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Abstract

Hyaluronan (HA) plays an essential role in cartilage where it functions to retain aggrecan.
Previous studies have suggested that aggrecan is anchored indirectly to the plasma membrane of
chondrocytes via its binding to cell-associated HA. However, reagents used to test these
observations such as hyaluronidase and HA oligosaccharides are short term and may have side
activities that complicate interpretation. Using the CRISPR/Cas9 gene editing approach, a model
system was developed by generating HA-deficient chondrocyte cell lines. HA synthase-2 (Has2)-
specific single guide RNA was introduced into two different variant lines of rat chondrosarcoma
chondrocytes; knockout clones were isolated and characterized. Two other members of the HA
synthase gene family were expressed at very low relative copy number but showed no
compensatory response in the HasZ knockouts. Wild type chondrocytes of both variants exhibited
large pericellular matrices or coats extending from the plasma membrane. Addition of purified
aggrecan monomer expanded the size of these coats as the proteoglycan became retained within
the pericellular matrix. Has2knockout chondrocytes lost all capacity to assemble a particle-
excluding pericellular matrix and more importantly, no matrices formed around the knockout cells
following the addition of purified aggrecan. When grown as pellet cultures so as to generate a
bioengineered neocartilage tissue, the HasZknockout chondrocytes assumed a tightly-compacted
morphology as compared to the wild type cells. When knockout chondrocytes were transduced
with Adeno-ZsGreenl-mycHasZ, the cell-associated pericellular matrices were restored including
the capacity to bind and incorporate additional exogenous aggrecan into the matrix. These results
suggest that HA is essential for aggrecan retention and maintaining cell separation during tissue
formation.
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1. Introduction

One event associated with osteoarthritis (OA)1 is the loss of aggrecan proteoglycan from the
extracellular matrix (ECM) of articular cartilage [1-3]. In addition to aggrecan, a significant
loss of hyaluronan (HA) is also observed in human and animal models of OA [4-8]. For
example, cultured explants of human articular cartilage treated with IL-1a displayed a loss
of HA coincident with a loss of aggrecan within the same layers of the tissue [8]. Primary
chondrocytes treated with IL-1f or IL-1a as models of OA, adopt an enhanced catabolic
metabolism that generates a loss of the prominent HA / aggrecan-rich glycocalyx or
pericellular coat [8, 9]. As the loss of ECM components is associated with the enhanced
catabolism of OA chondrocytes, we hypothesize that the re-establishment of a HA /
aggrecan-rich pericellular matrix will provide positive signals and promote a steady-state
metabolism. We further propose that HA is the limiting factor necessary for this pericellular
matrix repair to be successful. To test these hypotheses we have developed a variety of
approaches to selectively enhance the accumulation of cell-associated HA as well as
aggrecan. What is lacking in our studies, and the field in general, is a suitable, stable, HA-
deficient chondrocyte cell line—a model chondrocyte that is also amenable to plasmid
transfection or viral transduction. Experiments using primary murine, bovine or human OA
chondrocytes, made HA-free by treatment with a hyaluronidase are always a race against
time (6-12 hours) before endogenous biosynthesis re-establishes pericellular HA levels.

We and others have used the rat chondrosarcoma (RCS) cell line as a chondrocyte model
system [9-14]. RCS cells are a continuous long-term cultured line derived from the Swarm
rat chondrosarcoma tumor [15, 16]. Several different RCS cell lines are in use by
investigators [9, 12-14] and each differs in various aspects of the chondrocyte phenotype. To
our knowledge, these cells lines were all derived (grown out) from tumors propagated from
the Swarm rat chondrosarcoma but by different investigators at different times. The cells of
the RCS cell line used often in our laboratory (labeled for this study as RCS-0) are more
elongated than round and synthesize less aggrecan. However, these cells display HA /
aggrecan-dependent pericellular matrices that are retained at the cell surface via CD44;
retention of the HA / aggrecan-rich matrix can be blocked with the use of anti-CD44
antibodies, HA oligosaccharides [11] or overexpression of the CD44 intracellular domain
[9]. These cells also exhibit the capacity for CD44-mediated endocytosis of HA [10, 12].
Both of these properties are similar to what we observe using primary cultures of bovine
articular chondrocytes [11, 17-19]. The clustered regularly interspersed short palindromic
repeat (CRISPR) technology using RNA-guided Cas9 endonuclease is a powerful gene
editing tool. In 2014, Yang et al. [13] developed a Cas9 stable transfectant clone of a
different RCS cell line and used these cells to generate a CRISPR/Cas9 mediated knockout

Labbreviations: OA, osteoarthritis; ECM, extracellular matrix; HA, hyaluronan; HAS2, hyaluronan synthase-2; RCS, rat
chondrosarcoma chondrocytes; sgRNA, single guide RNA; sGAG, sulfated glycosaminoglycan; DMMB, dimethylmethylene blue
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of aggrecan. We obtained the wild type parental RCS cells (labeled in this study as RCS-
Cas9). These cells are more round in morphology, exhibit high aggrecan biosynthesis,
prominent HA / aggrecan pericellular matrices but express less CD44. Both RCS cell lines
display relevant phenotypic aspects that we observe in primary cultures of articular
chondrocytes and thus serve as useful models.

HA in eukaryotic cells is synthesized by one or more of three HA synthases, HAS1, HAS2
and HAS3 [20, 21]. HA is synthesized directly at the inner surface of the plasma membrane
and extruded through the plasma membrane into the pericellular space. HA can remain
anchored to the plasma membrane by continued interaction with the HA synthase and/or via
binding to cell surface receptors such as CD44 [22, 23]. We have used displacement of
pericellular coats or 3H-labeled HA by HA oligosaccharides or unlabeled high molecular
mass HA, to differentiate displaceable HA (receptor-bound) from non-displaceable HA
(assumed to be HAS-bound) [11, 22, 24, 25]. For example, during the initial biosynthesis of
HA by chick embryo chondrocytes, all membrane-associated 3H-HA was non-displaceable
for the first 4 hours, switching to predominately displaceable at times thereafter [24].
Although all three HA synthases have the capacity to synthesize HA, we demonstrated that
primary human chondrocytes utilize the HAS2 synthase as the predominant HA synthesizing
isoform [26]. Has2knockout in mice results in embryonic lethality due to disruption of
cardiac development [27]. Conditional inactivation of Has2 of early limb bud mesenchyme
by introduction of the PrxZ-Cretransgene results in skeletal deformities and severely shorten
limbs due to abnormal and disorganized growth plates and a decrease in aggrecan deposition
into the ECM [28]. Has1 and Has3 did not appear to compensate for the HA deficiency in
the conditional inactivation mice although this was not determined directly.

In this study we have developed a single guide RNA (sgRNA) to target a Cas9 dependent
cleavage within exon 2 of the rat Has2 gene. We have successfully generated Has2 mutations
in two different RCS cell lines, RCS-o0 and RCS-Cas9—mutations that blocked the synthesis
of HA in the resultant cloned cells. Has2knockout cells lost the ability to assemble a HA /
aggrecan-rich pericellular matrix and lost the capacity to retain exogenously added, purified
aggrecan. Other questions addressed were the effect of HA loss on cell-cell spacing during
neocartilage formation, changes in aggrecan synthesis and retention, and the potential for
compensation by the HasZ and Has3 synthases.

