaki Y, Yamaguchi Y, Kuwana M, Versican is upregulated in 
circulating monocytes in patients with systemic sclerosis and amplifies a CCL2-mediated 
pathogenic loop, Arthritis Res. Ther 15 (2013) R74. [PubMed: 23845159] 

[14]. Zheng PS, Vais D, Lapierre D, Liang YY, Lee V, Yang BL, Yang BB, PG-M/versican binds to P-
selectin glycoprotein ligand-1 and mediates leukocyte aggregation, J. Cell Sci 117 (2004) 5887–
95. [PubMed: 15522894] 

[15]. Gill S, Wight TN, Frevert CW, Proteoglycans: key regulators of pulmonary inflammation and the 
innate immune response to lung infection, Anat. Rec. (Hoboken) 293 (2010) 968–81. [PubMed: 
20503391] 

[16]. Wight TN, Kang I, Merrilees MJ, Versican and the control of inflammation, Matrix Biol. 35 
(2014) 152–61. [PubMed: 24513039] 

[17]. Hirose J, Kawashima H, Yoshie O, Tashiro K, Miyasaka M, Versican interacts with chemokines 
and modulates cellular responses, J. Biol. Chem 276 (2001) 5228–34. [PubMed: 11083865] 

[18]. Wu YJ, La Pierre DP, Wu J, Yee AJ, Yang BB, The interaction of versican with its binding 
partners, Cell Res. 15 (2005) 483–94. [PubMed: 16045811] 

[19]. Wight TN, A role for proteoglycans in vascular disease, Matrix Biol. 71-72 (2018) 396–420. 
[PubMed: 29499356] 

[20]. Wight TN, Merrilees MJ, Proteoglycans in atherosclerosis and restenosis: key roles for versican, 
Circ. Res 94 (2004) 1158–67. [PubMed: 15142969] 

[21]. Cikach FS, Koch CD, Mead TJ, Galatioto J, Willard BB, Emerton KB, Eagleton MJ, Blackstone 
EH, Ramirez F, Roselli EE, Apte SS, Massive aggrecan and versican accumulation in thoracic 
aortic aneurysm and dissection, JCI Insight 3 (2018) e97167.

[22]. Andersson-Sjoland A, Hallgren O, Rolandsson S, Weitoft M, Tykesson E, Larsson-Callerfelt AK, 
Rydell-Tormanen K, Bjermer L, Malmstrom A, Karlsson JC, Westergren-Thorsson G, Versican 

Harten et al. Page 14

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in inflammation and tissue remodeling: the impact on lung disorders, Glycobiology 25 (2015) 
243–51. [PubMed: 25371494] 

[23]. Chang MY, Tanino Y, Vidova V, Kinsella MG, Chan CK, Johnson PY, Wight TN, Frevert CW, A 
rapid increase in macrophage-derived versican and hyaluronan in infectious lung disease, Matrix 
Biol. 34 (2014) 1–12. [PubMed: 24472738] 

[24]. Ricciardelli C, Sakko AJ, Ween MP, Russell DL, Horsfall DJ, The biological role and regulation 
of versican levels in cancer, Cancer Metastasis Rev. 28 (2009) 233–45. [PubMed: 19160015] 

[25]. Theocharis AD, Karamanos NK, Proteoglycans remodeling in cancer: Underlying molecular 
mechanisms, Matrix Biol. 75-76 (2019) 220–259. [PubMed: 29128506] 

[26]. Kang I, Harten IA, Chang MY, Braun KR, Sheih A, Nivison MP, Johnson PY, Workman G, 
Kaber G, Evanko SP, Chan CK, Merrilees MJ, Ziegler SF, Kinsella MG, Frevert CW, Wight TN, 
Versican deficiency significantly reduces lung inflammatory response induced by polyinosine-
polycytidylic acid stimulation, J. Biol. Chem 292 (2017) 51–63. [PubMed: 27895126] 

[27]. LeBaron RG, Zimmermann DR, Ruoslahti E, Hyaluronate binding properties of versican, J. Biol. 
Chem 267 (1992) 10003–10010. [PubMed: 1577773] 

