1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Matrix Biol. 2014 June ; 36: 51-63. doi:10.1016/j.mathio.2014.04.004.

Changes in type Il procollagen isoform expression during
chondrogenesis by disruption of an alternative 5’ splice site
within Col2al exon 2

Thomas M. Hering:2, Louisa WirthlinZ, Soumya Ravindran?, and Audrey McAlinden23"

1Spinal Cord and Brain Injury Research Center, Department of Anatomy & Neurobiology,
University of Kentucky, Lexington, KY 40536

2Department of Orthopaedic Surgery, Washington University School of Medicine, St Louis, MO
63110

3Department Cell Biology & Physiology, Washington University School of Medicine, St Louis, MO
63110

Abstract

This study describes a new mechanism controlling the production of alternatively-spliced isoforms
of type 1l procollagen (Col2al) in vivo. During chondrogenesis, precursor chondrocytes
predominantly produce isoforms containing alternatively-spliced exon 2 (type 1lA and 11D) while
Col2al mRNA devoid of exon 2 (type 11B) is the major isoform produced by differentiated
chondrocytes. We previously identified an additional Col2al isoform containing a truncated exon
2 and premature termination codons in exon 6 (type I1C). This transcript is produced by utilization
of another 5’ splice site present in exon 2. To determine the role of this I1C splicing event in vivo,
we generated transgenic mice containing silent knock-in mutations at the I11C 5’ splice site
(Col2al-miIC), thereby inhibiting production of I1C transcripts. Heterozygous and homozygous
knock-in mice were viable and display no overt skeletal phenotype to date. However, RNA
expression profiles revealed that chondrocytes in cartilage from an age range of Col2al-mlIC
mice produced higher levels of 1A and 1D mRNAs and decreased levels of 11B mRNAs
throughout pre-natal and post-natal development, when compared to chondrocytes from littermate
control mice. Immunofluorescence analyses showed a clear increase in expression of embryonic
type Il collagen protein isoforms (i.e. containing the exon 2-encoded cysteine-rich (CR) protein
domain) in cartilage extracellular matrix (ECM). Interestingly, at P14, P28 and P56, expression of
embryonic Col2al isoforms in Col2al-ml1C mice persisted in the pericellular domain of the ECM
in articular and growth plate cartilage. We also show that persistent expression of the exon 2-
encoded CR domain in the ECM of post-natal cartilage tissue may be due, in part, to the
embryonic form of type XI collagen (the a3 chain of which is also encoded by the Col2al gene).
In conclusion, expression of the Col2al 11C splice form may have a regulatory function in
controlling alternative splicing of exon 2 to generate defined proportions of 1A, 11D and 1B
procollagen isoforms during cartilage development. Future studies will involve ultrastructural and
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biomechanical analysis of the collagen ECM to determine the effects of persistent mis-expression
of embryonic collagen isoforms in mature cartilage tissue.
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1. Introduction

The type Il procollagen gene (Col2al) encodes al1(ll) chains that form homotrimeric
procollagens consisting of a triple-helical fibrillar domain flanked by a 5” amino (NHy)
propeptide and 3’ carboxy (COOH) propeptide. The NH, and COOH propeptides are
removed by specific proteases resulting in processed triple-helical collagen molecules that
form cross-linked fibrils in the extracellular matrix (ECM) of cartilage tissue (Canty and
Kadler, 2005; Eyre, 2002; Eyre et al., 2006; Fernandes et al., 2001; Minns and Steven, 1977;
Prockop and Kivirikko, 1995). This type Il collagen fibrillar matrix provides cartilage tissue
with important tensile properties. Notably, Col2al also encodes a3(XI) protein chains that
are identical to a.1(11) chains except that the former are more glycosylated than the latter
(Burgeson and Hollister, 1979; Eyre, 1987; Furuto and Miller, 1983).

Alternative splicing of Col2al precursor mMRNA (pre-mRNA) is evident during skeletal
development with the early inclusion and subsequent exclusion of exon 2 (Ryan and
Sandell, 1990). Specifically, chondroprogenitor cells were shown to synthesize exon 2-
containing Col2al mRNA transcripts (I1A) while differentiated chondrocytes generate
isoforms devoid of exon 2 (11B) (Lui et al., 1995; McAlinden et al., 2004; Ng et al., 1993;
Oganesian et al., 1997; Sandell et al., 1991; Sandell et al., 1994). Exon 2 encodes a 69
amino acid conserved von Willebrand type C-like cysteine-rich domain in the NH»-
propeptide of type 11A procollagen. We identified an additional Col2al transcript (11D) that
is expressed during chondrogenic differentiation of rabbit and human mesenchymal stem
cells (MSCs) and is identical to the 1A isoform except for an additional codon at the 3’ end
of exon 2 that does not alter the remaining protein coding sequence (McAlinden et al., 2008)
(Fig. 1A). The biological significance of the switch from IHA/IID to 1B has not yet been
fully elucidated. While we have previously reported on potential mechanisms that regulate
exon 2 alternative splicing (McAlinden et al., 2005; McAlinden et al., 2007), it is clear from
work presented in this paper that other processes are also involved.

Our group also previously identified another Col2al mRNA isoform (11C) in pellet cultures
of rabbit and human MSC undergoing chondrogenic differentiation by Southern blotting and
cDNA sequencing; this isoform is generated by utilization of an alternative 5’ splice site
within exon 2. Notably, expression of the 11C isoform was observed at an earlier stage of
chondrogenic differentiation than the expression of the 1A, 11D and 1B splice forms
(McAlinden et al., 2008) (Figs. 1A and 1B). The resulting I1C truncated transcript contains
the first 34 nucleotides of exon 2 which shifts the reading frame to generate premature
termination codons in exon 6. IIC mRNA is therefore a candidate for the nonsense-mediated
decay (NMD) process (Brogna and Wen, 2009). Furthermore, no truncated protein was ever
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detected by Western blotting using a specific antibody against a putative unique I11C peptide
epitope that would arise from a shift in the reading frame (McAlinden et al., 2008). These
data suggested that production of the untranslated 11C isoform may represent a transitional
mechanism in the production of the subsequent translated Col2al isoforms. Indeed, when
part of the 1IC 5’ alternative splice site was deleted in a human COL2A1 mini-gene
construct, differential mMRNA splicing patterns were detected in mouse, human and rat cell
lines whereby the ratio of exon 2(+) : exon 2(-) transcripts was increased (McAlinden et al.,
2008). To investigate if a similar response to 11C ablation would occur in vivo, and to
determine if the absence of the 11C isoform would affect cartilage development, we devised
a strategy to generate a knock-in transgenic mouse model to disrupt the 1IC alternative 5’
splice site by introduction of silent point mutations that would not alter the protein coding
sequence of exon 2. This study describes successful generation of viable knock-in
homozygous (ki/ki) and heterozygous (ki/+) mutant 11C mice (Col2al-mlIC) and their
subsequent characterization. Although no overt skeletal or gross morphological phenotype
was detected, chondrocytes from ki/ki and Ki/+ mice were shown to generate higher ratios of
exon 2 (+) : exon 2 (=) transcripts compared to wild type cells. We also show that the exon 2
(+) alpha chains in 11C knock-in mouse cartilage may be incorporated into type XI collagen
as well as type 11 collagen molecules. Although utilization of the I1IC 5’ splice site produces
only low steady-state amounts of IIC mRNA isoforms, this I1C splicing event is clearly
involved in a mechanism to regulate the proportions of 1A, 11D and 1B procollagen
isoforms during cartilage development and maintenance.

2.1. Mutation of the IIC 5’ splice site in a COL2A1 mini-gene alters the ratio of mMRNA
isoforms containing or devoid of exon 2

A human COL2A1 mini-gene was used in this study that has been previously shown by our
group to be a reliable model system to study regulation of exon 2 alternative splicing
(McAlinden et al., 2005; McAlinden et al., 2008; McAlinden et al., 2007). Fig. 1B shows the
three nucleotide mutation that was created to inhibit the 11C splice site without affecting the
protein coding sequence. Fig. 2A shows the position of the 5" and 3’ splice sites involved in
exon 2 alternative splicing. Each 5’ and 3’ splice site was scored (Fig. 2B) using
MaxEntScan (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseg.html), a
computational tool for analysis of splice site strength based upon dependencies among
adjacent and nonadjacent nucleotide positions (Yeo and Burge, 2004). The strength scores
of the 5” splice sites were determined using sequences at [-3 to +6] of the 5’ splice site, with
the GT consensus at positions [+1,+2]. The strength of the 3” splice sites was calculated
using sequences at positions [-20 to +3] of the 3’ splice site with the AG consensus at [-2,-1]
(Table 1). Fig. 2C shows that changing the nucleotides at positions [-2, +1 and +4] of the IIC
5’ splice site lowers the splice site score from 6.0 to —5.7, suggesting that spliceosome
formation at this region will not occur and 11C splicing will be inhibited.