2.1. Selection and screening for Has2 knockout clones

Following transfection of RCS-0 and RCS-Cas9 cells with the PX458 plasmid containing a
20 nt sgRNA sequence targeting HasZ2, Cas9 and GFP, the GFP+ cells were selected and
propagated following dilution cloning by the FACS cell sorter (Fig. 1, panels A and B, top
left). Following growth of the individual clones, cells were analyzed for cell surface-
associated HA by staining with a HA binding protein (HABP) and fluorescent microscopy.
The micrographs in Figure 1A, 1B, show the presence of HA by Alexa-Fluor-488
fluorescent detection of HABP on wild type RCS-o0 and RCS-Cas9 cells. Shown at higher
magnification is the HABP staining for the RCS-0 WT cells counterstained with DAPI
(panel A) and the RCS-Cas9 cells that co-express mCherry (Panel B). Some of the GFP+
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cells generated clones still exhibited HABP staining of cell surface HA (RCS-0 Has2 KO
clones 1 and 3) and likely represent unsuccessful knockouts. However, ~80% of the GFP+
cells no longer exhibited HABP staining of cell surface HA and several were selected for
further analysis. The conditioned media of RCS-0 Has2 KO clones 4 and 7 as well as RCS-
Cas9 Has2 KO clones 3 and 7 showed a nearly non-detectable level of HA by ELISA (Fig.
1C; shown as percent of control RCS media HA). However, RCS-0 Has2 KO clones 1 and 3
exhibited both cell surface HABP staining and the culture media contained HA, albeit at
reduced levels compared to RCS-0 WT cells. The conditioned media was next analyzed for
proteoglycan content using the DMMB assay to measure sulfated glycosaminoglycan
(SGAG). In Fig. 1D, more sGAG accumulated in the medium of monolayer cultures of the
RCS-Cas9 Has2 KO clones as compared to RCS-Cas9 WT cells. In another experiment,
when sGAG recovered from the cell layer was added to the conditioned medium fraction
(Fig. 1E) the total SGAG produced by Has2 KO clones and the RCS WT cells was
equivalent. This demonstrates that the WT RCS-Cas9 cells retain a substantial proportion of
proteoglycan to the cell surface whereas the Has2 KO clones release a substantial proportion
of proteoglycan directly into the medium.

Figure 2 shows the results of Pas1 restriction digest analysis (panels B and D) of PCR
products (panels A and C) of WT and selected Has2 KO clones generated from RCS-o0
(panels A and B) and RCS-Cas9 (panels C and D) cells. The WT cells have the Pas1
digestion site, and the two bands resulting from cleavage are seen at the 171 bp and 283 bp
expected sizes. The Pas1 site should be destroyed by the Cas9 cleavage so only the one 454
bp product is seen in the Has2 KO clones (panels B + D). Loss of Pas1 susceptibility
indicates that these clones contained indel mutations at the target site. Loss of Pasl
susceptibility correlated with the loss of HABP staining shown in Figure 1. The Has2
SgRNA target site of RCS-Cas9 clone #7, one that showed complete loss of Pasl
susceptibility, was sequenced. DNA sequencing and alignment of the targeted rat Has2
sequence in RCS-Cas9 clone #7 showed one allele with a single base deletion and the other
allele with 2 bases deleted, both disrupting the open reading frame (Fig. 2E).

2.2. Cell biological characterization of WT and Has2 knockout clones

RCS-0 WT chondrocytes, even after single-cell cloning, exhibit a variety of cell shapes from
polygonal to elongated-ovoid to round (Fig. 3A). This pattern was reflected in the staining of
RCS-o actin cytoskeleton with TRITC-phalloidin (Fig. 3B, E, F). Focal adhesions were
noted in both polygonal and elongated ovoid cells. The RCS-Cas9 WT chondrocytes were
more uniform with a mixture of polygonal and round cells (Fig. 3C). Like the RCS-0, RCS-
Cas9 cells exhibited a light, more cortical cytoskeleton typical of chondrocytes (Fig. 3D, G,
H). The occurrence of stress fibers was only rarely detected in the two WT cultures. In both
the RCS-0 and RCS-Cas9 Has2 KO clones, the cells were more spread and often contained
stress fibers as well as enhanced focal adhesions (Fig. 3l - L). These features were more
obvious for the RCS-Cas9 HasZ2 KO clone #7 as the WT cells were more uniformly round.

An analysis of cell proliferation growth curves revealed that the RCS-o cells (both WT and
Has2 KO, Fig. 3M) had a slightly faster growth rate than the RCS-Cas9 clones (Fig. 3N).
Nonetheless, little difference was observed between WT and Has2 KO clones in either the
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RCS-o line or the RCS-Cas9 cells. Next, a western blot analysis was performed to determine
whether cellular proteins in the Has2 KO clones were altered due to enhanced transfer of N-
acetylglucosamine (GIcNAcylation) as compared to WT. This experiment was designed to
test whether the elimination of HA biosynthesis would result in increased GIcNAcylation
due to changes in cytosolic UDP-GIcNAc and UDP-GIcUA; the former of which is a
precursor for GIcNAcylation transferases [29]. As shown in Figure 30 (RCS-0) and Figure
3P (RCS-Cas9), using an antibody that can detect GIcCNAcylated proteins, only subtle
changes were observed between WT and AHas2 KO clones of each line, each replicated in
three independent experiments. However, some distinct changes were noted (red arrow
heads) especially between lysates of RCS-Cas9 WT and Has2 KO clones. Both HasZ KO
clone #3 and #7 consistently exhibited the same additional bands or enhanced bands as
compare to WT. These results emphasize that while major changes in GIcNAcylation did not
occur upon loss of Has2, minor, perhaps more selective changes did occur including the
possibility of altered proteins hidden beneath other protein bands.

Real-time gRT-PCR was used to determine changes in gene expression relevant to
extracellular matrix production in chondrocytes. RCS-Cas9 Has2 KO clones #3 and #7
exhibited little change in aggrecan (Fig. 4A) or type Il collagen (Fig. 4B) mRNA expression
and a modest increase in type X collagen (Fig. 4F) as compared to their respective WT cells.
RCS-0 Has2 KO clone #4 showed a 1.5-fold increase in aggrecan, a 2.4-fold increase in
collagen Il and an 8-fold increase in collagen X mRNA. These increases were not reflected
to the same extent in the RCS-0 HasZ KO clone #7. Each of the Has2 KO clones from both
RCS lines displayed small changes in Has2 mRNA expression (Fig. 4E). Two additional
genes relevant to this model are HasZ and Has3, the two other genes with the potential
capacity to compensate for deficiencies in Has2-mediated production of HA. As shown in
Figure 4C and 4D, Has1 or Has3 mRNA levels differed little comparatively to WT
especially for the RCS-0 Has2 KO clones. The RCS-Cas9 Has2 KO clones showed a 1.7-
fold increase in Has1 and Has3 (for clone #7) as compared to WT cells.

Our previous work in human chondrocytes suggested that HASZ and HAS3 mRNA are
present at very low copy numbers [26]. If this were the same in RCS chondrocytes, the AACt
comparison used for comparison of HasZ KO clones to WT might be misleading. We thus
performed absolute copy number quantitation by gRT-PCR using small, purified, specific
DNA templates to generate standard curves. An example reaction is shown in Figure 4G-H.
Copy numbers for Gapdh, Has2, Has1 and Has3 derived from RCS-Cas9 WT chondrocytes
(blue squares) were determined by comparison to their respective standard curves (red
squares, Fig. 41 - L). The data demonstrate that Has2is present in RCS chondrocytes at
approximately 2 orders of magnitude higher copy number than HasZ and Has3, Gapdhis
more than 3 orders of magnitude higher. Together with the lack of staining for cell surface-
associated HA by HABP and the negligible levels of HA in the media of the HasZ KO
clones there is no evidence that HasZ or Has3 provided any major compensatory
contribution of HA biosynthesis to the Has2 KO chondrocytes.
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2.3. Effect of Has2 deficiency on pericellular matrix assembly

