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Abstract

Here we report on the severe defects in renal epithelium induced by the transgenic Col2-Cre line
used previously for skeletal tissue-specific gene targeting. We demonstrate that conditional ablation
of the Kif3a or Pkd1 genes encoding primary cilium/intraflagellar transport-associated proteins using
type Il collagen-specific Cre transgenic strain results in a severe form of polycystic kidney disease
in mice. We detect Col2-Cre recombinase expression in kidney epithelium, which reflects expression
of the endogenous Colla(ll) gene in the embryonic renal tubules. We determine the exon 2-
containing splice variant of the Colla(Il) gene as a major transcript expressed in kidney. Furthermore,
the confocal immunocytochemichal analysis demonstrates deposition of the type Il collagen within
the mesenchymal-epithelial renal tissue interfaces and its co-localization with the basement
membrane marker collagen IV during embryonic kidney morphogenesis.
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1. Introduction

Ever since type Il collagen was discovered as a major component of chick cartilage by Miller
and Matukas (Miller and Matukas, 1969), it has been considered as hallmark for chondrocytic
differentiation and chondrocyte-specific marker. However, later studies demonstrated that type
Il collagen was expressed much earlier than the onset of chondrogenesis, which occurs at the
time of condensation of the mesenchyme. Moreover, type Il collagen has been detected in
numerous tissues that never undergo chondrogenic differentiation (Cheah et al.,
1991;Thorogood et al., 1986). Nevertheless, several Col2-specific Cre recombinase-expressing
transgenic lines have been created and used to facilitate cartilage-specific gene inactivation.
In this study, we employed one of the previously described Col2-Cre to inactivate two ciliary
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proteins, polycystin-1 and kinesin-2. We show that conditional knockout mice develop severe
form of polycystic disease, in addition to multiple skeletal defects. Furthermore, we
demonstrate that both Col2-Cre and the endogenous type |1 collagen are expressed in various
types of embryonic epithelia, including epithelial cells of the renal tubules. The
immunostaining experiments reveal that type 11 collagen is secreted and deposited at the basal
surface of the epithelial cells where it co-localizes with a marker of the basement membrane,
type 1V collagen.

2.1. Col2-Cre-mediated inactivation of kinesin-2 and polycystin-1results in polycystic kidney

disease

Our previous studies demonstrated that kinesin-2 motor is essential during the development of
the cranial, axial and appendicular skeletal elements. Genetic ablation of the Kif3a subunit of
kinesin-2 in the skeletogenic mesoderm and the neural crest mesenchyme results in abnormal
tissue patterning, such as polydactyly, split sternum and midline defects of the craniofacial
skeleton. These abnormalities were attributed to both impaired hedgehog signaling as well as
areduced level of Gli3 repressor (Kolpakova-Hart et al., 2007). In the process of studying the
role of the ciliary proteins kinesin-2 and polycystin-1 during the endochondral bone growth
we employed the Col2-Cre (Col2-Cre10) transgenic mouse strain, which was used in numerous
previous studies for conditional gene inactivation in chondrocyte and osteoblast cell lineages
(Long et al., 2001;Long et al., 2004;Razzaque et al., 2005). Consistent with the recently
published studies (Koyama et al., 2007;Song et al., 2007), Col2-Cre; Kif3a knockout mice
developed a severe form of dwarfism and displayed highly disorganized growth plates in the
long bones and the cranial base synchondroses (Fig. 1A and data not shown). Because of the
retarded overall growth, Col2-Cre; Kif3a knockout mice had to be euthanased upon weaning.
Autopsy performed on the mutant mice revealed that in addition to the skeletal abnormalities,
all animals developed polycystic kidney disease (Fig.1B).

Col2-Cre; Pkd1 mutants displayed a mild reduction in the cortical bone deposition and cranial
base defects, which were identical to the abnormalities previously described in Dermol-Cre;
Pkd1 conditional knockout mice (Kolpakova-Hart in preparation). Despite the relatively mild
skeletal phenotype, all Col2-Cre; Pkd1 pups died 12 to 14 days after birth. In order to determine
the cause of death, the internal organs of the mutant animals were examined. A severe form of
polycystic kidney disease was concluded to be a major cause of death of Col2-Cre;Pkd1
conditional knockout animals (Fig. 1C).