Splicing of this 11C mutant mini-gene (mIIC) in non-chondrocyte (HEK-293) and
chondrocyte (TC28, RCS) cell lines showed a relative increase in the intensity of the major
band representing exon 2-containing isoforms (Fig. 1B). Quantitative analysis of all Col2al
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isoforms in vivo from studies characterizing the Col2al-mllC transgenic mice has been
carried out, and shows a similar change as will be described in this paper. A decrease in the
intensity of the band corresponding to isoforms devoid of exon 2 (11B) was observed in the
mllC mini-gene splice products, compared to splice products of the wild type (WT) mini-
gene. The minor, slower-migrating band present in the HEK-293, TC28 and less abundantly
in RCS lanes of Fig. 1B likely represents PCR-generated heteroduplexes of different splice
form transcripts as has been shown previously in other systems (Claus et al., 2010;
McAlinden et al., 2008). In summary, the data presented here shows an alteration in the ratio
of COL2A1 isoforms resulting from 11C splice site mutation in the mIIC COL2A1 mini-gene.
We also generated mIIC minigenes containing an upstream Hae I11 site which was included
in the targeting vector for genotyping purposes (Fig. 3A). Introduction of this mutation did
not alter splicing of the mlIC mini-gene by cell lines (not shown). These findings motivated
us to proceed to generate the transgenic mice with the same three nucleotide mutation at the
I1C splice site.

2.2. Generation of heterozygous and homozygous Col2al-mlIC knock-in mice

A targeting vector was generated containing the same silent mutations that were introduced
into the COL2A1 mini-gene (Fig. 3A). The presence of these point mutations in addition to
an upstream mutation to create a Hae 11 restriction endonuclease cleavage site for
genotyping purposes was confirmed in positive ES clones by PCR with primers Col2al-F7
and Col2al-R7 (Table 2, also designated as primers ¢ + d in Fig. 3A), followed by
sequencing and Hae 11 restriction digest of the PCR products (not shown). Homologous
recombination in three of these ES clones (numbers 142, 174, and 186) was then
investigated by Southern blot analysis using probes A, B and internal (INT) (Fig. 3A). Fig.
3B confirms integration of the Col2al-mlIC targeting vector into the correct location within
the murine Col2al gene by the presence of expected fragment sizes following Hind 111
digestion of genomic DNA (11C knock-in mutant DNA fragment size = 9.8kb as detected
with Probe A or 4.2 kb as detected with Probes B or INT). Probe INT also confirmed single
integration of the knock-in vector. Each of the three positive ES cell clones displayed a
normal karyotype (not shown). Injection of two independent positive ES clones (#142 and
#174) into C57BL/6J blastocysts followed by implantation into pseudopregnant females
resulted in chimeric pups. F1 offspring were generated by crossing male chimeric mice
(>95% chimerism) with C57BL/6J female mice (Jackson Laboratory). Germline
transmission of the mutant allele was confirmed by PCR analysis with primers Col2al-loxP-
Rev and 21021 (primers f and o, Fig. 3A; Table 2). Heterozygous mice were bred to Ella
—Cre mice to delete the loxP flanked neomycin selection cassette (Jackson Laboratory Strain
Name: B6.FVB-Tg(Ella-cre)C5379Lmgd/J; Stock Number: 003724). Removal of the
neomycin cassette was confirmed by PCR with primers Col2al-loxP-For and Col2al-loxP-
Rev (Primers e and f, Fig 3A; Table 2) and the genotype of mice from each litter was always
confirmed by PCR with primers Col2al-loxP-For, Col2al-loxP-Rev and 21021 (Primers e, f
and o; Fig 3A, Table 2). Resulting heterozygous and homozygous mutant mice were viable,
obtained with predicted Mendelian frequency and displayed no overt phenotype with respect
to overall size and histological (Safranin-O) examination of developing cartilage tissue
sections (E16.5 — P56) (results not shown).
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2.3 Altered Col2al mRNA isoform expression in chondrocytes from heterozygous and
homozygous Col2al-mlIC knock-in cartilage tissue

A TagMan®-based alternative transcript gPCR (AT-gPCR) assay was utilized to accurately
quantify levels of the different Col2al mRNA isoforms (I1A, 11B, IIC, 1ID) in vivo. This
technology was recently published by our group (McAlinden et al., 2012) and is based upon
the utilization of a chemically-synthesized multiple amplicon standard (MAS) plasmid. This
MAS plasmid contains amplicons for six custom-designed TagMan® assays to specifically
amplify the 1A, 1IB, IIC and 11D splice forms as well as the exon 52-53 junction of Col2al
(to measure the quantity of total Col2al mRNA) and 18S rRNA as an internal standard.

Embryonic hindlimb buds (E12.5) and an age range of embryonic and post-natal epiphyseal
cartilage tissue (E16.5 — P56) was harvested from WT, heterozygous knock-in (ki/+) and
homozygous knock-in (ki/ki) Col2al-I1C mice and RNA was extracted for AT-gPCR. Fig. 4
and Table 3 show levels of each Col2al mRNA isoform expressed as a percentage of the
total copy number of 1A, 11B, 1IC and IID in chondrocytes from WT, ki/+ and ki/ki cartilage
at each time point. In WT chondrocytes, I1A is the major isoform produced at E12.5 (~95%)
while 1B mRNA was barely detectable. The IID mRNA isoform (similar to 1A mRNA
except for an additional 3 nucleotides at the 3’ end of exon 2; Fig. 1A) represented ~3% of
the four isoforms analyzed. At E16.5, levels of 1ID mRNA only reached ~1% in WT
chondrocytes and levels were barely detectable at all time points thereafter. The I1C splice
form made up only ~1% of the four isoforms at E12.5 and ~0.3% at E16.5; at all post-natal
time points analyzed, 11C levels were barely detectable or undetectable in WT chondrocytes.
By E16.5, the splicing switch from IIA/IID to I1B had occurred in WT cells with 11B mRNA
representing ~72% of the four isoforms analyzed. From PO onwards, over 90% of mRNA
transcripts generated in WT chondrocytes was I1B with higher proportions of 11B present in
P14 and P28 chondrocytes. Interestingly, in P56 WT chondrocytes, although 11B is the
predominant splice form, the ratio of I1A to 1IB transcripts increased compared to that found
in P14 and P28 chondrocytes. This ratio was similar to that detected at earlier post-natal
time points (PO and P7).

Homozygous knock-in mutation (ki/ki) of the 11C 5 splice site resulted in increased ratios of
1A to 11B mRNA isoforms in chondrocytes from all time points analyzed when compared to
WT cells (Fig. 4 and Table 3). These differences were particularly more apparent from
E16.5 onwards when the 1A to I1B splicing switch had occurred in WT cells. Concomitant
with the increase in the percentage of IIA mRNA generated in mutant I1C ki/ki cells was an
increase in levels of the 11D mRNA isoform when compared to WT cells. As expected, no
I1C mRNA was detected in ki/ki chondrocytes at all time points, consistent with ablation of
the 11C splice site. As expected, heterozygous mutation of the I1C 5 splice site resulted in
higher ratios of IIA/IID : 1B mRNAs in ki/+ chondrocytes compared to WT cells at each
time point and lower ratios compared to homozygous ki/ki cells. Interestingly, of all the
post-natal time points analyzed, the highest I1A/IID : 1B ratios in ki/+ and ki/Ki
chondrocytes were found in chondrocytes of cartilage from 8 week old (P56) mice; these
ratios were similar to that produced in ki/+ and ki/ki cells at E16.5.
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2.4 Mutation of the alternative IIC splice site results in increased expression of II1A
procollagen protein isoforms in cartilage ECM of Col2al-mIIC mice

Immunofluorescence was carried out on paraffin sections of mouse hindlimbs using a
specific “anti-11A” polyclonal antibody (Ab) recognizing the exon 2-encoded cysteine-rich
domain in the amino (NH>) propeptide of type Il procollagen (Oganesian et al., 1997). In
addition to recognizing the exon 2-encoded cysteine-rich (CR) domain of type I1A
procollagen, this Ab also recognizes the CR domain present in the “I1A” isoform of type XI
procollagen (McAlinden et al., 2013). It is not known if this Ab can also recognize the I1D
procollagen isoform, but it seems likely since 11D differs from I1A procollagen by only one
amino acid. In any case, the IID mRNA isoform is expressed at very low levels in vivo as
shown from the AT-gPCR data (Fig. 4; Table 3). Dual immunofluorescence was also carried
out using the anti-11A Ab and an Ab that recognizes the triple helical domain (THD) of type
Il procollagen (Cremer and Kang, 1988). Note that this THD Ab recognizes all potential
isoforms of type Il procollagen (i.e. following processing of type 11 procollagen to remove
the NH, and COOH propeptides, the THD is the same regardless of whether 11A or 11B
procollagen is processed). Figs. 5A-C shows no apparent differences in 1A staining patterns
in cartilaginous regions of E12.5 developing limb buds; this is expected given that exon 2-
containing 1A isoforms are predominant in cells from all genotypes at this early stage of
development (Fig. 4).

