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Abstract

Blind sterile 2 (bs2) is a spontaneous autosomal recessive mouse mutation exhibiting cataracts and
male sterility. Detailed clinical and histological evaluation revealed that bs2 mice have cataracts
resulting from severely disrupted lens fiber cells. Analysis of bs2 testes revealed the absence of
mature sperm and the presence of large multinucleate cells within the lumens of seminiferous
tubules. Linkage analysis mapped the bs2 locus to mouse chromosome 2, approximately 45cM
distal from the centromere. Fine mapping established a 3.1Mb bs2 critical region containing 19
candidate genes. Sequence analysis of alkylglycerone-phosphate synthase (Agps), a gene within
the bs2 critical region, revealed a G to A substitution at the +5 position of intron 14. This mutation
results in two abundantly expressed aberrantly spliced Agps transcripts: AgpsA€x0n14 Jacking exon
14 or Agpse*onAl3-14 |acking both exons 13 and 14 as well as full-length Agps transcript. Agps is a
peroxisomal enzyme which catalyzes the formation of the ether bond during the synthesis of ether
lipids. Both aberrantly spliced Agps2€x0n14 and Agpse*onA13-14 transcripts led to frame shift,
premature stop and putative proteins lacking the enzymatic FAD domain. We present evidence
that bs2 mice have significantly decreased levels of ether lipids. Human mutations in Agps result
in rhizomelic chondrodysplasia punctata type 3 (RCDP3), a disease for which bs2 is the only
genetic model. Thus, bs2 is a hypomorphic mutation in Agps, and represents a useful model for
investigation of the tissue specificity of ether lipid requirements which will be particularly
valuable for elucidating the mechanism of disease phenotypes resulting from ether lipid depletion.
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INTRODUCTION

Peroxisomes are ER-derived organelles present in most mammalian cells [1-6]. They are
simple in structure and are comprised of a single membrane and about 50 proteins. All
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peroxisomal proteins are encoded by nuclear genes, synthesized on free ribosomes and are
postranslationally imported. The molecular mechanisms of peroxisomal protein import have
been recently reviewed [7], indicating a complex mechanism capable of transporting folded
and oligomeric proteins across the membrane [8,9]. The vast majority of peroxisomal
proteins contain peroxisome targeting signal 1 (PTS1)[6], a C-terminal Ser-Lys-Leu
consensus sequence [10] that binds to the PTS1 receptor which mediates import into the
peroxisome [11]. However, a small subset of peroxisomal proteins are imported via an
alternative mechanism involving the N-terminal Arg/Lys-Leu-X5-GIn/His-Leu peroxisomal
targeting signal 2 (PTS2) [6] and corresponding PTS2 receptor [12-15]. Peroxisomal
proteins play a role in peroxisomal biogenesis and at least eight independent metabolic
pathways including a- and p-oxidation of fatty acids, catalytic decomposition of hydrogen
peroxide, and ether lipid synthesis [2,6,16]. The essential roles of peroxisomal function in
mammals are reflected by a number of hereditary peroxisomal disorders in humans. Clinical
phenotypes in these disorders may result from mutations in genes essential for peroxisomal
formation, fusion, protein import, or functional defects of individual peroxisomal proteins.