2.2. Col2-Cre is expressed in embryonic kidney epithelium

To assess whether the kidney phenotypes observed in Col2-Cre specific kinesin-2 and
polycystin-1 conditional knockouts were due to expression of Cre recombinase in kidney
tissue, we crossed Col2-Cre mice with the Rosa26R reporter strain, in which B-galactosidase
expression was activated by Cre recombinase (Soriano, 1999). In agreement with the
previously reported expression pattern, Cre recombinase activity could be detected in the
skeletal structures of the developing appendicular, axial and cranial skeleton, such as long
bones of limbs, ribs, vertebrae and skull base (Figs. 2 A,B and data not shown). Importantly,
Col2-Cre was also found in the epithelial cells of kidney, pancreas, lungs, intestine and ovary
(Fig. 2 B-E and data not shown). The histological analysis of the polycystic kidney from the
conditional Pkd1 knockout mice revealed Cre activity in the epithelial lining of the renal cysts
(Fig. 2F).
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2.3. The Col llA splice variant of Colla(ll) is expressed in embryonic renal epithelium and the
protein is deposited at the base of renal epithelial cells, where it co-localizes with type IV

collagen

As the expression pattern of the Col2-Cre transgene utilized in the current study may not
faithfully represent the expression of the endogenous Colla(Il), we amplified the endogenous
type Il collagen-specific mMRNA using a combination of primers which recognizes both Col
1A and Col 1B splice variants of the gene. Interestingly, the longer Col I1A transcript appeared
to be the predominant form of Colla(ll) MRNA expressed in kidney (Fig. 3A, lanes 3-7),
whereas the shorter Col 11B form was the major splice variant detected in skeletal tissue (Fig.
3A, lanes 2 and 8). In order to visualize the expression pattern of the type 11 collagen in kidney,
we also performed in situ hybridization on sections from E13.5 embryos using Colla(ll)-
specific probe. Type Colla(ll) mMRNA was detected in chondrocytes as well as in a variety of
embryonic epithelial tissues, including renal tubule epithelium (Figure 3B-E).

Next, we investigated whether type Il collagen protein is synthesized and secreted by
embryonic epithelial cells. Immunostaining with monoclonal type Il collagen antibody
revealed all sites of chondrogenesis both in the trunk and cranium, confirming the specificity
of the antibody to this particular collagen, a major extracellular matrix marker of cartilage (Fig.
3 F). In addition, a variety of epithelial tissues, including all components of the digestive tract,
bronchial, ovarian, renal epithelia and skin epidermis, were positive for type Il collagen (Fig.
3 G-J and data not shown). Most of the protein was found at the base of the epithelial cell
layers, the location normally occupied by the basement membrane, a continuous sheet of
specialized extracellular matrix material, which separates epithelium from connective tissue.
In order to evaluate the topological relationship of type Il collagen secreted by epithelial cells
and the basement membrane, we performed double immunostaining of sections from E13.5
embryos using antibody specific to type Il and a major structural component of the basement
membrane, type IV collagen. The domains occupied by these collagens overlapped
substantially and mostly in the areas underlying the layers of epithelial and endothelial cells
(Fig. 4A-D).