Our previous studies demonstrated that RCS-o chondrocytes synthesize and retain a HA/
aggrecan-rich pericellular matrix similar to what we detect on primary cultures of bovine
and human articular chondrocytes [9, 11]. Recently, we observed that purified bovine
aggrecan monomer could become incorporated into an existing RCS (or bovine
chondrocyte) pericellular matrix and substantially expand the size of the cell coat [12]. This
observation provided a useful assay to visualize the retention of aggrecan to live
chondrocytes in real time. Both RCS-0 WT (Fig. 5A) and RCS-Cas9 WT (Fig. 5G) cells
exhibit pericellular matrices that exclude small particles used for detection. In both RCS-0
and RCS-Cas9 WT cells, the addition of exogenous aggrecan resulted in a dramatic increase
in the size of this excluded zone pericellular matrix (Fig. 5D, J) as the aggrecan became
incorporated within the existing matrix. In contrast, the Has2 KO clones from both
backgrounds failed to exhibit a particle-excluding pericellular matrix (Fig. 5B, H, I), even
though the expression of Acanand sSGAG content were not apparently altered (Fig. 1E, 4A).
Moreover, the addition of exogenous aggrecan to the Has2 KO RCS clones also did not
result in pericellular matrix formation (Fig. 5E, K, L). The bovine aggrecan monomer is
added at a saturating concentration and thus functions to normalize and compensate for any
differences that may occur in the biosynthesis of endogenous aggrecan. These results
demonstrate that HA, synthesized via HAS2, is required for the assembly and retention of
aggrecan within a chondrocyte pericellular matrix.

To further validate this conclusion, the expression of Has2in the RCS-0 Has2 KO clone #4
was rescued by transduction of these cells with an Adeno-ZsGreenl-mycHas2 construct
(Ad-Has2). HA-ELISA of samples from the media of these cultures demonstrated that Ad-
Has2 transduction of RCS-0 Has2 KO clone #4 chondrocytes resulted in HA levels similar
to the production of HA by RCS-0 WT cells; no detectable HA was synthesized by clone #4
chondrocyte (Fig. 5C). The western blot of lysates from Ad-HasZtransduced clone #4 cells
shows the expression of the ~64 kD mycHAS? fusion protein monomer (white arrow) as
well as multimers required for HA biosynthesis. Following the addition of exogenous
aggrecan to the RCS-0 Has2 KO clone #4 cells transduced with Ad-Has2 (Zsgreenl positive
cells, Fig. 5, panel F), large pericellular matrix exclusion zones were recovered. This further
supports the requirement for HA production by HAS2 in the assembly and retention of
aggrecan within the chondrocyte pericellular matrix.

2.4. The effect of Has2 deficiency on cartilage neogenesis

The effect of altered HA/aggrecan matrix assembly and retention was determined using two
in vitro 3-D culture models often used for generating bioengineered cartilage [30-33]. First,
RCS-Cas9 WT and RCS-Cas9 Has2 KO clones #3 and #7 were cultured in alginate beads
for 7 days (Fig. 6). In these beads, the alginate provides a scaffold to separate individual
cells or cell clusters and newly-synthesized endogenous extracellular matrix pushes out into
the scaffold with time. Toluidine Blue stains both the scaffold (alginate polysaccharide) as
well as the chondrocytes (darker blue cells) in sections of these bead cultures (Fig. 6). In
bead cultures of the RCS-Cas9 WT cells, distinct, clear areas surrounding the chondrocytes
were consistently observed within the alginate scaffold matrix. However, few cleared zones
were observed surrounding either the RCS-Cas9 Has2 KO clone #3 or clone #7
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chondrocytes. In these cultures, the alginate scaffold remains in close proximity to the KO
cells. To determine whether HA-associated extracellular matrix was present in the cleared
zone surrounding the WT cells, the alginate bead sections were stained for HA (using a
biotinylated HABP probe) and proteoglycan (using Safranin O / fast green). Visible in
examples of increasing power (Fig. 6), HABP staining revealed the presence of HA in the
WT RCS-Cas9 alginate bead cultures, streaming out from the cell surface into the
surrounding pericellular matrix. As expected, no HABP staining was detected in the RCS-
Cas9 Has2 KO (clones #3 and #7) alginate bead cultures. Safranin O-positive staining,
indicative of the presence of aggrecan, was observed only in the WT RCS-Cas9 alginate
bead cultures. Interestingly, the pattern for aggrecan staining by Safranin O matched the
localization of HA. One conclusion from these results is that the retention of HA/aggrecan
complexes to the plasma membrane of the chondrocytes facilitates the expansion of the
pericellular spaces within the scaffold. Moreover, the lack of Safranin O staining in the Has2
KO clones suggests that aggrecan aggregation with HA is necessary to retain the
proteoglycan within the alginate bead scaffold.

In a second 3-D model the RCS-Cas9 WT cells and RCS-Cas9 Has2 KO clones #3 and #7
were grown as pellet cultures. No exogenous scaffold is used in these cultures and thus all
tissue organization and cell spacing is dependent on the endogenous production of matrix
macromolecules. As revealed in Toluidine Blue stained paraffin sections at low power, these
cells formed intact, rounded pellets within two days of culture (Fig. 7). Pellets cartilages
formed using primary bovine articular chondrocytes were included for comparison in the left
side column. The pellet cartilages formed by the Has2 KO clones were generally slightly
smaller in size than the cartilage-like structure generated by RCS-Cas9 WT cells and
exhibited an apparent deficit in Toluidine Blue staining on day 2 (Fig. 7). At higher
magnification, the deficit in Toluidine Blue staining of the Has2 KO clones could be seen to
be due in part to a condensation or aggregation of the cells, resulting in more intervening
white spaces. This condensation of the Has2 KO clones was more evident in 11-day pellets
shown in the lower panels of Fig. 7. The RCS-Cas9 WT cells, like the bovine chondrocytes,
were tightly packed but more evenly spaced in both 2-day and 11-day cultures. In the 2-day
pellets, Toluidine Blue staining of WT cells revealed dark staining of the cell bodies but also
wispy blue matrix between cells. This was more prominent in the bovine chondrocytes and
substantially less in the Has2 KO clones. Additionally, both the RCS-Cas9 WT and bovine
chondrocytes exhibited strong staining for HA and positive staining for proteoglycan
production as detected by Safranin O reagents. In comparison, RCS-Cas9 HasZ KO clones
#3 and #7 grown in 2-day pellet cultures exhibited only background staining for HA and
proteoglycan (only background fast green counterstain detected).

By 11 days, the bovine cartilage pellets had increased in overall size as compared to 2 day
cultures and stained intensively for proteoglycans as visualized by both Toluidine Blue and
Safranin O. No such expansion was observed for the any of the RCS-Cas9 cultures. The 11-
day WT pellets were smaller than at 2-days but remained intact, retained their high
cellularity and clear, recognizable spacing between the cells. Although cells within the WT
pellets continued to exhibit positive staining for HA, they no longer stained well for
proteoglycan. In contrast, in the cartilage pellets formed by both of the Has2 KO clones,
spacing between neighboring cells was substantially reduced. Masson's Trichrome staining
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was used to better delineate these observations and, viewed at lower magnification, the pellet
neocartilage generated by the two Has2 KO clones appeared highly compressed with very
little space between cells. Additionally, the Has2 KO clones were negative for HA using the
HABP staining protocol. The more unexpected results from these pellet cultures was the
consistent failure of both Has2 KO clones to maintain the same uniform cell-to-cell spacing
like that of the RCS-Cas9 WT pellets—an event that occurs early on in the 3-D cultures.
This could be due to the lack of HA, a reduced cell retention of aggrecan or, some as-yet-
characterized change in cell metabolism that occurs downstream as a result of Has2 deletion.