Although no histological differences were observed by Safranin-O staining between WT and
I1C mutant E16.5 — P56 limb sections (results not shown), differences were noted in the
localization of 1A protein, reflecting the increase in I1A : 1B mRNA ratios found at the
mRNA level (Fig. 4). At E16.5 and PO, abundant Il1A staining was seen at the most proximal
end of WT developing tibiae where higher levels of chondroprogenitor cells are present
(Fig. 5D,G). However, a “lacy” localization pattern was observed below in the proliferative
zone and barely detectable levels were seen in the hypertrophic zone; both of these zones
contain chondrocytes further along the differentiation pathway that synthesize
predominantly 11B procollagen. The lacy I1A expression pattern in these regions indicates
interterritorial matrix localization of remnant protein (most likely the processed 1A NH,-
propeptide derived from type I1A procollagen, synthesized at earlier time points of
development). Figs. 5E, F, H and | show increased I1A staining patterns in ki/+ and ki/ki
tibiae compared to WT. Here, expression can be seen throughout the entire tibiae indicating
that differentiated chondrocytes in the proliferative and hypertrophic zones are expressing
more I1A-containing procollagen that is being secreted into the ECM. Note that at PO, the
size of the WT tissue (Fig. 5G) appears smaller than both ki/+ and ki/ki (Fig. 5H, I) due to
the plane of sectioning, and does not reflect a gross morphological difference.

Fig. 6 shows, by dual immunofluorescence, that type 11 collagen is abundantly expressed in
WT P7 cartilage (Fig. 6A, red staining) and that the majority of Il A expression (green
staining) remaining is concentrated in the superficial zone of the articular cartilage.
However, ki/+ and ki/ki tissue shows abundant 1A expression throughout cartilage of the
developing tibia that colocalizes with the triple helical domain of type Il collagen (Fig. 6B,
C). At this time point, differences can be seen between ki/+ and ki/ki tissue. In ki/+ tissue
(Fig. 6B), a loss of 1A staining is noticeable at the most proximal region of the developing
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tibia. At P14 when secondary ossification center (SOC) formation is well underway, there is
an apparent reduction of 1A staining in the ECM of ki/+ and ki/ki tissue that will become
mature articular cartilage (Fig. 6E, F). However, there is still abundant Il1A staining in the
highly cellular growth plate cartilage region below the SOC in these tissues. P28 images
(Fig. 6G, H, ) are of the peripheral region of developing epiphyseal cartilage of the tibiae
showing articular cartilage, SOC and the underlying growth plate cartilage. The only area of
positive I1A staining in WT tissue was again found at the superficial zone of articular
cartilage (Fig. 6G). This superficial zone staining of 1A protein was also found in ki/+ and
ki/ki tissue in addition to positive staining in the pericellular domain surrounding a number
of chondrocytes located throughout the entire depth of the articular cartilage (Fig. 6H, I).
Loss of l1A staining can be seen in the ECM of the upper proliferative zone of growth plate
cartilage, but expression is still persistent in the pericellular region of growth plate cartilage
cells in the lower proliferative, pre-hypertrophic and hypertrophic regions (Fig. 6H, ).

By 8 weeks of post-natal development (P56), 1A expression persisted in ki/+ and Ki/Ki
articular cartilage at both the superficial zone and in the pericellular domain of deeper zone
chondrocytes (Fig. 7B, C) whereas only at the outermost superficial zone region in WT
articular cartilage (Fig. 7A). The difference in thickness of the articular cartilage in ki/ki
mice (Fig. 7C) compared to WT and ki/+ tissue (Figs. 7A, B) is due only to the plane of
sectioning. WT and ki/+ stained tissue sections were obtained from the anterior region of the
joint whereas the Kki/ki stained section was obtained from a region near the middle of the
joint. Persistence of 1A staining was also found in the growth plate of region of ki/+ and
ki/ki tissue, especially in the pericellular region of the extracellular matrix (Fig. 7E and F).
No I1A staining was observed in the growth plate of P56 WT mice (Fig. 7D).

2.5. Persistent expression of the Col2al IIA domain in post-natal growth plate cartilage is
due, in part, to type Xl collagen

The pericellular staining observed with the anti-11A Ab is reminiscent of type XI collagen
staining patterns in cartilage, at least in epiphyseal cartilage tissue (Petit et al., 1993). We
therefore investigated whether or not the pericellular staining patterns observed with the
anti-11A Ab in post-natal articular and growth plate cartilage tissue (Figs. 7B, C, E, F) is due
to an isoform of the a3(XI) chain of type XI collagen containing the exon 2-encoded CR
domain in the retained NH,-propeptide. Since co-immunostaining of the anti-1IA Ab and the
anti a1(XI) Ab was not possible, the staining pattern of a tissue section co-stained with the
anti-1lA Ab and the type Il collagen triple helical domain (THD) Ab was compared to an
adjacent tissue section costained with an anti a1(XI) Ab against the thrombospondin domain
of the a1(XI) chain (gift from Drs. David Eyre and Russell Fernandes) and the type |1
collagen THD Ab. Fig. 8 shows that the I1A staining pattern persisting in P56 ki/+ articular
cartilage tissue (Fig. 8A) may not due to the presence of type XI collagen since al(XI)
staining in an adjacent P56 ki/+ was below background detection limits (Fig. 8B). Lack of
al(XI) staining in P56 WT articular cartilage tissue was also noted (not shown). However,
a1(XI) staining was observed in the pericellular regions of P56 ki/+ growth plate cartilage
(Fig. 8D), as was also shown in WT growth plate cartilage (Fig. 8F). This a1(XI) staining
pattern in P56 ki/+ growth plate (Fig. 8D) coincides with 1A localization patterns in the
adjacent tissue section (Fig. 8C). Similar results were found in P56 Ki/ki tissue (results not
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shown). Some regions of co-localization (yellow) can be observed in Fig. 8C, but there are
also regions showing only 1A but not a3(XI) staining (green) staining. It is possible that the
immuno-detected 11A NHy-propeptide is part of the type XI collagen molecule or is perhaps
retained in the ECM as a free, cleaved propeptide derived from type I1A procollagen. The
same type XI collagen staining patterns were observed in P56 cartilage tissue using an Ab
against the variable domain of the a1(XI) chain (gift from Dr. David Birk) (results not
shown). Our evidence suggests that anti-11A Ab staining is detecting the a1(Il) chain, and
not the a3(XI) chain in articular cartilage at P56. However, it remains possible that the anti-
I1A-positive regions in the growth plate of 11C knock-in mice may be due in part to the
presence of the exon 2-containing isoform of the a3(XI) chain of type XI collagen.