[28]. Matsumoto K, Shionyu M, Go M, Shimizu K, Shinomura T, Kimata K, Watanabe H, Distinct 
interaction of versican/PG-M with hyaluronan and link protein, J. Biol. Chem 278 (2003) 41205–
12. [PubMed: 12888576] 

[29]. Zimmermann DR, Ruoslahti E, Multiple domains of the large fibroblast proteoglycan, versican, 
EMBO J. 8 (1989) 2975–2981. [PubMed: 2583089] 

[30]. Naso MF, Zimmermann DR, Iozzo RV, Characterization of the complete genomic structure of the 
human versican gene and functional analysis of its promoter, J. Biol. Chem 269 (1994) 32999–
33008. [PubMed: 7528742] 

[31]. Ito K, Shinomura T, Zako M, Ujita M, Kimata K, Multiple forms of mouse PG-M, a large 
chondroitin sulfate proteoglycan generated by alternative splicing., J. Biol. Chem 270 (1995) 
958–965. [PubMed: 7822336] 

[32]. Perissinotto D, Iacopetti P, Bellina I, Doliana R, Colombatti A, Pettway Z, Bronner-Fraser M, 
Shinomura T, Kimata K, Morgelin M, Lofberg J, Perris R, Avian neural crest cell migration is 
diversely regulated by the two major hyaluronan-binding proteoglycans PG-M/versican and 
aggrecan, Development 127 (2000) 2823–42. [PubMed: 10851128] 

[33]. Cattaruzza S, Schiappacassi M, Ljungberg-Rose A, Spessotto P, Perissinotto D, Morgelin M, 
Mucignat MT, Colombatti A, Perris R, Distribution of PG-M/versican variants in human tissues 
and de novo expression of isoform V3 upon endothelial cell activation, migration, and 
neoangiogenesis in vitro, J. Biol. Chem 277 (2002) 47626–35. [PubMed: 12221092] 

[34]. Zako M, Shinomura T, Ujita M, Ito K, Kimata K, Expression of PG-M (V3), an alternatively 
spliced form of PG-M without a chondroitin sulfate attachment region in mouse and human 
tissues, J. Biol. Chem 270 (1995) 3914–3918. [PubMed: 7876137] 

[35]. Hartwig S, Raschke S, Knebel B, Scheler M, Irmler M, Passlack W, Muller S, Hanisch FG, Franz 
T, Li X, Dicken HD, Eckardt K, Beckers J, de Angelis MH, Weigert C, Haring HU, Al-Hasani H, 
Ouwens DM, Eckel J, Kotzka J, Lehr S, Secretome profiling of primary human skeletal muscle 
cells, Biochim. Biophys. Acta 1844 (2014) 1011–7. [PubMed: 23994228] 

[36]. Kern CB, Norris RA, Thompson RP, Argraves WS, Fairey SE, Reyes L, Hoffman S, Markwald 
RR, Mjaatvedt CH, Versican proteolysis mediates myocardial regression during outflow tract 
development, Dev. Dyn 236 (2007) 671–83. [PubMed: 17226818] 

[37]. Kamiya N, Watanabe H, Habuchi H, Takagi H, Shinomura T, Shimizu K, Kimata K, 
Versican/PG-M regulates chondrogenesis as an extracellular matrix molecule crucial for 
mesenchymal condensation, J. Biol. Chem 281 (2006) 2390–400. [PubMed: 16257955] 

[38]. Lemire JM, Braun KR, Maurel P, Kaplan ED, Schwartz SM, Wight TN, Versican/PG-M isoforms 
in vascular smooth muscle cells, Arterioscler. Thromb. Vasc. Biol 19 (1999) 1630–1639. 
[PubMed: 10397680] 

[39]. Lemire JM, Merrilees MJ, Braun KR, Wight TN, Overexpression of the V3 variant of versican 
alters arterial smooth muscle cell adhesion, migration, and proliferation in vitro, J. Cell Physiol 
190 (2002) 38–45. [PubMed: 11807809] 

Harten et al. Page 15

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[40]. Hinek A, Braun KR, Liu K, Wang Y, Wight TN, Retrovirally mediated overexpression of 
versican v3 reverses impaired elastogenesis and heightened proliferation exhibited by fibroblasts 
from Costello syndrome and Hurler disease patients, Am. J. Pathol 164 (2004) 119–31. 
[PubMed: 14695326] 