3. Discussion

Since the advent of the conditional gene inactivation method in mice, several independent
transgenic Col2-Cre lines have been generated in an attempt to create a chondrocyte-specific
Cre deleter strains (Haigh et al., 2000;Long et al., 2001;Ovchinnikov et al., 2000;Sakai et al.,
2001;Schipani et al., 2001). These studies demonstrated that Col2-Cre was expressed in the
chodrocyte and osteoblast lineages and affected the growth plates, perichondrium, periosteum
and the osteoblasts in the bone collar and primary spongiosa. However, differences in the
expression pattern of Col2-driven Cre recombinase were also recognized and expression in
non-skeletal tissues, such as heart, brain, eye were reported. But to our knowledge, only one
non-skeletal phenotype generated by Col2-Cre-driven gene inactivation has been previously
described in the literature. In the study, conditional inactivation of one allele of Vegf-a resulted
in early embryonic death due to vascular and heart abnormalities (Haigh et al., 2000). The
variations in the expression pattern of the individual Col2-Cre strains might be attributed to
several factors. First, the regulatory sequences consisted of variable length and configurations
of the promoter and enhancer regions from rat, mouse and human Colla(ll) genes were
exploited to drive Cre expression. Secondly, the sites where the Col2-Cre expression cassettes
were integrated within the genome of these individual strains were most likely distinct and
could affect the expression pattern and strength of the transgene. These two factors could result
in distinct expression patterns of Cre recombinase, which might not faithfully reproduce the
spatial and temporal pattern or/and level of the endogenous type Il collagen.
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Col2-Cre;Kif3a conditional knockout mice described in this study displayed the skeletal defects
described previously (Koyama et al., 2007;Song et al., 2007), such as dwarfism and early
postnatal obliteration of cranial base synchondroses. Unexpectedly, the mutant mice also
developed early postnatal polycystic kidney disease, similar to that seen in model with kidney-
specific inactivation of the Kif3a subunit of kinesin-2 (Lin et al., 2003).

The conditional Col2-Cre;Pkd1 knockout mice were characterized by a mild skeletal
phenotype, such as premature closure of the cranial base synchondroses and delayed cortical
and intramembranous bone deposition. These features were consistent with another conditional
knockout model of Pkd1, where Cre recombinase expression is driven by mesoderm-specific
Dermol-Cre (Kolpakova-Hart in preparation). However, unlike the latter, Col2-Cre;Pkd1
mutant mice invariably died before weaning, as a result of a severe form of polycystic disease.

In adult mammals, type Il collagen is mainly found in the skeleton (hyaline cartilage) and in

the eye (vitreous humour). As this fibrillar collagen constitutes 60% of the extracellular matrix
of chondrocytes, it has been traditionally considered as a cartilage-specific marker. However,
several studies described transient embryonic expression of the mouse collagen 1a(I1) in non-
chondrogenic tissues, such as the epidermis, neural tube, the eye and the heart (Cheah et al.,

1991;Linsenmayer et al., 1977;Ng et al., 1993;Smith, Jr. et al., 1976). A few studies detected
Colla(Il) mRNA in the embryonic kidney using RT-PCR or Northern blotting. However, the
spatial distribution of type Il collagen and its transcripts in renal tissue remained unclear. In

human fetuses, Colla(I) MRNA was reported in the kidney mesenchyme, but not in the nephric
tubule epithelium (Lui etal., 1995). Nevertheless, a study focusing on early chick development
described mesonephric basement membrane, foregut endoderm and surface ectoderm as sites
of type 11 collagen deposition (Kosher and Solursh, 1989). In our study we demonstrate that

Colla(ll) is expressed in the epithelial cells of the metanephric derivatives, such as ovary and
kidney, and other embryonic epithelia of the ectodermal, endodermal and mesodermal origin.