3. Discussion

The data from this study demonstrated that HA biosynthesis, by way of HAS2, is required
for the retention of aggrecan. This was observed using HasZ knockout chondrocytes
developed from two different RCS cell lines. The Has2 KO clones failed to establish an
expanded pericellular coat following the addition of purified aggrecan monomer to the (as
compared to the wild type control cells) and failed to elicit staining by the application of a
HABP probe which is essentially a biotinylated aggrecan G1 domain [34]. These data were
further validated by the rescue of aggrecan retention by of one of the Has2 KO cells
following transduction with Ad-HasZ2.

The lack of HA and aggrecan matrix assembly did not dramatically affect the proliferative
capacity of these Has2 KO RCS cells and there was no apparent change in migratory
capacity (data not shown) although this is not a major feature of chondrocytes. Has2
knockouts did elicit some cell shape changes including differences in the organization of the
actin cytoskeleton but the behavioral ramifications of these changes have not, as yet, been
elucidated. In a recent study by Evanko ef a/. (2015) the HA matrix of myofibroblasts was
associated with CD44 and the cortical actin network to affect fibroblast adhesion rather than
through focal adhesions [35]. Enhanced stress fibers were observed when pericellular HA in
these myofibroblasts was reduced.

The CRISPR-Cas9 gene editing system was highly efficient with ~80% of the GFP-positive
RCS clones giving rise to successful Has2 KO cells. The high frequency level of mutations
in both the RCS cell lines expressing Cas9 and the RCS-o cells reflects the efficiency of
either approach. The ability of chondrosarcoma cells to be sorted and cloned enabled the
isolation of cells lines for comprehensive analysis and further experimentation. The very low
transfection efficiency and cloning potential of primary bovine and human articular
chondrocytes has impeded the molecular analyses of these cells. Development and study of
these permanent cell lines with targeted Has2mutation will provide definitive evidence of
the function of HA in chondrocyte metabolism and matrix assembly. Our findings indicate
an increase in type X collagen in the RCS HasZ2 KO cells, especially those derived in the
RCS-o line. The expression of type X collagen, while usually associated with chondrocyte
hypertrophy [36], is also observed in OA cartilage, especially in areas of fibrillation and
chondrocyte cloning [37]. The continuing differentiation chondrocytes to hypertrophy could
lead to joint deformity as well as articular cartilage degeneration [38]. It is noteworthy that
the RCS-o cells are morphologically more elongated than the RCS-Cas9 cells—a
morphology similar of de-differentiated primary chondrocytes or some OA chondrocytes. It
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will be of interest to determine whether the enhanced expression of type X collagen by RCS-
0 Has2 KO cells is part of a critical linkage associated with this phenotype

Although two other HA synthase genes are expressed in these chondrocytes, no major
compensation by HasI or Has3was observed following the inhibition of HA production
through HAS2. This might suggest that cells cannot detect or respond to deficiencies in HA
or, that Has1 or Has3, as minor Has gene isoforms, are not responsive in chondrocytes. In
past studies when bovine or human chondrocytes were stimulated with osteogenic protein-1
(BMP7) or IL-1a there was a pronounced increase in HASZ but no change in HAS3 mRNA
[8, 39]. The expression of HASZ was below the detection limits available at the time. Human
chondrocytes made HA-deficient via hyaluronidase or by HA oligosaccharide treatment also
expressed an increase in HASZbut no change in HAS3 mRNA [40]. This would suggest that
HAS3 (and likely HASJI) are overall less responsive to changes in the metabolism or HA
levels in chondrocytes.

The knockout of HasZ2in mice results in embryonic lethality due to failed heart septation
[27]. Conditional inactivation of Has2in the early limb bud mesenchyme by introduction of
the Prx1-Cre transgene results in skeletal deformities and severely shorten limbs due to
abnormal and disorganized growth plate and a decrease in aggrecan deposition into the ECM
[28]. HAS1 and HAS3 did not appear to compensate for the HA deficiency in the
conditional inactivation mice although this was not determined directly. The structural
organization of the ECM in the Has2-deficient growth plates suggests the HAS2 production
of HA is necessary for the normal progression of chondrocyte maturation and more
importantly, expansion of the lacunar space during hypertrophy [41]. The growth plates in
the conditional Has2knockout mouse exhibited increased cell density and a decrease in the
amount of ECM separating the chondrocytes. Reduced retention of aggrecan in the growth
plates of these Has2-deficient mice was observed. In this study, Has2 KO chondrocytes in
alginate beads failed to develop spaces within the alginate scaffold and in scaffold-free pellet
cultures, spaces between individual Has2 KO cells also appeared to be compressed. The
straightforward conclusion that can be drawn from both sets of data is that, (1) cell-
associated aggrecan is important for cell-cell spacing (i.e., not just aggrecan in the more
distant ECM) and; (2) HA is critical to retaining aggrecan within the cell-associated
environment for this spacing event. However, as we have seen in this study, intracellular
changes in metabolism, such as those due to altered GIcNAc transfer to select proteins, may
also be induced due to inactivation of Has2.

We anticipate that these newly-developed RCS Has2 KO chondrocytes will be useful to
address questions related to why it is necessary for aggrecan and HA to be retained at the
chondrocyte cell surface. If the principal role of aggrecan is as a shock-absorber within the
more distance interterritorial ECM, why is there a need for cell-bound HA/aggrecan-rich
pericellular matrix? In the current study we have identified one possibility; that is, a role in
maintaining cell-cell spacing or spacing within a lacunar environment. We recently
demonstrated another function of aggrecan binding to cell-associated HA,; the binding of
aggrecan regulates the HA endocytosis by CD44 [12]. HA endocytosis becomes
proportionately enhanced as aggrecan undergoes progressive degradation during its
extracellular turnover. However, in this endocytosis study there were challenges with the cell
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model. To investigate HA endocytosis, aggregates of FITC-HA and aggrecan monomer were
prepared in the test tube and then added to hyaluronidase-treated RCS-o chondrocytes.
However, as incubation times proceeded, renewed biosynthesis of endogenous HA and
aggrecan would compete with the carefully size-defined exogenous FITC-HA / aggrecan
complexes and begin to affect the endocytosis rates. These Has2 KO RCS cells should
provide a better model for studying HA endocytosis especially when we can rescue HAS?2
expression by way of adenovirus transduction. Interestingly, there appears to be a
“saturation” of the cell surface HA when using Ad-ZsGreenl-mycHas2. The subsequently
formed pericellular coats with the addition of aggrecan are large but not as extensive as we
observed on some primary chondrocytes [22, 39]. Although not as yet validated, it appears
that much of the transgene-derived HAS2 synthesized HA is released into the media. The
Adeno-Tet-mycHas2we have developed (Ishizuka et al., submitted) should be able to better
define this.

One critical function for cell-surface retained HA and aggrecan is to function as means for
chondrocytes to detect or “sense” changes in the composition of the ECM, especially
changes associated with disease states such as OA [42]. We have hypothesized that during
OA, aggrecan is proteolytically degraded and lost, resulting in enhanced HA endocytosis
[12, 17], resulting in affected chondrocytes deficient in their HA/aggrecan-rich pericellular
matrix. Also, the procatabolic response to ECM fragments may be down-regulated by
pericellular HA [43-46]. The Has2 KO RCS chondrocytes developed in this study, now
permanently HA-deficient, will help to address the mechanisms used by chondrocytes to
sense and respond to such a deficiency. We did not observe a compensatory response to
replenish lost HA by the HasZ KO chondrocytes. However, elimination of Has2 could
potentially alter the cytoplasmic levels of glucosamine, UDP-GIcUA and UDP-GIcNAc.
Using the RL2 antibody that detects GIcNAcylated proteins we could demonstrate only
minor observable changes in the profile of GIcNAcylated cellular proteins between WT and
Has2 KO RCS cells. Nonetheless, such subtle changes, especially to a particular regulatory
protein altered by GIcNAc transfer, could have major effects on cellular metabolism and
candidates including Akt, NF-xB and YY1 [47] are worth investigating in future studies
using this HasZ-negative model system. Another potential marker that will be examined in
the future is the cytoplasmic enzyme, UDP-glucose dehydrogenase (UGDH) [48]. UGDH is
the essential enzyme to convert UDP-glucose into UDP-glucuronic acid (UDP-GIcUA). HA
is the glycosaminoglycan that is more sensitive to UDP-GICUA cytosolic concentration and,
therefore cells regulate HA synthesis, in part, by controlling the UDP-GIcUA availability
[29, 49]. For example, transient transfection of chick embryo chondrocytes with UGDH
resulted in increased size of the pericellular coats and more HA released into the culture
media [50]. In addition, increases in tissue HA and increases in UGDH are seen during
embryonic limb development [51]. Such a local rise in tissue HA may lead to a switch from
intercellular cohesion to cell dissociation and increased cell-to-cell spacing [52, 53]. Since
UGDH seems to be tandemly regulated with HAS2 in embryonic chick chondrocytes, future
studies will examine changes in UGDH as a surrogate to HAS2 expression.