[41]. Potter-Perigo S, Johnson PY, Evanko SP, Chan CK, Braun KR, Wilkinson TS, Altman LC, Wight 
TN, Polyinosine-polycytidylic acid stimulates versican accumulation in the extracellular matrix 
promoting monocyte adhesion, Am. J. Respir. Cell Mol. Biol 43 (2010) 109–20. [PubMed: 
19717812] 

[42]. Hernandez D, Miquel-Serra L, Docampo MJ, Marco-Ramell A, Cabrera J, Fabra A, Bassols A, 
V3 versican isoform alters the behavior of human melanoma cells by interfering with CD44/
ErbB-dependent signaling, J. Biol. Chem 286 (2011) 1475–85. [PubMed: 21078678] 

[43]. Miquel-Serra L, Serra M, Hernández D, Domenzain C, Docampo MJ, Rabanal R, de Torres I, 
Wight TN, Fabra A, Bassols A, V3 versican isoform expression has a dual role in human 
melanoma tumor growth and metastasis, Lab. Invest 86 (2006) 889–901. [PubMed: 16847433] 

[44]. Serra M, Miquel L, Domenzain C, Docampo MJ, Fabra A, Wight TN, Bassols A, V3 versican 
isoform expression alters the phenotype of melanoma cells and their tumorigenic potential, Int. J. 
Cancer. 114 (2005) 879–86. [PubMed: 15645431] 

[45]. Fanhchaksai K, Okada F, Nagai N, Pothacharoen P, Kongtawelert P, Hatano S, Makino S, 
Nakamura T, Watanabe H, Host stromal versican is essential for cancerassociated fibroblast 
function to inhibit cancer growth, Int. J. Cancer. 138 (2016) 630–41. [PubMed: 26270355] 

[46]. Kang I, Yoon DW, Braun KR, Wight TN, Expression of versican V3 by arterial smooth muscle 
cells alters TGFβ-, EGF-, and NFkB-dependent signaling pathways, creating a microenvironment 
that resists monocyte adhesion, J. Biol. Chem 289 (2014) 15393–15404. [PubMed: 24719328] 

[47]. Merrilees MJ, Beaumont BW, Braun KR, Thomas AC, Kang I, Hinek A, Passi A, Wight TN, 
Neointima formed by arterial smooth muscle cells expressing versican variant v3 is resistant to 
lipid and macrophage accumulation, Arterioscler. Thromb. Vasc. Biol 31 (2011) 1309–16. 
[PubMed: 21441139] 

[48]. Merrilees MJ, Lemire JM, Fischer JW, Kinsella MG, Braun KR, Clowes AW, Wight TN, 
Retrovirally mediated overexpression of versican v3 by arterial smooth muscle cells induces 
tropoelastin synthesis and elastic fiber formation in vitro and in neointima after vascular injury, 
Circ. Res 90 (2002) 481–7. [PubMed: 11884379] 

[49]. Kang I, Barth JL, Sproul EP, Yoon DW, Braun KR, Argraves WS, Wight TN, Expression of V3 
versican by rat arterial smooth muscle cells promotes differentiated and anti-inflammatory 
phenotypes, J. Biol. Chem 290 (2015) 21629–41. [PubMed: 26152723] 

[50]. Perveen R, Hart-Holden N, Dixon MJ, Wiszniewski W, Fryer AE, Brunner HG, Pinkners AJ, van 
Beersum SE, Black GC, Refined genetic and physical localization of the Wagner disease 
(WGN1) locus and the genes CRTL1 and CSPG2 to a 2- to 2.5-cM region of chromosome 
5q14.3, Genomics 57 (1999) 219–26. [PubMed: 10198161] 

[51]. Mukhopadhyay A, Nikopoulos K, Maugeri A, de Brouwer AP, van Nouhuys CE, Boon CJ, 
Perveen R, Zegers HA, Wittebol-Post D, van den Biesen PR, van der Velde-Visser SD, Brunner 
HG, Black GC, Hoyng CB, Cremers FP, Erosive vitreoretinopathy and wagner disease are caused 
by intronic mutations in CSPG2/Versican that result in an imbalance of splice variants, Invest. 
Ophthalmol. Vis. Sci 47 (2006) 3565–72. [PubMed: 16877430] 