3. Discussion

The present study provides new information on the complexities of Col2al pre-mRNA
alternative splicing mechanisms and how these processes control procollagen protein
isoform expression patterns during pre- and post-natal development. Our previous studies
have identified an additional alternative 5’ splice site within Col2al exon 2 that leads to
production of a truncated MRNA isoform (11C) containing the first 34 nucleotides of exon 2
and premature termination codons in exon 6 (McAlinden et al., 2008). A regulatory role for
I1C was suggested by our finding that deletion of a 10 nucleotide region of exon 2
overlapping the I1C 57 splice site resulted in an increase in the 1A : 1B ratio expressed by a
COL2A1 mini-gene (McAlinden et al., 2008). In the present study, we found similar
alterations in the level of 11A and 1B mRNA when silent point mutations were introduced
into the COL2A1 mini-gene to disrupt the 11C 5’ splice site (Fig. 1B). These mutations
significantly reduced the strength of the I1C splice site from 6.0 to a value (=5.7), in the
range of the weaker 11A (-10.4) and 11D (-1.2) 5’ splice sites (Fig. 2). These results suggest
a possible functional role for the 11C splicing event to regulate exon 2 alternative splicing
and control levels of the translatable 1A, 11D and I1B transcripts. Mutation of the I1C splice
site and alteration of the ratio of transcripts with or without exon 2 may, in turn, impact the
development and/or quality of the cartilage extracellular matrix (ECM). Therefore, we were
motivated to generate a global knock-in mouse model (Col2al-mlIC) to introduce silent
point mutations into the Col2al gene to inhibit the I1C splicing event in vivo.

This paper describes successful generation of heterozygous (ki/+) and homozygous (Ki/ki)
Col2al-mllC knock-in mice. A splice site targeting approach was used to generate Col2al-
mlIC mice, similar to what we reported for production of transgenic Col2al* 2 knock-in
mice engineered to express only the I1A isoform of Col2al (Lewis et al., 2012). The fact
that no overt skeletal or gross morphological phenotype was observed in Col2al-mlIC mice
suggests that the 11C Col2al splicing event is not critical for overall development of
cartilage or other non-chondrogenic tissues where Col2al is expressed early in
development. However, closer analysis revealed that mutation of this I11C alternative 5’
splice site is important in regulating the production of 1A, 11D and 11B mRNA isoforms.
Using an alternative transcript g°PCR method developed and published recently by our group
(McAlinden et al., 2012), we were able to quantify levels of lIA, 1IB, IIC and 11D mRNA in
chondrocytes from an age range of cartilage tissue in WT and transgenic knock-in mice (Fig.
4, Table 3). The proportion of IIC mRNA was greatest in WT mice at the earliest time point

Matrix Biol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hering et al.

Page 9

(E12.5). Although 11C mRNA could be detected in WT and ki/+ chondrocytes, no 11C
transcript was ever detected in ki/ki chondrocytes, as expected. As such, the I1C ki/ki mice
provide a “negative control” for the IIC AT-qPCR assay. Levels of 1ID mRNA were very
low, especially in post-natal tissue where 11B mRNA is the major isoform produced. Levels
of 11D are higher in ki/ki tissue and increase in direct proportion to Il1A mRNA production in
these cells. The function of the 11D splice form remains unknown, and may be distinct from
that of the I1A splice form, due to the presence of an additional codon in 1ID. The relative
amounts of 11D and I1A in mouse embryonic and postnatal cartilage, chondrogenic human
MSC pellet cultures (McAlinden et al., 2008), and during chondrogenesis of ATDC-5 cells
(McAlinden et al., 2012) are quite variable. This suggests that these two splicing events do
not always occur with the same frequency, merely due to the proximity of the 1A and the
11D splice sites.

Col2a1-ml1C mice can be regarded as a “mild version” of Col2al*®< mice that we
engineered to exclusively express the 1A isoform of Col2al (Lewis et al., 2012). Similar to
Col2a1*®2 mice, no overt skeletal phenotype was observed in Col2a1-mlIC mice;
chondrocyte differentiation, endochondral ossification and formation of secondary
ossification center (SOC) occurred as normal in the developing limbs. We showed from our
analysis of Col2al*®2 mice that I1A procollagen could be processed (i.e. removal of the
NH, and COOH domains) by differentiated chondrocytes similar to 11B procollagen (Lewis
et al., 2012). Therefore, we expect that the increased levels of 1A, and perhaps I1D
procollagen, produced in Col2al-milC mice will be processed to mature type Il
tropocollagen that will form a covalently cross-linked fibrillar matrix. Evidence for I1A
procollagen processing can be seen from immunofluorescent staining patterns of 11A protein
in post-natal ki/+ and ki/ki cartilage tissue (P14, P28; Fig. 6). The disappearance of I1A
(green) staining from articular cartilage and regions of growth plate cartilage is due to
cleavage of the 1A NH,-propeptide from I1A procollagen and subsequent removal from the
ECM. The mechanism by which the NH,-propeptide is cleared from the matrix is not
known.

Further examination, however, shows persistent staining of I1A protein in the pericellular
region of P28 and P56 ki/+ and Ki/ki articular and growth plate cartilage (Fig. 6 and Fig. 7).
We hypothesize that persistent expression could be due to the presence of type XI collagen,
which is known to localize to pericellular regions of epiphyseal cartilage where thinner
collagen fibrils are located (Keene et al., 1995; Petit et al., 1993). Type Xl collagen is a
minor component of cartilage that plays a role in regulating type 11 collagen fibrillogenesis
and fibril diameter (Blaschke et al., 2000). Importantly, Col2al encodes both the a1(ll)
chain of type I1 procollagen and the a3(XI) chain of type XI procollagen (Burgeson and
Hollister, 1979; Eyre, 1987; Furuto and Miller, 1983). Processing of type XI procollagen is
quite complex: the a1(XI) NH»-propeptide is initially retained and later processed after
synthesis, the a2(XI) NH,-propeptide is rapidly removed after synthesis while the a3(XI)
chain is retained and not processed (Morris and Bachinger, 1987; Thom and Morris, 1991;
Wu and Eyre, 1995). The study by Wu and Eyre showed the presence of the 1B NH,-
propeptide retained on the a3(XI) chain of type XI collagen in bovine cartilage (Wu and
Eyre, 1995). Whether or not I1A isoforms of type XI collagen could exist was only revealed
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recently. Specifically, immunoprecipitation analysis of type XI collagen purified from post-
natal cartilage of Col2al*®2 mice showed the presence of I1A-containing type XI collagen
heterotrimers (McAlinden et al., 2013). Therefore, we found it plausible that the persistent
post-natal 1A expression detected in the present study may be due to 11A isoforms of type
Xl collagen where the exon 2-encoded I1A domain is retained on the NHy-propeptide of the
a3(XI) chain. Dual immunostaining of adjacent tissue sections with either the anti-11A Ab or
the anti-a1(XI) Ab showed similar expression patterns in the pericellular region of P56
epiphyseal growth plate cartilage (Fig. 8C and 8D). This shows that persistent expression of
I1A protein in post-natal growth plate cartilage is due, in part, to the I1A isoform of type XI
collagen. However, we cannot rule out the possibility that some of the positive 1A staining
may be due to processed I1A NH, propeptide derived from type 11A procollagen that exists
free in the matrix and has not been removed from the ECM.

The observation that positive anti-a1(XI) domain staining can be detected in maturing
epiphyseal growth plate cartilage (Fig. 8D, F) and not in maturing articular cartilage (Fig,
8B) may be due to differences in the molecular architecture of the collagen matrix in both
locations. In growth plate cartilage there is an abundance of pericellular matrix relative to
inter-territorial and territorial matrix. This pericellular matrix may likely consist of thinner,
newly synthesized fibrils still rich in accessible uncleaved 1A NH,-propeptides of type Il
and XI procollagen. In mature articular cartilage, the lack of a1(XI) staining may be due to
more efficient processing of the a1(XI) NH, propeptide by articular chondrocytes.
Alternatively, the epitope may be present, but masked within the type Il collagen fibrillar
network of articular cartilage (Mendler et al., 1989). Therefore, it is not yet possible to
determine what percentage of the persistent 1A staining in post-natal Col2al-mlIC articular
cartilage tissue (Fig. 8A) is due to the presence of the a3(XI) chain of type XI collagen. The
positive I1A pericellular staining in Col2al-mlIC articular cartilage may be due primarily to
the relative abundance of newly synthesized type I1A procollagen in the pericellular matrix.
At all stages of post-natal articular cartilage development, 1A staining is localized to the
surface/superficial zone not only in ki/+ and ki/ki tissue but also in wild type articular
cartilage (Figs. 6D, 6G, 7A). It has been reported previously that the surface of bovine
articular cartilage contains a progenitor cell population (Dowthwaite et al., 2004). Therefore,
it may be that the persistent 11A staining is due to chondroprogenitor cells at the surface of
murine articular cartilage that continually synthesize precursor markers including the
“embryonic” isoform of type Il procollagen.