How the loss of HA affects other signaling events remains to be determined. Given that there
are effects on the actin cytoskeleton in Has2 KOs derived from both RCS lines, it is likely
that we will observe changes in cell signaling. Pericellular HA may be involved in co-
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activity with one or more signaling networks that regulate chondrocyte maturation [28, 42,
54, 55]. Our future studies will look to determine whether there are changes in CD44 and
other potential HA receptors. We expect that some events will be dependent on HA and the
assembly of the HA-aggrecan pericellular matrix such as cell-shape or spacing dependent
signaling whereas other will require the interaction of HA with receptors such as CD44.
Nonetheless, it should be remembered that the two lines of RCS cells used in this study are
not primary chondrocytes. These lines were derived from the Swarm rat chondrosarcoma
tumor and, as with any cell line, may exhibit metabolic and cell signaling properties more
consistent with transformed cells but also, other features that serve as a good model system
of chondrocytes.

4. Experimental procedures

4.1. Cell culture

The RCS-o cell line was a gift of Dr. James H Kimura (formerly of Rush University Medical
Center) and represented an early clone of cells that eventually became known as long-term
culture RCS [16]. The RCS-Cas9 cells, that co-express Cas9 and mCherry genes [13], were
a generous gift of Dr. Gary Gibson (Henry Ford Hospital). Both RCS line chondrocytes were
cultured as high density monolayers (2.0 x 10° cells/ cm?2) in Dulbecco's modified Eagle's
medium (DMEM) containing 10% fetal bovine serum (FBS; Hyclone) and 1% L-glutamine
and penicillin-streptomycin, and incubated at 37° C in a 5% CO» environment. The RCS
cells were passaged at confluence using 0.25% trypsin/2.21 mM EDTA (Corning CellGrow).

4.2. Generation of Has2 knockouts in RCS cells

The pSpCas9(BB)-2A-GFP (PX458; Plasmid #48138), containing Cas9 and GFP marker,
was a gift from Feng Zhang and purchased from Addgene [56]. A 20 nucleotide sgRNA
sequence targeting exon 2 of rat Has2was designed using the website http://crispr.mit.edu/.
This sgRNA sequence contains a Pas1 enzyme restriction site; beneficial for future screening
of potential knockout clones. The complementary sgRNA oligonucleotides (forward): 5’-
CACCGCCATCACGACTTTGATCCCA-3" and (reverse): 5’-
AAACTGGGATCAAAGTCGTGATGGC-3’, (synthesized by Integrated DNA Technology)
were annealed and cloned into the PX458 plasmid, and DNA sequences verified. Both RCS-
0 and RCS-Cas9 cells were transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer's instructions. Transfected cells were identified by the expression of GFP
observed under fluorescence microscopy.

For flow cytometry studies, 2 days after sgRNA transfection, RCS chondrocytes were
released from monolayers with trypsin/EDTA followed by inactivation in DMEM containing
10% FBS. Live cells were applied and sorted using a FACScan™ cytometer (Becton
Dickinson) with CELL Quest software. For 10,000 cells, log fluorescence channel versus
cells per channel was plotted to identify the GFP-positive cells. These were sorted as single
cells into individual wells of 96 well plates using the FACScan cytometer; the plates were
monitored daily and allowed to expand in the wells for about 10 days and eventually
passaged to T75 flasks.
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4.3. Restriction digestion and DNA sequencing of knockout site

RCS-0 and RCS-Cas9 WT and HasZ knockout cells were plated at 70% confluency in 12
well plates in DMEM + 10% FBS and cultured for 48 h. Cells were released from
monolayers with trypsin/EDTA followed by inactivation in DMEM containing 10% FBS and
pelleted at 1500rpm for 5 min. The genomic DNA of each cell clone was extracted using
QuickExtract DNA extraction solution (Epicentre, QE0905T) according to the
manufacturer's instructions. Primers were used to PCR amplify a 454 bp region within exon2
of rat Has2that contains the Cas9 mutation site. The primers used were (forward): 5’-
TTTGGAGTGTCTCTCCTCCT-3” and (reverse): 5-
GCGAACTTTCTTTATGGGACTC-3’. PCR was performed using AccuPrime Pfx DNA
polymerase (ThermoFisher Scientific) with the following cycling conditions: initial
denaturation of 95°C for 2 min, followed by 30 cycles of 15 seconds denaturation at 95°C,
30 seconds annealing at 55°C, and 40 seconds extension at 68°C. The PCR amplified
product was run on an agarose gel and then gel-purified using the QIAquick Gel Extraction
Kit (Qiagen); it was digested with Pas1 restriction enzyme (ThermoFisher Scientific) for 2 h
to yield 171 bp and 283 bp cleavage products to screen for HasZ mutant clones. To identify
the mutation in the RCS-Cas9 clone #7, the same PCR product was also amplified but with a
different DNA polymerase, TaKaRa LA Tag® DNA polymerase (Clontech), and this PCR
product cloned into the pCR4-TOPO vector (Invitrogen) according to the manufacturer's
instructions. 16 colonies were picked and sent for DNA sequencing in order to identify the
specific HasZ2 gene mutation in the RCS-Cas9 clone #7.

4.4. Cell biology of Has2 knockout RCS cells

Visualization of cell surface HA—The Has2 KO clones were next screened for the loss
of cell surface associated HA. Cells were plated at 20, 000 cells/well in 4-well chamber
slides in DMEM + 10% FBS and cultured for 48 h. The cells were fixed in 4%
paraformaldehyde for 1 hr at 4°C, rinsed in PBS and then incubated with 4 ug/ml
biotinylated hyaluronic acid binding protein (b-HABP from bovine nasal cartilage;
Calbiochem, # 385911-50UG) in PBS with 1% BSA at 4°C overnight. Then the cells were
rinsed and incubated with Alexa-Fluor-488-Streptavidin (green fluorescence; Jackson
ImmunoResearch Labs, 016540-084) for 1 hr at RT in PBS with 1% BSA, rinsed and
mounted using a media containing DAPI nuclear stain (FluoroGel 1I; Electron Microscopy
Sciences). Cells were visualized using a Nikon Eclipse E600 microscope equipped with Y-FI
Epi-fluorescence, a 60x 1.4 n.a. oil-immersion objective and FITC (green) and DAPI (blue)
filters. Images were captured digitally in real time using a Retiga 2000R digital camera and
processed using NIS Elements BR imaging software (Nikon).