[52]. Shin KJ, Wall EA, Zavzavadjian JR, Santat LA, Liu J, Hwang JI, Rebres R, Roach T, Seaman W, 
Simon MI, Fraser ID, A single lentiviral vector platform for microRNA-based conditional RNA 
interference and coordinated transgene expression, Proc. Natl. Acad. Sci. U.S.A 103 (2006) 
13759–64. [PubMed: 16945906] 

[53]. Garantziotis S, Savani RC, Hyaluronan biology: A complex balancing act of structure, function, 
location and context, Matrix Biol. 78-79 (2019) 1–10. [PubMed: 30802498] 

[54]. Tighe RM, Garantziotis S, Hyaluronan interactions with innate immunity in lung biology, Matrix 
Biol. 78-79 (2019) 84–99. [PubMed: 29410190] 

[55]. Wight TN, Versican: a versatile extracellular matrix proteoglycan in cell biology, Curr. Opin. Cell 
Biol 14 (2002) 617–623. [PubMed: 12231358] 

Harten et al. Page 16

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[56]. Rahmani M, Read JT, Carthy JM, McDonald PC, Wong BW, Esfandiarei M, Si X, Luo Z, Luo H, 
Rennie PS, McManus BM, Regulation of the versican promoter by the beta-catenin-T-cell factor 
complex in vascular smooth muscle cells, J. Biol. Chem 280 (2005) 13019–28. [PubMed: 
15668231] 

[57]. Cardoso LE, Little PJ, Ballinger ML, Chan CK, Braun KR, Potter-Perigo S, Bornfeldt KE, 
Kinsella MG, Wight TN, Platelet-derived growth factor differentially regulates the expression 
and post-translational modification of versican by arterial smooth muscle cells through distinct 
protein kinase C and extracellular signal-regulated kinase pathways, J. Biol. Chem 285 (2010) 
6987–95. [PubMed: 20042606] 

[58]. Lemire JM, Chan CK, Bressler S, Miller J, LeBaron RG, Wight TN, Interleukin-1beta selectively 
decreases the synthesis of versican by arterial smooth muscle cells, J. Cell Biochem 101 (2007) 
753–66. [PubMed: 17226775] 

[59]. Henderson DJ, Copp AJ, Role of the extracellular matrix in neural crest cell migration, J. Anat 
191 (1997) 507–15. [PubMed: 9449070] 

[60]. Yamaguchi Y, Chondroitin sulfate proteoglycans in the nervous system, in: Iozzo R (Ed.), 
Proteoglycans: Structure, Biology, and Molecular Interactions, Marcel Dekker, New York, 2000, 
pp. 379–402.

[61]. Luo W, Guo C, Zheng J, Chen TL, Wang PY, Vertel BM, Tanzer ML, Aggrecan from start to 
finish, J Bone Miner Metab 18 (2000) 51–6. [PubMed: 10701158] 

[62]. Luo W, Kuwada TS, Chandrasekaran L, Zheng J, Tanzer ML, Divergent secretory behavior of the 
opposite ends of aggrecan, J. Biol. Chem 271 (1996) 16447–50. [PubMed: 8663569] 

[63]. Perkins SJ, Nealis AS, Dudhia J, Hardingham TE, Immunoglobulin fold and tandem repeat 
structures in proteoglycan N-terminal domains and link protein, J. Mol. Biol 206 (1989) 737–53. 
[PubMed: 2738916] 

[64]. Watanabe H, Cheung SC, Itano N, Kimata K, Yamada Y, Identification of hyaluronan-binding 
domains of aggrecan, J. Biol. Chem 272 (1997) 28057–65. [PubMed: 9346959] 

[65]. Brissett NC, Perkins SJ, Conserved basic residues in the C-type lectin and short complement 
repeat domains of the G3 region of proteoglycans, Biochem. J 329 (Pt 2) (1998) 415–24. 
[PubMed: 9425127] 