The findings presented in this study suggest that I1C splicing may be of regulatory
significance in production of Col2al splice forms during cartilage ECM maturation. We
propose that, in cells at an early stage of differentiation where chromatin structure has
enabled the type 11 collagen gene to be transcriptionally active, the stronger alternative 11C
splice site in exon 2 may be used in preference to the “weaker” 11A/IID splice sites (Fig.
9A). Cells transcribing the non-productive I1C isoform may thus be “poised” in a
transitional state leading to productive transcription and splicing of I1A, 11D, and ultimately
I1B collagen mRNA (Margaritis and Holstege, 2008; Price, 2008). The low levels of the 1IC
isoform may be related to a low level of Col2al transcription, or to the small number of
committed chondroprogenitors in the embryonic and postnatal cartilage relative to
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differentiated chondrocytes. In support of this hypothesis, we have previously shown that
the 11C splice form is abundant prior to the upregulation of Col2al transcription that
accompanies the initial appearance of I1A/D mRNA (McAlinden et al., 2008). This can be
easily observed in our pellet culture model for chondrogenesis, in which the differentiation
of MSCs is more synchronous than is the differentiation of chondroprogenitors in cartilage.
As our model depicts (Fig. 9), the 11A/D procollagen isoforms predominate in chondrocytes
at E12.5 (Fig. 9B). This may be due to lower initial RNA polymerase Il (pol 1) transcription
and elongation rates, which can favor spliceosome formation at weak splice sites and
inclusion of an alternative exon (de la Mata et al., 2003; Kornblihtt et al., 2004; McAlinden,
2014). It may also be that less mature chondrocytes express higher levels of the necessary
accessory splicing factor proteins required to “strengthen” the weak I1A/D 5’ splice sites. In
fact, we have identified TIA-1 as a nuclear accessory protein that enhances exon 2 splicing
(inclusion) (McAlinden et al., 2007); this may be one such factor more highly expressed in
chondrocytes early in differentiation. As chondrocytes further differentiate, the rate of
Col2al transcription and splicing is significantly increased to support rapid synthesis of the
collagen ECM. 11B procollagen formation is favored in this scenario, since spliceosome
complexes may not be able to form in enough time at the weak 11A/D splice sites when there
are higher rates of transcription and splicing (Fig. 9C). This hypothesis is supported by our
finding in this study that mutation of the 11C splice site in vivo results in increased levels of
I1A and 11D procollagen transcripts and decreased levels of 11B procollagen transcripts in
P28 differentiated chondrocytes (Fig. 9F) relative to WT (Fig. 9C). This model suggests that
Col2al transcription to produce the I1C splice form sets up a “transitional state” in
chondrogenesis (a chondroprogenitor cell) that permits the rapid ramping-up of Col2al
transcription and splicing to produce the 11A/D splice forms, already under way in E12.5
cartilage. Without the “poising” effect of 11C splicing, progression from 11A/D expression to
I1B expression (ECM maturation) may be delayed, as we have observed in the ki/ki mutants.
Utilization of the I1A/D 5’ splice sites can occur, however, using redundant pathways to
provide necessary splicing factors (Fig. 9D and 9E).

It is apparent from our previous studies on the Col2al*®2 mice (engineered only to express
the 11A isoform of Col2al) (Lewis et al., 2012) or from our present findings on the Col2al-
ml1C mice, that elimination or delay of the 11A/D-to-11B alternative splicing event does not
profoundly disrupt cartilage development as was once believed. Previous studies have
suggested a potential role for the exon 2-encoded cysteine rich (CR) domain in regulating
TGF-B superfamily growth factor activity during (Larrain et al., 2000; Zhu et al., 1999). The
study by Larrain et al (Larrain et al., 2000) showed that I1A procollagen over-expression in
Xenopus embryos caused a phenotype similar to that of chordin over-expression, thereby
suggesting a function in BMP-2/4 inactivation. Therefore, in the Col2al*®2 mice or
Col2al-mlIC mice, we expected to observe a chondrodysplasia-like phenotype similar to
that reported in the chondrocyte specific Bmp-2 knock-out mice (Shu et al., 2011). Also,
there was no indication of BMP dysregulation in transgenic mice lacking Col2al exon 2
(Leung et al., 2010).

Although gross phenotypic changes were not observed, our studies on Col2a1* 2 mice that
were engineered to exclusively express the 1A isoforms of type Il and type XI collagen
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have shown ultrastructural abnormalities in the collagen matrix of knee articular cartilage
(unpublished observations) as well as rib cartilage (McAlinden et al., 2013). It is tempting to
speculate that mis-expression of “embryonic” isoforms of type 1l procollagen may affect
mechanisms that regulate collagen matrix assembly rather than specific processes related to
chondrocyte differentiation and overall cartilage matrix formation. For example, by altering
the structure of the NH, propeptide of type X1 collagen (i.e. the addition of the globular
exon 2-encoded CR domain in the a3(XI) chain), the function of type XI collagen in
regulating fibrillogenesis may be compromised. Also, a recent report showed that a mutation
in the NHy-propeptide of type V collagen alters the structure of the NH»-propeptide
resulting in abnormal type | collagen fibrils (Symoens et al., 2011). Type V collagen is
known to regulate type | collagen fibrillogenesis in a similar fashion to type XI collagen
regulating type Il collagen fibrillogenesis. Since the ratio of 11A : 1B isoforms has also been
altered in Col2al-mlIC mice, it will be interesting in future studies to elucidate the
ultrastructure of the collagen matrix in both articular and growth plate cartilage of these
mice and to determine whether or not the biomechanical properties of the cartilage has been
affected. It will be interesting to look for other markers of immature cartilage in the Col2al-
ml1C mutants, to ascertain if aspects of matrix maturation have been affected, which could
in turn influence repair. It may be instructive to subject the Col2al-mlIC mice to testing for
susceptibility to OA using an established approach to model the disease.

4. Experimental Procedures

4.1. Construction of wild type and mutant COL2A1 mini-genes

A previously described wild type human COL2A1 mini-gene (McAlinden et al., 2005) was
utilized to generate exon 2 splice site mutant mini-genes. The wild type mini-gene (~5.9kb)
consisting of exons 1-3 and full-length introns 1 and 2, was cloned into pcDNA3 vector
(Invitrogen) under transcriptional control of the cytomegalovirus promoter. Mutant mini-
genes containing the Col2al I1C splice site mutation within intron 2 (COL2A1-mlIC) (Fig.
1B) with or without inclusion of an upstream Hae I11 restriction site (Fig. 3A) were
generated using the QuikChange™ site-directed mutagenesis kit (Stratagene). PCR
mutagenesis was carried out over 18 cycles (95°C, 30s; 55°C, 1min; 68°C, 6min) and
resulting PCR products were treated with Dpn | (1h, 37°C) to digest parental, methylated
DNA. Digested DNA (1pl) was transformed into XL-1 Blue Supercompetent cells
(Stratgene) and resulting colonies were screened for presence of the correct mutations.

4.2. Transient transfection of COL2A1 mini-genes and analysis of mini-gene spliced mRNA

isoforms

The following cell lines were used for transfections: i) HEK-293 human embryonic kidney
cells (ATCC), ii) TC28/12 chondrocytes from human costal cartilage (gift from Dr. Mary
Goldring, Hospital for Special Surgery, NY) and iii) RCS (LTC) rat chondrosarcoma cells
(Fernandes et al., 1997). Wild type or mIIC mini-gene construct was transfected into each
cell line using FUGENE™ 6 reagent (Roche Applied Science) following the manufacturer’s
protocol. Briefly, 1-3ug of the mini-gene construct was transfected into cells at a ratio of 1:4
DNA:FuGene (ug:pl) for 5h in serum-free medium. Serum-containing medium was then
added (final concentration of 10% fetal bovine serum) and the cells were cultured for a
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further 48 h. Total RNA was harvested and purified using the RNeasy kit (Qiagen). Reverse-
transcribed cDNA was amplified by PCR in the presence of [a-32P]dCTP (800Ci/mmol;
Perkin Elmer). The primers pcDNA3-COL2A1-Ex1 (5’-CAAGCTTACATGATTCGGC-3%)
and sp6 were used to amplify cDNA derived only from the exogenously transfected
COL2A1 mini-genes. PCR was carried out for 20x cycles (95°C, 30s; 55°C, 30s; 72°C, 30s).
Following addition of 6x loading dye (30% glycerol, 0.025% (w/v) bromophenol blue,
0.025% cyanol blue), an aliquot of resulting PCR products (10ul) was electrophoresed
through 6% polyacrylamide gels at 200V. Gels were then dried, exposed to X-ray film and
developed the following day.