The function(s) of type Il collagen in the basement membrane of epithelial cells remains
unclear. It was proposed that the protein serves as the extracellular matrix component
promoting chondrogenesis because its transient expression was detected on multiple epithelial-
mesenchymal tissue interfaces preceding differentiation of the cranial mesenchyme into
chondrocytes (Thorogood et al., 1986). Based on that observation, it was suggested that type
Il collagen had a morphogenetic embryonic function specifying the shape of the vertebrate
chondrocranium (Wood et al., 1991). Although intriguing, this hypothesis could not explain
the presence of type Il collagen at other sites, such as the embryonic cornea, Rathke poach,
and epidermis, which are not associated with cartilage formation (Fitch et al., 1989). Clearly,
the function of type Il collagen in the embryonic kidney has to be different from that suggested
for the skeletogenic mesenchyme. One possibility is that the matrix protein plays a role in
maintaining the structural strength of the attachment for the adjacent mesenchyme and support
for the emerging renal epithelia. Similar to what was reported for several organ primordia
within the cephalic region (otic vesicle, the presumptive retinal epithelia) and the trunk (spinal
cord neuroepithelium) (Fitch etal., 1989;Thorogood et al., 1986), we found the type Il collagen
deposition sites under the renal epithelium to overlap with a major basement membrane
component, collagen IV. As the renal epithelium is a product of mesenchymal-epithelial
transition during embryogenesis, another intriguing possibility is that type Il collagen might
be involved in maintenance of the tubular epithelial cell identity and prevention of the
epithelial-mesenchymal transdifferentiation. The layer containing type Il collagen may
function as a barrier to immobilize and limit access of macromolecules to renal epithelial and/
or mesenchymal cells. Type Il procollagen mRNA undergoes alternative splicing producing
two forms of polypeptides: procollagen type 1A and type I1B that include or exclude exon 2,
respectively. Reportedly, these variants of procollagen Il differ in their special and temporal
expression pattern in both mouse and human embryonic tissues (Lui et al., 1995;Ryan and
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Sandell, 1990). Type 1A mRNA was preferentially expressed during embryogenesis and was
detected in the prechonrogenic mesenchyme and nonchondrogenic tissues, including
ectoderm- and endoderm-derived epithelial cells. In contrast, the type 11B transcript was
expressed in differentiating chondrocytes later during the development. We demonstrate that
the I1A splice variant is the predominant transcript expressed in renal tissue. Interestingly, the
exon 2, which encodes the cysteine-rich domain (CRD) as a part of the N-terminal peptide, is
cleaved off after secretion. It was proposed that this cysteine-rich region functions as a growth
factor antagonist as it is able to bind TGFB1, BMP2 and BMP4. Thus in Xenopus embryos,
procollagen 1A can functionally substitute for the endogenous CRD-containing extracellular
matrix protein and BMP antagonist, Chordin (Larrain et al., 2000). As TGFB1 is a major
mediator of the epithelial-mesenchymal transition (EMT) in general, and in kidney in
particular, it is possible that type 1l collagen deposited under the embryonic kidney basement
membrane serves to sequester TGFB1 secreted by the renal interstitial mesenchyme and to
prevent the tubular epithelial cells from de-differentiating.

The expression of type Il collagen in the renal tubules and most other epithelia appears to be
transient in nature and restricted to embryonic and neonatal stages. The putative embryonic
function of the protein in this tissue may be replaced by other mechanisms as the renal tissue
architecture is established during later embryonic stages and after birth. We favor the idea that
type Il collagen may play a role as a basement membrane-associated component serving as
mechanical and physiological support for the epithelia during embryonic tissue morphogenesis.
The exact spatial relationship between type Il collagen and the basement membrane in kidney
epithelia is presently uncertain. It may be a component of the lamina fibroreticularis, the
transition zone between lamina densa and the surrounding connective tissue. Early
immunolocalization studies of the type Il collagen in the embryonic otic capsule detected the
polypeptide in the reticulate lamina underlying lamina densa of the otocyst (Wood et al.,
1991).

Finally, the ability of embryonic epithelial tissues to produce and secrete type Il collagen may
be related to the evolution of the fibril-forming collagens. Studies in chordates suggest that
secretion of a fibrillar collagen with properties similar to the vertebrate type Il collagen by
endodermal epithelium was the ancestral mode of making pharyngeal cartilages, the gill bars
supporting pharyngeal gill slits. The morphological similarity of these cartilage-like structures
to hypertrophied basal laminae has also been discussed in several reports (Benito and Pardos,
1997;Rychel et al., 2006;Rychel and Swalla, 2007).

Regardless of the biological function of type Il collagen in non-cartilagenous tissues, its broad
and relatively strong expression in embryonic epithelia suggests that the use of Col2-Cre
transgenic strains would not restrict gene inactivation to the skeletal tissues. Based on our data,
the outcome would largely depend on the embryonic function(s) of the gene of interest and the
generated phenotypes should, therefore, be interpreted with caution.