For HABP staining of sections from alginate beads or pellet cultures, after deparaffinization
and hydration, sections were rinsed with enhanced Tris at pH 8.0 followed by PBS rinses.
The sections were next incubated with 4 ug/ml b-HABP (Calbiochem) in PBS with 1% BSA
at 4°C overnight. Sections were rinsed with PBS and the biotin detected using the
Streptavidin-peroxidase and the DAB peroxidase substrate (\ectastain Elite ABC kit; Vector
Laboratories) according to the manufacturer’s protocol.
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HA ELISA—Hyaluronan in the media of cell cultures was analyzed using the DuoSet HA
ELISA kit for hyaluronan (DY 3614-05; R&D Systems, Inc, Minneapolis, MN) following the
manufacturer's instructions. Results are plotted for RCS-0 Has2 KO clones 1, 3, 4 and 7 as
percent of RCS-0 WT, and RCS-Cas9 Has2 KO clones 3 and 7 as a percent of RCS-Cas9
WT media HA.

Determination of sulfated glycosaminoglycans—RCS-Cas9 cells were plated at 1
million cells/ well in a 6-well dish in DMEM + 10% FBS. 48 h later, the medium samples
were collected and equal volumes were analyzed. In other experiments, the medium samples
were collected, and the cell layer was treated with 0.25% trypsin with EDTA (Corning) for
30 min. The trypsinate was collected, centrifuged at 430 x g for 5 min, and cell pellet
discarded. Each sample was analyzed in duplicate by adding 20 pl to a 96 well plate,
followed by 180 pl of dimethylmethylene blue (DMMB) reagent [57, 58]. After 5 min of
incubation, absorbance was determined at 525 nm with Multiskan Ascent microplate reader.
Shark chondroitin sulfate (Sigma) dissolved from 0 to 2 g in culture medium was used to
produce a standard curve to calculate the sulfated glycosaminoglycans (SGAG) content.

Growth curves—RCS-Cas9 WT and HasZ knockout cells were plated at 20,000 cells/well
in a 6 well plate. For each cell clone, six replica wells were plated. Cells in one well were
counted in duplicate each day using the Countess™ automated cell counter (Invitrogen) and
cell number recorded over the course of 6 days.

Phalloidin staining—RCS-0 and RCS-Cas9 WT and Has2 KO clones were plated in a 4-
well chamber slide, cultured overnight, fixed for 1 h at 4°C in 4% paraformaldehyde, rinsed
with PBS and then permeabilized for 10 min at room temperature with 0.2% Triton-X. For
RCS-o cells, samples were then mounted with a medium containing TRITC-phalloidin
(\Vector Laboratories). For RCS-Cas9, cells were incubated in 100 mM glycine in PBS for
10 min at room temperature followed by incubation with Fluorescein Phalloidin
(ThermoFisher Scientific) in PBS with 1% BSA at room temperature for 30 min. Cells were
rinsed and mounted using a media containing DAPI nuclear stain (FluoroGel I1; Electron
Microscopy Sciences). Cells were visualized using a Nikon Eclipse E600 microscope
equipped with Y-FI Epi-fluorescence (Melville, NY), a 1.4 n.a. oil-immersion objective and
a Texas Red or FITC (green) filter. Images were captured digitally in real time using a
Retiga 2000R digital camera and processed using NIS Elements BR imaging software
(Nikon).

Western blotting—Total protein was extracted using Cell-Lysis-Buffer (Cell Signaling)
containing protease inhibitor cocktail (Thermo Scientific). Equivalent protein concentrations
were loaded into 4-12% NuPAGE® Novex® Tris-acetate gradient mini gels. Following
electrophoresis, proteins were transferred to a nitrocellulose membrane using a Criterion
blotter apparatus (BioRad), and the nitrocellulose membrane was then blocked in 5% non-fat
dry milk in Tris buffered saline containing 0.1% Tween 20 (TBS-T). Both anti-myc antibody
(Cell Signaling, clone #9B11) and mouse anti-O-linked N-acetylglucosamine antibody
(clone RL2, lot PB197682, ThermoFisher) were detected with HRP-conjugated donkey anti-
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mouse antibody (SA1-100, ThermoFisher) followed by chemiluminescence detection
(Novex ECL, Invitrogen).

4.5. Real time reverse transcription-polymerase chain reaction (RT-PCR)

RCS-0 and RCS-Cas9 WT and knockout cells were plated at 70% confluency in 12 well
plates in DMEM + 10% FBS and cultured for 48 h. Total RNA was isolated according to the
manufacturer's instructions for the use of Trizol® reagent. Total RNA was reverse
transcribed to cDNA using the iScript cDNA Synthesis Kit (BioRad). Quantitative PCR was
performed using Sso-Advanced SYBR-Green Supermix (BioRad) and amplified on a
StepOnePlus Real-Time PCR System (Applied Biosystems) to obtain cycle threshold (Ct)
values for target and internal reference cDNA levels. The rat-specific primer sequences are
follows: GAPDH, (forward) 5'-GATACTGAGAGCAAGAGAGAGG-3” and (reverse) 5’-
TCTGGGATGGAATTGTGAGG-3"; HASL, (forward) 5'-CCCGCTGGTCCAAATCTTAT-
3" and (reverse) 5'-GAAAGGGAAGAGGCCAGAAA -3"; HAS2, (forward) 5'-
GGCTGTGTCCAGTGCATAA-3" and (reverse) 5'-CCTGTTGGTAAGGTGCCTATC-3’;
HAS3, (forward) 5'-GGCAACTCAGTGGACTACATC-3" and (reverse) 5’-
TCCTCCAACACCTCCTACTT-3"; ACAN, (forward) 5'-
GGTTCGAGTGAACAGCATCTAC-3" and (reverse) 5'-
GGAGCGAAGGTTCTGGATTT-3"; COL2AL1, (forward) 5’-
CATCGAGTACCGATCACAGAAG-3” and (reverse) 5'-
GCCCTATGTCCACACCAAAT-3"; COL10A1 (forward) 5'-
AGCAAAGGCTACTTGGATCAG-3” and (reverse) 5'-
TGAGAAGGACGAGTGGACATA-3’. Real time RT-PCR efficiency (E) was calculated as
E=10[-1/slope] [59]. The fold increase in copy numbers of MRNA was calculated as a relative
ratio of target gene to GAPDH (AACt), following the mathematical model introduced by
Pfaffl [60] as described previously [45, 61].

For quantitative RT-PCR with standard curves, a ~100 bp PCR product of the respective
genes was amplified. The PCR amplified product was run on an agarose gel and then gel
purified using the QIAquick Gel Extraction Kit (Qiagen). DNA concentrations were
determined by NanoDrop (Thermo Scientific), and these PCR products diluted to a series of
dilutions from 107 to 102 in order to generate a standard curve. Quantitative PCR was
performed using Sso-Advanced SYBR-Green Supermix (BioRad) and amplified on a
StepOnePlus Real-Time PCR System (Applied Biosystems) to obtain cycle threshold (Ct)
values for target and internal reference cDNA levels. The copy number of each gene was
determined by absolute quantification method with standard curves using StepOne Software
2.2.2. (Applied Biosystems).

4.6. Generation of Adeno-ZsGreenl-mycHas?2

The murine HasZ2 coding sequence (NM_008216) and NHy-terminal 6x myc tag in
pCDNAZ3, kindly provided by Drs. Davide Vigetti and Alberto Passi [62], was PCR
amplified using CloneAmp HiFi PCR Premix (Clontech). Primers were designed according
to the manufacture's protocol as detailed in the Adeno-X Adenoviral System 3 User Manual
(Clontech). The upstream primer included the ATG start site for the myc tag sequence: 5’-
GTA ACT ATA ACG GTC GCT ATG GAG CAA AAG CTC ATT TCT-3” and the
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downstream primer included the stop codon for murine Has2:5’-ATT ACC TCT TTC TCC
TCA TAC ATC AAG CAC CAT GTC ATA-3". The PCR cycling conditions were: 30 cycles
of 10 seconds denaturation at 98°C, 15 seconds annealing at 55°C, and 10 seconds extension
at 72°C. The PCR amplified product (mycHas2) was purified using the NucleoSpin Gel and
PCR Clean-Up Kit (Clontech). mycHas2 was then subcloned into the pAdenoX-CMV-
ZsGreenl linearized vector using the Adeno-X Adenoviral System 3 Kit (Clontech) to form
Adeno-ZsGreenl-mycHasZ. DNA sequences were verified for all PCR-amplified regions.
Upon DNA sequencing, it was noted that Adeno-ZsGreenl-mycHasZ contained a 4x NH,-
terminal myc tag sequence.