4.3. Generation of a Col2al-mlIC targeting vector

A mouse 129SvVEv BAC (bacterial artificial chromosome, BAC ID# bMQ-131018; Source
Bioscience) containing the Col2al genomic locus was used to generate the Col2al-mlIC
knock-in targeting vector (Fig. 3A). Mutations were introduced into the BAC using galK-
based recombineering (Warming et al., 2005), a method that manipulates BACs
independently of restriction sites via homologous recombination in bacteria. Galk
recombineering is a two-step procedure using galK-based positive and negative selection. In
the initial recombination step, point mutations at the I1C 5’ splice site within exon 2 and a
silent mutation to create an engineered Hae |11 restriction site (for genotyping purposes)
were introduced into the BAC using 50bp Col2al homology arms flanking the galK gene.
This cassette was generated via PCR using primers Col2al-11C-galKrd1-FOR and Col2al-
I1C-galKrd1-REV (Table 4). Clones were obtained via positive selection on minimal media
plates containing galactose as the only carbon source. Correctly recombined clones were
identified via directional PCR, restriction digest to confirm a lack of BAC rearrangements,
and sequencing of PCR products spanning the desired mutations. Positive clones from the
first round of recombineering were subjected to a second round of recombineering to
remove the galK gene, leaving behind only the desired mutations. The recombination
cassette was generated by annealing two 100 bp complementary oligos (Col2al-11C-
galKrd2-FOR2 and Col2al-11C-galKrd2-REV2; Table 4) that span the Col2al homology
arms used in step 1. Clones were obtained via negative selection on minimal media plates
containing glycerol as the only carbon source and 2-deoxy-galactose (DOG) as the selection
agent. Clones in which the galK cassette has been deleted will grow in the presence of DOG
while those retaining the galK gene will not. Positive recombinants were identified via
directional PCR, restriction digest, and sequencing. A loxP-neo"-loxP expression cassette
was inserted within a non-conserved region of Col2al intron 2 (approximately 350 bp
downstream of exon 2) via another recombineering method (Lee et al., 2001). The targeting
vector was generated from the engineered BAC using gap repair (Lee et al., 2001) into a
plasmid containing a diphtheria toxin cassette for negative selection in ES cells. Resulting
Col2al-mlIC targeting vector DNA was prepared using a Qiagen maxi-prep protocol,
linearized by restriction digest with Ascl and purified by phenol/chloroform extraction.
Linearized targeting vector (40 pg) was then used for electroporation into EDJ22 embryonic
stem (ES) cells, derived from 129S6/SvEvTac mice.
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4.4. Embryonic stem cell electroporation and identification of homologously-recombined
positive clones

EDJ22 embryonic stem (ES) cells, derived from 129S6/SvEvTac mice and developed at the
Washington University Siteman Cancer Center Murine Embryonic Stem Cell Core (http://
escore.im.wustl.edu) were grown on gamma irradiated primary mouse embryonic fibroblast
(MEF) feeder layers. Linearized, purified 11C Col2al-mlIC targeting vector DNA (40 ug)
was electroporated into EDJ22 cells by standardized protocols of the ES Cell Core.
Electroporated cells were plated onto MEFs and cultured in the presence of LIF and 600
pg/ml active G418. Individual ES colonies were selected after 6-7 days of G418 selection
and grown for subsequent freezing and genomic DNA preparation. Genomic DNA was
prepared from over 200 ES cell colonies. Cell pellets were digested overnight at 52°C with
proteinase K followed by phenol/chloroform extraction and isopropanol precipitation.
Clones were screened for homologous recombination by PCR using a neomycin specific
primer and a primer external to the targeting vector short arm (Primers a + b, Fig. 3; Table
2). Presence of the desired mutations was confirmed in PCR-positive ES clones by PCR
with primers Col2al-F7 and Col2al-R7 (Primers ¢ + d, Fig. 3; Table 2), followed by
sequencing and Hae 11 restriction digest of the PCR products. All ES clones tested had the
expected mutations. Three ES clones (numbers 142, 174, and 186) were then confirmed for
homologous recombination by Hind I11 digestion of genomic DNA and southern blot
analysis using two probes outside the targeting arm sequence and one probe that hybridizes
to an internal region of the targeting arm (probes A, B and INT, Fig. 3). Karyotype analysis
of positive ES clones was performed by the Cytogenetics Core at Washington University.

4.5. Generation of Col2al-mlIC knock-in mice

Two independent ES clones (142 and 174) were injected into C57BL/6J blastocysts by
trained technicians in the Mouse Genetics Core at Washington University (http://
mgc.wustl.edu). Mouse embryos isolated at 2.5 days pc were incubated to the blastocyst
stage, injected with the targeted ES cells, incubated for several hours and then implanted
into pseudopregnant female recipients. Pups were born at 19 days gestation and coat color
chimerism was apparent within 7-8 days of birth. Male chimeric mice (>95% chimerism)
were bred to C57BL/6J female mice (Jackson Laboratory) to generate heterozygote F1
offspring. Germline transmission of the mutant allele was confirmed by PCR analysis with
primers Col2al-loxP-Rev and 21021 (primers f and o, Fig. 3; Table 2). Heterozygotes were
bred to Ella-Cre mice for deletion of the loxP flanked neomycin selection cassette (Jackson
Laboratory Strain Name: B6.FVB-Tg(Ella-cre)C5379Lmgd/J; Stock Number: 003724).
Presence of Cre was confirmed by PCR with primers Cre-For and Cre-Rev (primers g and h;
Table 2) and removal of the neomycin cassette was confirmed by PCR with primers Col2al-
loxP-For and Col2al-loxP-Rev (Primers e and f, Fig. 3; Table 2). Identification of wild type,
heterozygous or homozygous mice from each litter was confirmed by PCR of genomic DNA
isolated from mouse tails with primers Col2al-loxP-For, Col2al-loxP-Rev and 21021
(Primers e, f and o; Fig. 3, Table 2).
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4.6. Col2al alternative-transcript gPCR (AT-gPCR)

RNA was extracted from cartilage of developing mouse hindlimbs (E12.5 — P56) from WT,
heterozygous and homozygous Col2al-mIIC mice. At E12.5, RNA was extracted from
whole developing limb buds. At other time points, epiphyseal cartilage was harvested from
the developing tibia and femur of the hindlimbs and pooled. RNA extraction was done using
Trizol reagent (Invitrogen) following the manufacturer’s instructions and finally dissolved in
30-40 pl of RNAse free water and analyzed with a Nanodrop spectrophotometer. To
quantify levels of alternatively spliced Col2al isoforms (1A, 11B, lIC, 1ID), a TagMan®-
based alternative transcript quantitative PCR (AT-gPCR) assay system was used. This new
methodology, developed by our group, was recently published in Matrix Biology and readers
should refer to this paper for an in-depth description of the method used in this study
(McAlinden et al., 2012).

For each sample, an “absolute” value for 18S rRNA was determined, using dilutions of the
Mus musculus Col2al MAS (Multiple Amplicon Standard) plasmid (McAlinden et al.,
2012) to produce a standard curve. This plasmid contains an insert with amplicons for 18S
rRNA, 1A, 1B, 1IC, 11D splice forms, and the “constitutive” exon 52-53 junction (used to
measure total Col2al mRNA). The absolute value of each splice form was normalized to
18S rRNA. For each individual RNA sample, therefore, this normalization allowed the
splice form values to be compared to one another. Since 18S rRNA in each sample was
derived from all cell types present, which varied between samples, an inter-sample
comparison of “absolute” values was not possible. We therefore expressed splice form
values for each sample as the percent of the sum of all Col2al splice forms (total of all
normalized splice form values).