4. Materials and methods

4.1. Mouse strains

Generation of Pkd1 and Kif3a floxed mice were described previously (Marszalek et al.,
2000;Starremans et al., 2008). Mice harboring floxed Kif3a alleles in C57BL/6 background
were a generous gift from Larry Goldstein and were genotyped as previously described.
Col2-Crel0 deleter strain was kindly provided by Dr. Fanxin Long. The presence or absence
of the Cre transgene was determined using PCR with primers specific to the Cre-recombinase
coding sequence: Cre5’' (TGC TCT GTC CGT TTG CCG) and Cre3' (ACT GTG TCC AGA
CCA GGC). Genomic tail DNA was amplified by PCR; 35 cycles of denaturation at 94°C for
30 seconds, annealing at 58°C for 60 seconds, and elongation for 90 seconds at 72°C in reaction
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buffer containing 2.5 mM MgCl,, 1 x PCR buffer (Roche Applied Science, Indianapolis, IN)
and 0.2 uM for each primer.

In all timed pregnancies, the day of the vaginal plug appearance was considered as EQ.5. For
harvesting E13.5 embryos, pregnant females were euthanized by CO, intoxication and the
uterus was dissected out.

4.2 Total RNA isolation and RT-PCR

Total RNA was isolated from new born limbs skeletal elements and kidney at various
embryonic or postnatal stages using Tri Reagent™ (Sigma, St. Louis, MO) reagent. Subsequent
cDNA synthesis was performed using the iScript ™Select cDNA Synthesis Kit (BioRad
Laboratories, Hercules, CA). For RT-PCR, the OLJ8/OLJ10/0LJ12 primers and PCR
conditions were used as previously described (Ng et al., 1993).

4.3 Immunohistochemistry, non-radioactive in situ hybridization and B-gal staining

For immunohistochemistry, E13.5 embryos were fixed in 4% buffered paraformaldehyde
overnight at 4°C, incubated with 20% sucrose, embedded in Tissue-Tek OCT compound
(Sakura Finetek USA Inc.) and sectioned at 7 um. Cryosections were permeabilized with 0.1%
Triton X-100 and incubated overnight with mouse anti-collagen type Il (dilution 1:100,
NeoMarkers) and rabbit anti-collagen type IV (dilution 1:200, Chemicon). To improve
antibody penetration, sections were treated with pepsin (2 mg/ml in Tris-HCI, pH 2.0) for 10
minutes at 37°C. For immunofluorescence detection, sections were incubated with goat anti-
mouse and goat anti-rabbit secondary antibodies conjugated with Alexa 546 or Alexa 488
(dilution 1:200, Molecular Probes). Immunofluorescence microscopy images were obtained
using Nikon TE/2000 laser scanning microscope.

For nonradioactive in situ hybridization, E13.5 embryos were fixed in 4% buffered
paraformaldehyde overnight at 4°C and subsequently dehydrated in graded alcohol series and
embedded in paraffin (Paraplast Plus, McCormick Sci.). Seven-micrometer-thick sections were
dewaxed, rehydrated, rinsed in PBS (pH 7.4) and postfixed with 4% PFA-PBS (pH 7.4) for 10
min. Sections were rinsed in PBS (pH 7.4), treated with 10 ug of proteinase K/ml for 30 min
at 37°C, acetylated with 0.25% acetic anhydride for 10 min, washed three times in PBS (pH
7.4), and dehydrated in an ascending ethanol series. Air-dried sections were hybridized with
digoxigenin-UTP-labeled antisense riboprobe for mouse collagen type Il overnight at 52°C.
After hybridization, sections were washed three times for 30 min each at 55°C in 50%
formamide, 2x sodium citrate-chloride buffer (SSC [1x SSC is 0.015 M sodium citrate and
0.15 M NaCl]), and twice in 1x SSC for 15 min at room temperature. The sections were then
incubated with an alkaline phosphatase-coupled digoxigenin-specific antibody (Roche) diluted
1:500 in PBS (pH 7.4) containing 2% sheep serum and 0.1% Triton X-100 for 2 h at room
temperature. After rinsing in PBS (pH 7.4), color detection was performed according to the
recommendation of the manufacturers.