Adeno-ZsGreenl-mycHasZ was packaged and amplified in HEK293 cells (ATCC). Viral
particles were purified using the Adeno-X Purification Kit (Clontech) and tittered using the
Adeno-X Rapid Titer Kit (Clontech) to obtain a 4.89 x 10° IFU/m| Adeno-ZsGreen1-
mycHasZ purified viral stock.

4.7. I1solation and purification of aggrecan from bovine articular cartilage

Purified bovine aggrecan was extracted from full thickness slices of 18-24 month bovine
metacarpophalengeal joints and purified by CsCl density gradient centrifugation as
described previously [12]. The D1 fraction obtained following centrifugation was dialyzed
against distilled water for three days and then lyophilized until use. In most applications the
purified aggrecan was dissolved at 2.0 mg/ml in serum-free DMEM.

4.8. Particle exclusion assay

RCS chondrocytes were cultured in DMEM plus 10% FBS for 48 h in 35-mm wells. For
some culture wells, an additional overnight incubation in serum-free DMEM without or with
2 mg/ml aggrecan was carried out. Some cultures of RCS-0 Has2 KO clone #4 chondrocytes
were incubated with 10 IFU/ml Adeno-ZsGreenl-mycHasZ2 in serum-free medium for 24 h
and then the medium was replaced with DMEM containing 10% FBS for 48 h. A final 24-
hour incubation of these cultures was done in the presence or absence of 2 mg/ml aggrecan
monomer. To visualize the pericellular matrix, the medium was replaced with a suspension
of formalin-fixed erythrocytes in PBS/0.1% BSA [22]. Cells were photographed using a
Nikon TE2000 inverted phase-contrast microscope and images were captured digitally in
real time using a Retiga 2000R digital camera (QImaging). The presence of the cell-
associated matrix is seen as the particle-excluded zone surrounding the chondrocytes.

4.9. Culture conditions for neocartilage formation

Alginate beads—To encapsulate RCS chondrocytes in alginate beads, cells were diluted
in 1.2% alginate (Keltone LVCR; Kelco) in 0.15 M NaCl at 4 million cells/ml. This mixture
was expressed through a 22-gauge needle dropwise into a 102 mM CacCl, solution for
instantaneous gelation and then cultured in DMEM with 10% FBS for 7 days [26, 32, 61].
The alginate beads were fixed in 4% paraformaldehyde in 0.1M cacodylate buffer containing
10 mM CaCl, pH 7.4 for 4h, rinsed with 0.1 M cacodylate buffer containing 50 mM BaCl,
pH 7.4, dehydrated in a series of graded ethanols, cleared in xylene wash, and embedded in
Paraplast Plus (Fisher). 10 um sections were deparaffinized and stained with 0.5% Toluidine
Blue O in 20% ethanol, HABP, or Safranin O/fast green.
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Pellet cultures—To study neocartilage formation in vitro, RCS-Cas9 WT, Has2 KO clone
3 and HasZ KO clone 7 cells as well as primary bovine articular chondrocytes [19] were
grown in pellet cultures [30, 33]. 2 million cells in DMEM containing 10% FBS were placed
into 15 ml conical tubes and centrifuged at 200 x g into pellets. The media was changed
every 2 days and the pellets were incubated for 2 days or 11 days before fixation and
staining. The pellets were fixed with 4% paraformaldehyde in phosphate buffer pH 7.4,
dehydrated in ethanoals, cleared in xylene and embedded in Paraplast Plus (Fisher). 10 um
sections were deparaffinized, hydrated and stained with hematoxylin and eosin (H&E),
Toluidine Blue, HABP, Safranin O or Masson's trichrome.

5. Conclusions

The CRISPR/Cas9 genome editing method was an efficient approach to generate HA-
deficient chondrocyte cell lines. Using a SgRNA to target a Cas9 dependent cleavage within
exon 2 of the rat Has2 gene, we generated Has2 mutations in several clones of RCS cells.
The culture media of these Has2knockout clones did not contain detectable HA and no cell
surface associated HA was detected on these cells. The HasZknockout RCS cells lost the
ability to assemble a HA/aggrecan-rich pericellular matrix and lost the capacity to retain
exogenously added aggrecan. These cellular properties were rescued following transduction
of the Has2knockout RCS cells with Adeno-ZsGreenl-mycHas2. The loss of HA
production by these cells also resulted in a loss of cell-to-cell spacing during neocartilage
formation. These data demonstrated that HA biosynthesis by way of HAS2 is required for
the retention of aggrecan in the chondrocyte matrix. The isolation of these Has2knockout
chondrocyte cell lines provides a valuable tool to understand the function of HAS2 and HA
produced by HAS2 in chondrocytes.
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Highlights

. Hyaluronan synthase-2 (Has2) was targeted for mutation by CRISPR/
Cas9 gene editing

. Has2 knockout (KO) clones were generated in two rat chondrosarcoma
(RCS) cell lines

. No hyaluronan synthesis or pericellular matrix retention by the Has2
KO RCS clones

. No compensation in expression of Has1 or Has3 was detected in Has2
KO RCS clones

. Rescue by Ad-Has2 transduction restored aggrecan retention by Has2

KO RCS clones
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Fig. 1. Selection and screening of transfected RCS cells for Has2 knockout clones
Panel A: Representative flow cytometric cell sorting of RCS-o transfected chondrocytes to

select GFP+ cell is shown in upper left. WT RCS-o0 and GFP+ cloned RCS cells were
stained with b-HABP to detect cell surface associated HA; individual clone numbers are
indicated. WT RCS-o cells with DAPI counterstain and positive HABP staining for cell
surface HA is shown in lower left. Clone #2, #4 and #7 are negative for HABP staining;
lower right panel shows DAPI staining of the same field of Clone #7 cells. Panel B:
Representative flow cytometric cell sorting of RCS-Cas9 transfected chondrocytes to select
GFP+ cell is shown in upper left. WT RCS-Cas9 and GFP+ cloned RCS cells were stained
with b-HABP to detect cell surface associated HA,; individual clone numbers are indicated.
WT RCS-Cas9 cells show positive HABP staining for cell surface HA and mCherry
fluorescence is shown in lower left. Panels A and B show representative images from 3
independent experiments. Panel C. Media from the cultures of WT and Has2 KO clones was
analyzed by HA ELISA. Values represent the percent of the mean value for WT RCS-o0 or
WT RCS-Cas9 detected in the media of the numbered clones from two independent
experiments. Panel D: Release of SGAG by RCS-Cas9 WT and Has2 KO clones into the
conditioned media was determined by the DMMB assay. Values represent the mean pg GAG
per 108 cells from two independent experiments. Panel E: Total SGAG in the cultures is
presented as the sum of SGAG in the conditioned media + obtained from the cell layer of