[66]. Perkins SJ, Nealis AS, Dunham DG, Hardingham TE, Muir IH, Molecular modeling of the 
multidomain structures of the proteoglycan binding region and the link protein of cartilage by 
neutron and synchrotron X-ray scattering, Biochemistry 30 (1991) 10708–10716. [PubMed: 
1931990] 

[67]. Zheng J, Luo W, Tanzer ML, Aggrecan synthesis and secretion. A paradigm for molecular and 
cellular coordination of multiglobular protein folding and intracellular trafficking, J. Biol. Chem 
273 (1998) 12999–3006. [PubMed: 9582335] 

[68]. Vertel BM, Walters LM, Grier B, Maine N, Goetinck PF, Nanomelic chondrocytes synthesize, but 
fail to translocate, a truncated aggrecan precursor, J. Cell Sci 104 (1993) 939–48. [PubMed: 
8314884] 

[69]. Chen TL, Wang PY, Luo W, Gwon SS, Flay NW, Zheng J, Guo C, Tanzer ML, Vertel BM, 
Aggrecan domains expected to traffic through the exocytic pathway are misdirected to the 
nucleus, Exp. Cell Res 263 (2001) 224–35. [PubMed: 11161721] 

[70]. Vertel BM, The ins and outs of aggrecan, Trends Cell Biol. 5 (1995) 458–64. [PubMed: 
14732030] 

[71]. Chen L, Wu Y, Lee V, Kiani C, Adams ME, Yao Y, Yang BB, The folded modules of aggrecan 
G3 domain exert two separable functions in glycosaminoglycan modification and product 
secretion, J. Biol. Chem 277 (2002) 2657–65. [PubMed: 11714693] 

[72]. Hatano S, Kimata K, Hiraiwa N, Kusakabe M, Isogai Z, Adachi E, Shinomura T, Watanabe H, 
Versican/PG-M is essential for ventricular septal formation subsequent to cardiac atrioventricular 
cushion development, Glycobiology 22 (2012) 1268–77. [PubMed: 22692047] 

[73]. Cao L, Yang BB, Chondrocyte apoptosis induced by aggrecan G1 domain as a result of decreased 
cell adhesion, Exp. Cell Res 246 (1999) 527–37. [PubMed: 9925769] 

Harten et al. Page 17

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[74]. Chen L, Yang BL, Wu Y, Yee A, Yang BB, G3 domains of aggrecan and PGM/versican form 
intermolecular disulfide bonds that stabilize cell-matrix interaction, Biochemistry 42 (2003) 
8332–41. [PubMed: 12846582] 

[75]. Du WW, Fang L, Yang W, Sheng W, Zhang Y, Seth A, Yang BB, Yee AJ, The role of versican G3 
domain in regulating breast cancer cell motility including effects on osteoblast cell growth and 
differentiation in vitro - evaluation towards understanding breast cancer cell bone metastasis, 
BMC Cancer 12 (2012) 341. [PubMed: 22862967] 

[76]. Zhang Y, Cao L, Yang BL, Yang BB, The G3 domain of versican enhances cell proliferation via 
epidermal growth factor-like motifs, J. Biol. Chem 273 (1998) 21342–21351. [PubMed: 
9694895] 

[77]. Ang LC, Zhang Y, Cao L, Yang BL, Young B, Kiani C, Lee V, Allan K, Yang BB, Versican 
enhances locomotion of astrocytoma cells and reduces cell adhesion through its G1 domain, J. 
Neuropathol. Exp. Neurol 58 (1999) 597–605. [PubMed: 10374750] 

[78]. Merrilees MJ, Zuo N, Evanko SP, Day AJ, Wight TN, G1 domain of versican regulates 
hyaluronan organization and the phenotype of cultured human dermal fibroblasts., J. Histochem. 
Cytochem 64 (2016) 353–63. [PubMed: 27126822] 

[79]. Freeze HH, Understanding human glycosylation disorders: biochemistry leads the charge, J. Biol. 
Chem 288 (2013) 6936–45. [PubMed: 23329837] 

[80]. Ohtsubo K, Marth JD, Glycosylation in cellular mechanisms of health and disease, Cell 126 
(2006) 855–67. [PubMed: 16959566] 

[81]. Rudd PM, Elliott T, Cresswell P, Wilson IA, Dwek RA, Glycosylation and the immune system, 
Science 291 (2001) 2370–6. [PubMed: 11269318] 

[82]. Shriver Z, Raguram S, Sasisekharan R, Glycomics: a pathway to a class of new and improved 
therapeutics, Nat. Rev. Drug Discov 3 (2004) 863–73. [PubMed: 15459677] 

[83]. Spiro RG, Protein glycosylation: nature, distribution, enzymatic formation, and disease 
implications of glycopeptide bonds, Glycobiology 12 (2002) 43R–56R.