4.7. Immunohistochemistry to detect type Il and type Xl procollagen protein expression

Hindlimb buds or hindlimbs were harvested and fixed in 10% neutral buffered formalin.
Fixation times varied between 1-3 days depending on the age of the tissue. After fixation,
samples were rinsed in sterile water and decalcified whenever necessary (E16.5-P70) for a
period of time between 12 hr — 2 wk depending on the bone content of the limbs. Fixed,
decalcified limbs were then dehydrated, embedded in paraffin and sectioned. Glass slides
containing paraffin sections (5 pm) were baked overnight at 56°C, de-paraffinized in xylene,
rehydrated through different grades of ethanol and incubated with 1% hyaluronidase
(Sigma) for 30 min at 37°C. Sections were rinsed with 1xPBS and blocked with 10% goat
serum for 1 h at room temperature and then incubated overnight at 4°C with a rabbit
polyclonal “anti-11A” antibody (Ab) that recognizes the exon 2-encoded cysteine-rich
domain within the NH,- propeptide of type Il procollagen (1/400 dilution) (Oganesian et al.,
1997) and a rat polyclonal Ab against the triple helical domain (THD) of type Il collagen
(Cremer and Kang, 1988). Each Ab was diluted 1/400 and 1/100, respectively in 2% goat
serum. Sequential tissue sections were also dual immuno-stained with a rabbit polyclonal Ab
raised against the thrombospondin domain of the a1(XI) chain (gift from Drs. David Eyre
and Russell Fernandes) or the variable domain of a1(XI) (gift from Dr. David Birk) and the
rat polyclonal type Il collagen THD Ab. Each Ab was diluted 1/1000 (Eyre/Fernandes Ab),
1/200 (Birk Ab) or 1/100 (collagen 1l THD Ab) in 2% goat serum. Following 1x PBS
washes, paraffin sections were incubated with species-specific secondary antibodies (1/250
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dilution) that were conjugated to Alexa fluorescent dyes [Invitrogen: goat anti-rabbit Alexa
488; goat anti-rat Alexa 594] for 1 h at room temperature. DAPI mounting medium was
applied following three rinses in 1x PBS and stained sections were cover-slipped. A Nikon
Eclipse E800 fluorescence microscope was used to view the fluorescent images. The FITC
and TRITC band pass filter sets were used to view sections labeled with Alexa 488 and 594
dyes, respectively and the DAPI filter set was used for viewing cell nuclei.
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A) COL2A1 Spliced Isoforms

Pre-mRNA

,/'\\\ ,/A\\ ’_¢”‘~“~\\ l"\\\ ’,"‘\\

’ ~ P ~\~~ . ~ L \\
E e (e (o

v v v

mRNA | E1 | E2 [E3}---NA/ID [ E1]Es}---1B [E1 [Eg[e3} --- I

1A 1D

*
.GCCAGTGgttgta..
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Fig. 1. COL2A1 spliced isoforms and the effect of 11C splice site mutation on pre-mRNA
alternative splicing
Panel A shows all potential alternative splicing events involving COL2A1 exon 2 described

to date (McAlinden et al., 2008). Asterisk denotes the exon 2-intron 2 junction containing
the 11A and 11D 5’ splice sites; 1A and 11D splicing cleavage sites are also shown. A
truncated mRNA product is expected from 11C splicing that contains the first 34 nucleotides
of exon 2 (intron and exon sizes not drawn to scale). Panel B shows the composition of the
human COL2A1 mini-gene containing 85bp of exon 1 (from the translation start site) (Ryan
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et al., 1990), full-length exons 2 and 3 and full-length intervening introns 1 and 2. The
position of the alternative 11C 5’ splice site within exon 2 is shown by the vertical black-
filled box. The sequence of the 11C 5’ splice site is shown in bold font and the arrow denotes
the cleavage position of the splice site. The boxed nucleotides show the mutations generated
to eliminate the splice site sequence without altering the protein coding sequence (sizes of
exons and introns not drawn to scale). The autoradiograph images show PCR products
amplified from cDNA of wild type (WT) or mutant mIIC mini-genes in cell lines HEK-293,
TC28 and RCS. The position of predicted 386 bp 1A and 179 bp 11B products are indicated.
The slower-migrating band indicated by the double arrow may be due to heteroduplex
formation of mismatched cDNA strands (Claus et al., 2010; McAlinden et al., 2008).
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Fig. 2. Splice site scoring by Maximum Entropy Distribution (MED)
A) COL2A1 exon 1 to 3 region, indicating introns which are removed to generate the llA,

[1B, I1C and 11D splice forms. B) MED scores are indicated for each potential 5’ and 3’
splice site. C) The IIC mutant splice site score indicates that there is a low probability of
splicing at this site in the mutant (IICmut). MED scores were calculated with MaxEntScan
(Yeo and Burge, 2004). See Table 1 for the 5’ and 3’ splice site sequences analyzed by

MaxEntScan.
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Fig. 3. 11C splice site knock-in targeting strategy and confirmation of homologous recombination
in ES cells

Panel A shows a region of the wild type (WT) Col2al allele and the targeting vector to
generate the Col2al-mlIC knock-in (ki) allele. Location of all primers used to detect
homologous recombination and presence of specific point mutations are shown by black
arrows (primers a, b, ¢, d, e, f, and 0). Primers i+j, k+I and m+n were used to amplify probes
A, INT or B, respectively for use in Southern blotting. Sequences of all primers are shown in
Table 2 (including primers g and h which were used to test for the presence of Cre). Asterisk
(*) shows the approximate position of the 11C 5’ splice site within exon 2 and nucleotide
sequence of the splice site is shown below with the double arrow pointing to the cleavage
site of the splice site. Underlined sequence shows the three mutated nucleotides (in bold
font) that will inhibit splicing at this region. An upstream silent point mutation to create a
Hae 11 restriction site, for genotyping purposes, is also shown. Panel B shows radiolabeled
Southern blots of Hind 11 digested genomic DNA from homologous recombinant ES clones
142,174, and 186 and WT control. Southern blot probes A and B confirm homologous
recombination within the long and short arms, respectively and probe INT confirms single
integration. Expected DNA band sizes are: WT = 12.6 kb with probes A, B, and INT; IIC
knock-in mutant = 9.8 kb with probe A and 4.2 kb with probes B and INT.
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Fig. 4. AT-gPCR analysis of Col2al alternatively spliced mRNA isoforms (11A, 11B, 1IC, 1ID) in
murine chondrocytes of limb cartilage tissue at different developmental time points

RNA was extracted from cartilage tissue of wild type (WT), IIC heterozygous knock-in
(ki/+) and 11C homozygous knock-in (ki/ki) mice at ages ranging from embryonic (E) day
12.5 to post-natal (P) day 56. Stacked bar graph shows quantified copy numbers of each
isoform expressed as a percentage of the total copy number of IIA+IIB+IIC+1ID isoforms
(see also Table 3).
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Fig. 5. Fluorescence immunolocalization of the I1A exon 2-encoded protein domain of Col2al
A polyclonal Ab was used that specifically recognizes the cysteine-rich domain encoded by

exon 2 in type I1A procollagen as well as in type XI procollagen. Positive staining (green)
was found in cartilage of the developing digits of E12.5 mouse hind limbs as well as in the
developing tibiae of E16.5 and PO mice. Stained cartilage tissue from wild type (WT) mice
(Panels A, D, G), IIC heterozygous knock-in (ki/+) mice (Panels B, E, H) and IIC
homozygous knock-in mice (Panels C, F, I) is shown. Nuclear (DAPI) staining is shown in
blue. Scale bars = 100pum.
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Fig. 6. Dual fluorescence immunolocalization of the 1A exon 2-encoded domain and the triple
helical domain of type Il procollagen

Positive 1A staining (green) and type 11 collagen triple helical domain staining (red) was
found in wild type (WT), heterozygous knock-in (ki/+) and 11C homozygous knock-in (ki/ki)
cartilage tissue. Regions of the developing tibiae at post-natal (P) time points P7, P14 and
P28 are shown for each genotype: WT (Fig. 6A, D, G); ki/+ (Fig. 6B, E, H) and ki/ki (Fig.
6C, F, I). Panels A—F show the entire developing proximal tibiae and Panels G-I show a
region of the proximal tibia near the periphery where articular cartilage subchondral bone
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and underlying growth plate cartilage can be observed. Nuclear (DAPI) staining is shown in
blue. Scale bars = 100um (A-F); 50um (G-1).
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A

Fig. 7. Dual fluorescence immunolocalization of the 1A exon 2-encoded domain and the triple-
helical domain of type Il procollagen in P56 tibial cartilage

Positive 1A staining (green) and type 11 collagen triple helical domain staining (red) is
shown in wild type (WT), heterozygous knock-in (ki/+) and 11C homozygous knock-in
(ki/ki) cartilage. Panels A-C show articular cartilage and Panels D-F show the underlying
growth plate cartilage. Note that the difference in articular cartilage thickness shown in
Panel C compared to Panels A and B is due to differences in location of the tissue section
within the paraffin block. Nuclear (DAPI) staining is shown in blue. Scale bars = 20um.
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A + Col Il a1(X1) + Col I

Fig. 8. Dual immunolocalization of the triple-helical domain of type Il procollagen with either
the exon 2-encoded 11A domain or the a1(XI) chain of type XI collagen

Panels A, C and E show dual immunostaining of post-natal (P) day 56 heterozygous knock-
in (ki/+) articular cartilage (A) and growth plate cartilage (C) as well as wild type (WT)
growth plate cartilage (E) with the anti-lIA Ab (I1A; green) and the Ab recognizing the triple
helical domain of type 11 collagen (Col II; red). Panels B, D and F show dual immunostained
images of P56 ki/+ articular cartilage (B), growth plate cartilage (D) and WT growth plate
cartilage (F) with the antibodies against the a1(XI) chain of type XI collagen (green) and the

Matrix Biol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hering et al.