P GAG [ 10° cells
g GAG [ 10° calls
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RCS-Cas9 WT and Has2 KO clones by trypsin treatment. Values represent the mean pg
GAG per 108 cells from two independent experiments.
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Fig. 2. Detection and determination of Has2 gene mutation
A 454 bp region within exon2 of rat Has2that contains the Cas9 mutation site was PCR

amplified from genomic DNA of each cell clone as a template. The amplified product was
gel-purified and then digested with Pasl. The final products were analyzed by agarose gel
electrophoresis. DNA standards (std) are labeled. Panel A. Products amplified from RCS-o0
WT cells and clones 1 thru 7. Panel B. Pasl digestion products of the amplified 454 bp
products shown in panel A. Panel C. Products amplified from RCS-Cas9 WT cells and
clones 3, 7, 39, 43, 53, 80 and 88. Panel D. Pasl digestion products of the amplified 454 bp
products shown in panel C. Panel E. Alignment of the targeted rat Has2 genomic sequences
from RCS-Cas9 clone #7, allele 1 and allele 2 with the WT RCS-Cas9 cells. Deleted bases
are indicated.
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Fig. 3. Initial characterization of WT and Has2 knockout clones
Panels A and C: Phase contrast microscopy of RCS-0 WT and RCS-Cas9 WT cells. Panels

B, E, F: TRITC-phalloidin staining of RCS-0 WT cells. Panels D, G, H: Fluorescein
phalloidin staining of RCS-Cas9 WT cells. Panels B and D represent lower power view of
phalloidin-stained cells. Panels | and J: TRITC-phalloidin staining of RCS-o Clone #4 cells
that lack cell surface HA. Panels K and L: Fluorescein phalloidin staining of RCS-Cas9
clone #7 cells with mutated Has2alleles. Panel M: Growth curves for RCS-o WT and RCS-
0 Has2 KO clone #4 cells plotted on a log scale showing the mean value from 2 independent
experiments. Panel N: Growth curves for RCS-Cas9 WT, and RCS-Cas9 Has2 KO clone #3
and clone #7 plotted on a log scale showing the mean value from 3 independent
experiments. Panels O and P: Representative western blots using the RL2 antibody to detect
GIcNAcylated proteins expressed in WT and Has2 KO clones of RCS-0 or RCS-Cas9 cells
as labeled, from three independent experiments. Red arrowheads indicate bands with
changes in intensity.
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Fig. 4. Effect of Has2 deficiency on the expression of Acan, Col2a and Col10a aswell asHasl,
Has2 and Has3 mRNA

Panels A - F: Fold change in mRNA is shown for RCS-0 Has2 KO clone #4 and clone #7 as
well as RCS-Cas9 Has2 KO clone #3 and clone #7 versus the WT cells. Panel A: fold
change in Acan mRNA. Panel B: fold change in Co/Za mRNA. Panel C: fold change in Has1
mRNA. Panel D: fold change in Has3 mRNA. Panel E: fold change in Has2 mRNA. Panel
F: fold change in Co/10a (Col X) mRNA. Bars depict the average and range of two
independent experiments (each analyzed in duplicate). Panel G, H: Representative
amplification plots for Gapdhand Has2 as labeled. Panels I, J, K, L: Standard curves used to
determine mRNA copy numbers (red squares), with samples shown in blue on the standard
curves for Gapah, Has2, Has1 and Has3, as labeled. Absolute copy numbers for RCS-Cas9
WT cells were performed twice. Bottom panel shows a representative example of absolute
copy numbers of Gapdh, Has2, Has1 and Has3 per pl cDNA for RCS-Cas9 WT cells.
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Clone #3 + PG - Clone#7.+ PG

Fig. 5. Effect of Has2 deficiency on pericellular matrix assembly
All panels (except panel C) show the application of the particle exclusion assay to RCS

chondrocytes to reveal the pericellular matrix. Panel A: RCS-o WT chondrocytes
endogenous coats. Panel D: RCS-o WT cells incubated with 2.0 mg/ml purified aggrecan
proteoglycan (+PG) show enhanced pericellular matrix. Panel B. RCS-0 HasZ KO clone #4
cells without (Panel B) or with incubation with exogenous aggrecan (Panel E +PG) exhibit
no coats. Panel C: RCS-0 Has2 KO clone #4 cells were transduced with Adeno-ZsGreen1-
mycHas2. The bar graph shows HA in the media of the cultures of RCS-0 WT cells, no
detectable HA in RCS-0 HasZ KO clone #4 and, significant production of HA by the RCS-0
Has2 KO clone #4 cells following Ad-HasZ2transduction. The western blot shows the
expression of the myc epitope in the HAS2 fusion protein monomer (white arrow) and
multimers detected in lysates of the transduced cells. Panel F: Addition of exogenous
aggrecan (+PG) to the RCS-0 Has2 KO clone #4 cells transduced with Ad-Has2results in
coat formation. Panel G: RCS-Cas9 WT chondrocytes endogenous coats. Panel J: RCS-Cas9
WT cells plus exogenous aggrecan (+PG) show enhanced pericellular matrix. Panels H, I:
RCS-Cas9 Has2 KO clone #3 and clone #7 cells show no coats. Panel K, L: RCS-Cas9 HasZ2
KO clone #3 and clone #7 cells plus exogenous aggrecan (+PG) show no change in coat
size. Images shown are representative of 3 independent experiments.
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Fig. 6. Effect of Has2 deficiency on cartilage neogenesis in alginate bead cultures
Matrix assembly and retention in 3-D cultures were examined using RCS-Cas9 WT cells

and RCS-Cas9 Has2 KO clones 3 and 7 as labeled. Upper six Panels: Cells were cultured in
alginate beads for 7 days, and paraffin sections of the beads were stained with Toluidine
Blue. Lower magnification images (10x objective lens) are shown in the upper row; higher
magnification views (40x objective) in second row. Sections were stained with biotin-HABP
revealing HA in the matrix as a brown stain in rows three, four and five, shown at low (4x
objective), medium (20x objective) and higher (40x objective) magnification. Safranin O/
fast green staining of alginate bead sections are shown in the bottom row (40x objective).
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Fig. 7. Effect of Has2 deficiency on cartilage neogenesis in scaffold-free pellet cultures
RCS-Cas9 WT cells, RCS-Cas9 Has2 KO clones 3 and 7 were grown in pellet cultures for 2

days (top group of 16 panels) or 11 days (lower group of panels). Paraffin sections were
stained with Toluidine Blue, HABP, Safranin O/fast green, H&E or Masson's Trichrome as
labeled. Sections from pellet cultures formed with bovine articular chondrocytes are shown
in the left column. In the top group of panels (2 days), the top row shows mid-pellet sections
stained with Toluidine Blue at low magnification (4x objective). At higher magnification
(20x objective) in the second row, the packing density of the bovine chondrocyte cartilage
pellet is seen with the early deposition of matrix. In row two, the RCS-Cas9 WT pellet
cultures show cell-to-cell spacing and some pale matrix; high magnification inset shows
three cells. The RCS-Cas9 HasZ2 KO clone 3 and 7 pellet cultures show more variable cell-
to-cell spacing and the initial formation of compressed cell clusters. Row three shows
representative HABP staining of HA in pellets made from all four cell types (40x objective).
The bottom row shows Safranin O/fast green staining of pellets made from all four cell types
(40x objective). In the lower group of panels (11 days), the top row shows mid-pellet
sections at low magnification (4x objective), the bovine cartilage stained with Toluidine
Blue A and the RCS-Cas9 pellets stained with H&E. At higher magnification (40x
objective) the RCS-Cas9 WT pellet shows cell-cell spacing but the cells within the RCS-
Cas9 Has2 KO pellets are compressed. Staining with Masson's Trichrome also revealed the
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cell compression in the RCS-Cas9 Has2 KO pellets (20x objective). Staining the bovine
cartilage pellet with Safranin O shows the deposition of ECM by 11 days (20x objective).
After 11 days, HA was detected in the RCS-Cas9 WT pellets but no HABP staining was
detected in the RCS-Cas9 HasZ KO pellets (bottom row; 40x objective).
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