[84]. Chang Y, Yanagishita M, Hascall VC, Wight TN, Proteoglycans synthesized by smooth muscle 
cells derived from monkey (Macaca nemestrina) aorta, J. Biol. Chem 258 (1983) 5679–5688. 
[PubMed: 6406504] 

[85]. Yang BL, Cao L, Kiani C, Lee V, Zhang Y, Adams ME, Yang BB, Tandem repeats are involved in 
G1 domain inhibition of versican expression and secretion and the G3 domain enhances 
glycosaminoglycan modification and product secretion via the complement-binding protein-like 
motif, J. Biol. Chem 275 (2000) 21255–61. [PubMed: 10801813] 

[86]. Seyfried NT, McVey GF, Almond A, Mahoney DJ, Dudhia J, Day AJ, Expression and 
purification of functionally active hyaluronan-binding domains from human cartilage link 
protein, aggrecan and versican: formation of ternary complexes with defined hyaluronan 
oligosaccharides, J. Biol. Chem 280 (2005) 5435–48. [PubMed: 15590670] 

[87]. Apte SS, A disintegrin-like and metalloprotease (reprolysin-type) with thrombospondin type 1 
motif (ADAMTS) superfamily: functions and mechanisms, J. Biol. Chem 284 (2009) 31493–7. 
[PubMed: 19734141] 

[88]. Timms K, Maurice SB, Context-dependent bioactivity of versican fragments, Glycobiology 
(2019).

[89]. Hope C, Foulcer S, Jagodinsky J, Chen SX, Jensen JL, Patel S, Leith C, Maroulakou I, Callander 
N, Miyamoto S, Hematti P, Apte SS, Asimakopoulos F, Immunoregulatory roles of versican 
proteolysis in the myeloma microenvironment, Blood 128 (2016):680–5. [PubMed: 27259980] 

[90]. Mead TJ, Apte SS, ADAMTS proteins in human disorders, Matrix Biol. 71-72 (2018) 225–239. 
[PubMed: 29885460] 

[91]. Merrilees MJ, Wight TN, Targeting the matrix: potential benefits for versican therapeutics, 2012 
http://www.elsevierblogs.com/currentcomments/?p=519.

[92]. Bandaranayake AD, Correnti C, Ryu BY, Brault M, Strong RK, Rawlings DJ, Daedalus: a robust, 
turnkey platform for rapid production of decigram quantities of active recombinant proteins in 
human cell lines using novel lentiviral vectors, Nucl. Acids Res 39 (2011) e143. [PubMed: 
21911364] 

Harten et al. Page 18

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.elsevierblogs.com/currentcomments/?p=519


[93]. Liu Z, Chen O, Wall JBJ, Zheng M, Zhou Y, Wang L, Ruth Vaseghi H, Qian L, Liu J, Systematic 
comparison of 2A peptides for cloning multi-genes in a polycistronic vector, Sci Rep 7 (2017) 
2193. [PubMed: 28526819] 

[94]. Tsutsui K, Tsutsui K, Okada S, Watarai S, Seki S, Yasuda T, Shohmori T, Identification and 
characterization of a nuclear scaffold protein that binds the matrix attachment region DNA, J. 
Biol. Chem 268 (1993) 12886–94. [PubMed: 8509422] 

[95]. Kwaks TH, Barnett P, Hemrika W, Siersma T, Sewalt RG, Satijn DP, Brons JF, van Blokland R, 
Kwakman P, Kruckeberg AL, Kelder A, Otte AP, Identification of anti-repressor elements that 
confer high and stable protein production in mammalian cells, Nat. Biotechnol 21 (2003) 553–8. 
[PubMed: 12679786] 