For p-galactosidase staining, frozen sections were washed fixed in 0.2% glutaraldehyde in
PBS, washed in 10mM MgCl, in PBS and treated in detergent (0.005% NP40 in PBS) for 10
min on ice. B-galactosidase activity assay was performed by incubating the sections in the
solution containing 5mM KsFe(CN)g, 5mM K4Fe(CN)g:3H20, 1ImM MgCly, 0.01% sodium
deoxycholate, 0.009% NP40, 1mg/ml X-gal for 2 to 4 hours at 37°C. Colour reaction was
stopped by post-fixation in 4% paraformaldehyde in PBS for 10 min at RT. Sections were
counterstained with Nuclear Fast Red (Vector Laboratories, Burlingame, CA), dehydrated in
alcohol and cleared with xylene.
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Fig. 1.

Inactivation of kinesin-2 and polycystin-1 driven by Col2-Cre transgene results in skeletal and
renal abnormalities.

A) Col2-Cre;Kif3a mice develop a severe form of dwarfism (left panel) due to premature
obliteration of growth plates at the sites of endochondral ossification. H&E stained proximal
tibia from P8 wild type (middle panel) and Col2-Cre;Kif3a mice (right panel).

B) H&E staining of P24 control (left panel) and polycystic kidney (right panel) from Col2-
Cre;Kif3a mice. Cy-renal cyst.

C) Early postnatal polycystic kidney phenotype developing in Col2-Cre; Pkd1 mice (P12).
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Fig. 2.

Expression pattern of the Col2-Cre transgene in chondrogenic and nonchondrogenic tissues
revealed by activation of the Rosa26 reporter

A-E) B-galactosidase staining of E13.5 Col2-Cre;Rosa26 embryos displays Col2-Cre
expression in the skeletogenic mesenchyme of the developing limb (A) and rib bones (B), as
well as in the epithelial cells of the branchial (B), pancreatic (C), intestinal (D) and renal (E)
tissues.

F) B-galactosidase staining of postnatal (P3) polycystic kidney from Col2-Cre;Pkd1;Rosa26
mice shows Col2-Cre-positive mutant cells lining the renal cysts (Cy). De-duodenum, Fe-
femur, Fi-fibula, Ki-kidney, Lu-lung, Pa-pancreas, Ri-ribs.
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Fig. 3.

Endogenous Colla(ll) is expressed and type Il procollagen is secreted by both chondrocytes
and epithelial cells during embryonic development in mouse.

A) Distinct expression pattern of type Il collagen A (Col 11A) and B (Col 11B) splice variants
in skeletal tissue and kidney visualized by RT-PCR. Lanes 1-8: (1) ¢X174 RF DNA-Hae digest
DNA MW marker, (2) femur P1, (3) kidney E13.5, (4) kidney E16.5, (5) kidney E18.5, (6)
kidney P1, (7) kidney P11, (8) humerus P1.

B-E) In situ hybridization of Colla(ll)-specific probe demonstrates the gene expression in
cartilage (B,C) and the epithelial cells lining the renal tubules (C,D) and duodenum (E). De-
duodenum, Ki-kidney, R-ribs, VVr-vertebrae.

F-J) Immunostaining of E13.5 embryos shows type 1l collagen accumulating around
chondrocytes (F) and the basal aspect of the epithelial cells in kidney (G,H) and duodenum (J).
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Fig. 4.

Double immunolabelling of type 11 (green) and type IV (red) collagens in embryonic ovary
(A), kidney (B), skin (C) and blood vessels (D) reveals their substantial overlap and suggests
that endogenous type Il collagen is associated with basement membranes in the embryonic
epithelial and endothelial tissues.
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