Page 29

triple helical domain of type Il collagen (Col Il; red). Nuclear (DAPI) staining is shown in
blue. Scale bars = 20um.
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Fig. 9. Model for regulation of Col2al isoform expression by the 11C splicing event
During normal chondrogenesis (A-C), the Col2al gene in committed chondroprogenitor

cells (pre-E12.5) is transcriptionally active but the rate of transcription of Col2al is low, and
the 11C splice form predominates via splicing at the “stronger” 11C splice site (A). At E12.5
(during overt chondrogenesis) via the action of spliceosomes and “early” splicing factors to
permit use of the “weak” 1A and 11D splice sites, the I1A splice form predominates (B). By
P28, the 1B splice form is the most abundant transcript, due to the high strength of the 11B
splice sites, specific “late” splicing factors to permit 11B splicing, or lack of splicing factors
to permit use of the 1A or 11D sites (C). In the I1C knock-in mutant (D-F), the 1IC 5’ splice
site is ablated (D), and no IIC transcript is produced during maintenance of the
transcriptionally active state. In the absence of 11C splicing, the production of I1A/D
isoforms may commence at embryonic days prior to 12.5 (“?” in Fig. 9D). By E12.5, “early”
splicing factors permit predominantly I1A as well as low levels of 11D splicing (E). By P28
(F), exon 2 containing isoforms (particularly I1A isoforms) are more abundant in the context
of the 11C splice site mutation compared to levels expressed by WT cells at the same time
point (C). While 11B splicing has commenced at this stage (F), it is delayed relative to the
WT (C). IIC splicing may therefore initially help to maintain a transcriptionally active state
of the Col2al gene by production of a nonsense 11C transcript, allowing accelerated
differentiation when appropriate accessory splicing factors are present. I1C splicing may also
function to compete with the weaker I1A and 11D splice sites, permitting more rapid
transition to expression of the 11B splice form. Note that the thickness of the lines indicating
splicing of introns represents the relative abundance of the spliced transcripts at the
indicated time point in development in the presence or absence of the 11C splice site
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mutation. Dashed lines indicate low or putative use of splice sites. Spliceosomes are
schematically depicted as complexes at splice junctions.
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Table 1

5" and 3’ splice site sequences to calculate splice site strength

5’ splice sites  Position -3to +6 3’ splice sites Position 20 to +3

EXON1gt 5/-TCCgtaagt-3’ agEXON2 5’/-cctceccacccttggtgcagAGG-3/
EXON2Cgt 5-GAGgtataa-3’ agEXON3 5/-tctatattttttccttgcagGGC-3’
EXON2C,«ct 5-GCGctacaa-3’

EXON2Agt 5-GTGgttgta-3’

EXON2Dgt 5/-GTTgtaatt-3’

Splice site strength was calculated with MaxEntScan (Yeo and Burge, 2004) (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html).
The strength of the 5’ splice sites were scored using sequences at [-3 to +6] of the 5” splice site, with the GT consensus at positions [+1,+2]. The
strength of the 3” splice sites were scored using sequences at positions [-20 to +3] of the 3’ splice site with the AG consensus at [-2, —1].
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Primers to detect homologous recombination, to generate Southern blot probes and to detect the presence of

Cre
Primer Name Sequence (5’ -3’) Product Size
(a) neo-R1 AGC TGG TTCTTT CCG CCT CAG GAC TCT TCC a+b:2.3kb
(b) Col2al-ES-REV CCA TAG CTT GCA ATG TAC TTG GCA AGG GCA
(c) Col2al-F7 TTC AAAACT ACT GTG TCAGTT CAG CCT GTC c+d: 578 bp
(d) Col2al-R7 GGT CTC TGT AGT GAT TCA GGC TCA CCA GCC
(e) Col2al-loxP-FOR AGG CTG GTG AGC CTG AAT CACTAC AGAGAC e+f:321bp
(f) Col2al-loxP-REV CTT TGT TAG CAC TGG TTC TAG CTG GGA GTG
(g) Cre-FOR GCA TTA CCG GTC GAT GCA ACT AGT GAT GAG g+ h: 408 bp
(h) Cre-REV GAG TGA ACG AAC CTG GTC GAA ATC AGT GCG
(i) Col2al-ES-A-FOR TAG TTG CAG GAACTG GAG AGC TG i+j:1019 bp
(j) Col2al-ES-A-REV CTG AGG CTC TGG CCA GAG AGT CTG
(k) Col2al-ES-INT-FOR CAG AGG TGA TCG TGG TGA CAA GG k +1: 617 bp
(I) Col2al-ES-INT-REV ~ CCA AGG ACAGTG GTCACTGCTC
(m) Col2al-ES-B-FOR GCT AGT CCC TGA TAA CCA GAG AC m + n: 1006 bp
(n) Col2al-ES-B-REV CTC ACAGAG ACACCAGGCTCGC
(0) 21021 CGG AGA ACCTGC GTGCAATCCATCTTGTTC f+ 0: 658bp

Hybridization locations of these primers are shown in Fig. 3 with the exception of primers g and h.
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Quantification of 1A, 11B, 1IC and 11D mRNA splice forms by AT-qPCR

Col2almlIC A (%) 1B (%) 1IC (%) 11D (%)
E125WT 9488 045 1.33 3.34
E125ki/+ 9547  0.33 0.77 3.43
E125kiki 9657 001 0.00 3.42
EI65WT 2637 7207 0.33 1.23
E165kil+ 4261  54.82 0.28 2.29
E165kiki 5004  47.15 0.00 2.81
POWT 6.83 92.78 0.11 0.29
PO kil+ 9.74 89.08 0.08 1.10
PO ki/ki 3551 6293 0.00 1.56
P7TWT 6.28 92.89 0.03 0.80
P7 kil+ 7.13 91.81 0.02 1.04
P7 ki/ki 1677  78.80 0.00 443
P14 WT 0.90 99.00 0.01 0.09
P14 ki/+ 8.99 90.30 0.01 0.70
P14 ki/ki 2606 7112 0.00 2.82
P28 WT 0.69 99.25 0.01 0.04
P28 ki/+ 8.22 91.31 0.01 0.47
P28 ki/ki 2048 7742 0.00 211
P56 WT 5.77 94.06 0.06 013
P56 ki/+ 3624 6262 0.03 112
P56 ki/ki 5040  48.14 0.00 1.46

Values are shown as percentage of total Col2al splice forms (See Figure 4).
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Table 4

Primers and oligos used for galK-based recombineering

Primer/Oligo

Sequence (5’-37)

Col2al-lIC-galKrd-1-FOR

Col2al-l1C-galKrd-1-REV

Col2al-lIC-galKrd-2-FOR2

Col2al-lIC-galKrd-1-REV2

caccccacttggtgcagaggaggctggeagetgtetgcagaatggCeagCe
ctgttgacaattaatcatcggcat

cacacagatgcggcaagatgagggcttccatacatccttatctttGtaGet
cagcactgtcctgctecttgtg

caccccacttggtgcagaggaggctggeagetgtetgcagaatggCeagCg
CtaCaaagataaggatgtatggaagccctcatcttgccgeatctgtgty

cacacagatgcggcaagatgagggcttccatacatccttatctttGtaGeG
ctgGcceattctgcagacagctgecagecteetetgcaccaagtggggty
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GalK-based recombineering was used to introduce mutations into the mouse 129SvEv BAC for production of the Col2al-mlIC targeting vector.

Uppercase italics = silent mutation to create the Hae 111 site; Uppercase bold = mutations to inhibit the 11C splice site in exon 2; Underlined

lowercase = homology to galK sequence.
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