[96]. Alegria-Schaffer A, Lodge A, Vattem K, Performing and optimizing Western blots with an 
emphasis on chemiluminescent detection, Methods Enzymol. 463 (2009) 573–99. [PubMed: 
19892193] 

[97]. Shih SC, Smith LE, Quantitative multi-gene transcriptional profiling using real-time PCR with a 
master template, Exp. Mol. Pathol 79 (2005) 14–22. [PubMed: 15894312] 

[98]. Green SJ, Tarone G, Underhill CB, Distribution of hyaluronate and hyaluronate receptors in the 
adult lung, J. Cell Sci 90 (1988) 145–156. [PubMed: 2461953] 

Harten et al. Page 19

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• V3 versican is secreted by mammalian cells and associates with the cell 

surface and throughout the extracellular matrix.

• N-linked glycosylation is required for efficient secretion and solubility of V3 

protein.

• Native V3 is N-glycosylated at amino acids 57 and 330 in the G1 domain.

• Expression of V3 increases the amount of exogenous hyaluronan bound at the 

cell surface.
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Figure 1. Structure of the lentiviral transfer plasmid used to generate stable cell lines with 
doxycycline-inducible V3 expression.
A) Domain structure of versican isoforms. B) pSLIK-rV3-HygroR lentiviral construct 

confers tetra/doxycycline-inducible expression of Hag-tagged rat V3 and constitutive 

hygromycin resistance (HygroR) under control of the human ubiquitin C (hUbC) promoter. 

Used in Figures 1C, 2, 3 and 8A. C) pGL11, a modified pSLIK construct substituting a 

spleen focus forming virus (SFFV) promoter for the UbC, a GFP Sh ble fusion protein 

conferring Zeocin resistance (GFPzeo) for HygroR and a P2A self-cleaving peptide for an 

internal ribosomal entry site (IRES). Stable production of Hag-tagged rat V3 is enhanced by 
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placement of ubiquitous chromatin opening element (UCOE), matrix attachment region 

(MAR) and anti-repressor (ARE) elements upstream of the promoter. Used in Figures 4, 5, 

6, 7, and 8B. D) Expression of rat V3 RNA transcripts in NIH 3T3 cells transfected with 

pSLIK measured after 2, 4, 6, and 8 days post-treatment with 500 ng/ml doxycycline (Dox), 

demonstrating consistent expression of V3 over time using this lentiviral approach.
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Figure 2. V3 is secreted into the culture medium through the classical secretion pathway.
A) V3 expression in transduced NIH 3T3 fibroblasts was induced with 500 ng/ml Dox for 48 

h ± 50 μM Brefeldin A (BrefA) added to the medium. Conditioned medium was collected 

and proteins were separated on a 10% SDS-PAGE gel under denaturing conditions. After 

transfer to a nitrocellulose membrane, V3 secreted into the culture medium was detected 

with an antibody directed against the c-terminal Hag-tag. The large bands below V3 are non-

specific antibody binding to serum albumin in the culture medium. Heavy arrow indicates 

soluble monomeric V3, whereas thin arrows indicate high molecular weight, likely 

multimeric, V3. Dashed line indicates where lanes were digitally rearranged from original 

image for clarity of presentation. B-D) The same NIH 3T3 cells used in A were seeded on 

coverslips, fixed with 10% NBF and stained for V3 (anti-Hag-tag; orange), F-actin 

(phalloidin; green) and nuclei (DAPI; blue). E and F) Higher magnification of the images 

shown in C and D, revealing the extracellular localization of V3 in the Dox only control 

cells (E, yellow arrows) and the intracellular and vesicular localization in the cells treated 

with Dox and BrefA (F, white arrowheads).
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Figure 3. Exon deletion mutants highlight G3 domain as critical for expression and secretion.
V3 mutants were generated containing deletions in exon 3 (rE3), exons 4-6 (rE456), and 

exons 11-13 (rE1113) and were expressed in NIH 3T3 cells in a Dox-inducible manner. A) 
Domain maps of Hag-tagged V3 exon deletion mutants. B) Western blot of cell lysates 

probed for Hag-tagged V3. Heavy arrow indicates soluble monomeric V3, whereas thin 

arrows indicate high molecular weight, likely multimeric, V3. C) Conditioned media probed 

for Hag-tagged V3. Red arrows indicate secreted V3, all other bands are non-specific due to 

presence of 10% fetal bovine serum in the conditioned media.
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Figure 4. V3 is N-glycosylated.
A) V3 expression in transduced NIH 3T3 fibroblasts was induced by addition of 500 ng/ml 

Dox for 48 h ± 10 μM tunicamycin (Tun) to block N-glycosylation. Cellular protein was 

collected and proteins were separated on a 10% SDS-PAGE gel under denaturing conditions. 

After transfer to a nitrocellulose membrane, V3 was detected with an antibody directed 

against the c-terminal Hag-tag. B) Cellular protein harvested from V3-expressing cells was 

subjected to enzymatic deglycosylation with PNGase F (N), sialidase (S) and O-glycanase 

(O) for 24 h. Heavy arrow indicates soluble monomeric V3, whereas thin arrows indicate 

high molecular weight, likely multimeric, V3. Dashed lines indicate where lanes were 

digitally rearranged from original image for clarity of presentation.
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Figure 5. N-Glycosylation enhances secretion of V3.
A-C) NIH 3T3 cells seeded on coverslips were fixed in formalin after induction of V3 

expression for 48 h ± 10 μM Tun to block N-glycosylation. Cells were stained for Hag-

tagged V3 (orange), F-actin (green), and nuclei (blue). D) Medium from the cells treated the 

same as in A–C was collected and proteins were separated on a 10% SDS-PAGE gel under 

denaturing conditions. Conditioned media volumes normalized to equal cellular protein were 

loaded in each lane. After transfer to a nitrocellulose membrane, V3 was detected with an 

antibody directed against the c-terminal Hag-tag. Heavy arrow indicates soluble monomeric 

V3, whereas thin arrows indicate high molecular weight, likely multimeric, V3.
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Figure 6. Mutation of putative N-glycosylation sites in V3 prevents glycosylation.
Rat V3 sequence modified at AA 57 in the Ig-like V-type domain and AA 330 in the HA-

binding domain were mutated to glutamine (N57Q and N330Q, respectively) and expressed 

in a Dox-inducible fashion in NIH 3T3 fibroblasts treated ± Tun. Equal amounts of cellular 

protein were subjected to western blotting and probed for V3 using an antibody directed 

against the c-terminal Hag-tag and for β actin. Dashed lines indicate where lanes were 

digitally removed from original blot image and rearranged for clarity of presentation.

Harten et al. Page 27

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Loss of N-glycosylation at either site markedly reduces secretion of V3.
A) Western blot of conditioned media from control and mutant V3-expressing NIH 3T3 

cultures treated ± Dox and ± Tun and probed for Hag-tag. Conditioned media volumes 

normalized to equal cellular protein were loaded in each lane. Heavy arrow indicates soluble 

monomeric V3, whereas thin arrows indicate high molecular weight, likely multimeric, V3. 

B) Immunohistochemistry of NIH 3T3 cells expressing native (Ctrl) and mutant (N57Q and 

N330Q) rat V3 (red). Nuclei are stained in blue.
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Figure 8. Overexpression of V3 increases the amount of exogenous HA bound at the cell surface.
A) NIH 3T3 cells overexpressing V3 were incubated with 1 μg/ml high molecular weight 

HA labeled with fluorescein (green) ± Dox for 24 h. After washing, the cells were fixed and 

counterstained for V3 (red). B) NIH 3T3 cells overexpressing native V3 or mutant N57Q V3 

were treated identically as in A. C and D) Digital densitometric analyses of percent HA-

positive areas in A and B, respectively.
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Table 1.

Primer Sequences for V3 Construct Assembly

Primer Sequence

rV3SpeIF TTTTACTAGTGCCACCATGTTGATAAATATGAACGGCATCCTATGG

rV3XbaIR TTTTTCTAGATCAAGCGTAATCTGGAACATCGTATGGGTAGCGCCTCGTTTCCTGCCACC
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Table 2.

Primer Sequences for rat V3 QPCR

Primer Sequence

rV3F AGCAGATTTGATGCCTACTGCTTT

rV3R GCACAGGTGCACACATAGGA
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