Peroxisomal disorders are typically classified into two groups: peroxisomal biogenesis
disorders (PBD), and isolated peroxisomal enzyme deficiencies [17-19]. The PBD group
includes Zellweger spectrum disorders in which affected patients exhibit variable clinical
phenotypes, most commonly including craniofacial dysmorphism, profound neurological
abnormalities, severe psychomaotor retardation, hypotonia, neonatal seizures, glaucoma,
retinal degeneration and impaired hearing [17-19]. Mutations in at least 11 peroxisomal
genes (PEX1,2,3,5,6,10,12,13,14,16,19, and 26) have been identified as being associated
with the Zellweger spectrum disorders[19,20]. These genes play an essential role in
peroxisome biogenesis, and/or peroxisomal PTS1 protein import [17-19]. In addition to
Zellweger spectrum disorders, rhizomelic chondrodysplasia punctata type 1 (RCDP1) is also
classified within the PBD group of disorders. Mutations in PEX7, the gene encoding the
PTS2 receptor, cause RCDP1 [12-14]. Clinical phenotypes of RCDP1 patients differ greatly
from patients affected with Zellweger spectrum disorders. RCDP1 patients exhibit severe
shortening of rhizomelic bones, bilateral cataracts, severe growth and motor delays,
dysmorphic facial characteristics, stippled epiphyses, and vertebral coronal cleft [17,21,22].
Unlike RCDP1, rhizomelic chondrodysplasia punctata type 2 (RCDP2) and rhizomelic
chondrodysplasia punctata type 3 (RCDP3) are classified as isolated peroxisomal enzyme
deficiency disorders, resulting from mutations in glyceronephosphate O-acyltransferase
(GNPAT) and alkylglycerone phosphate synthase (AGPS) respectively [23,24]. Interestingly,
while only a single enzyme is deficient, RCDP2 and RCDP3 patients exhibit clinical
phenotypes identical to those observed in RCDP1 patients. AGPS and GNPAT are
peroxisomal enzymes required for the synthesis of plasmalogens, a class of ether lipid
species containing a vinyl ether bond at the sn-1 position of the glycerol backbone [24].
AGPS is one of the few peroxisomal proteins that is imported via the PTS2 signal/PEX7
receptor mechanism [2]. Although in RDCP1 all PTS2-mediated protein import is
compromised, it has been shown that the RCDP1 phenotype is primarily determined by a
loss of AGPS function [25]. Thus, disruption of the plasmalogen synthesis pathways has
been established as the primary defect associated with clinical outcomes for all three forms
of RCDP.

To better understand the molecular etiology of RCDP disorders, as well as the role of
plasmalogens in-vivo, mouse models carrying null alleles of Pex7 and Gnpat were
previously generated as models for RCDP1 and RCDP2 [26,27]. Both Pex7 7~ and Gnpat ™~
mice exhibit cataracts and male sterility phenotypes [26,27]. To our knowledge, Agps null
mice have not yet been described. In this study we show that blind sterile 2 (bs2), a
spontaneous mouse mutation identified to exhibit cataracts and male sterility [28], is a
hypomorphic mutation in Agps resulting in severe plasmalogen deficiency. We also show
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that bs2 is not allelic with another spontaneous mouse mutation called blind sterile (bs)
which like bs2 exhibits phenotypes of cataracts and male sterility and maps to chromosome
2 [29,30]. As such, bs2 represents the first genetic model of RCDP3, further providing an
opportunity for evaluation of the role of Agps in-vivo. In addition, the availability of the bs2
mouse mutant allows for comparative analysis between mouse and human phenotypes
associated with all forms of RCDP.

MATERIALS AND METHODS

Mice, clinical evaluation, and histology

CAST/EiJ, C57BL/6, bs and bs2 mice were all obtained from The Jackson Laboratory (Bar
Harbor, ME). All mice showed normal life expectancy and breeding patterns with the
exception of bs and bs2 homozygote males which, consistent with previous results, were
unable to produce litters [28,30]. Mouse eyes were examined with a Topcon SL-D8Z slit
lamp biomicroscope with a Nikon SLR-based Photo Slit Lamp imaging system following
mydriasis with 1% Atropine Sulfate (Bausch & Lomb). For WT and bs2 histology, tissues
were fixed in Zinc-formalin, or Davidson’s solution, embedded in paraffin and sectioned to
4 microns thickness as previously described [31]. Following H&E staining, sections were
mounted and photographed with a Nikon DS-Fil camera on a Nikon Eclipse 80i
microscope.

Linkage Analysis

The bs2 locus has been maintained on the congenic C57BL/6 background. For linkage
studies, given that bs2/bs2 male mice are sterile, bs2/bs2 female mice were outcrossed to
CASTI/EiJ; the resulting F1 progeny were subsequently intercrossed to generate 262 F2
progeny. At four weeks of age F2 progeny were clinically evaluated for the presence of
cataract as described above. F2 progeny were euthanized and tissues were collected.
Genomic DNA was purified from collected tissues and initially genotyped with D2Mit1,
D2Mit465, D2Mit64, D2Mit7, D2Mit205, D2Mit247, D2Mit389, D2Mit459, D2Mit408,
D2Mit260, D2Mit51, D2Mit457 as previously described [32]. Subsequent fine mapping
analysis was performed on F2 progeny utilizing D2Mit327, D2Mit245, D2Mit37, D2Mit219,
D2Mit435, D2Mit93, and D2Mit183 as previously described [32]. Microsatellite alleles were
scored following electrophoresis on a 2.5% agarose gel and EtBr staining. Linkage data was
analyzed with MapManager QTX (http://www.mapmanager.org/mmQTX.html).

Genomic and cDNA sequence analysis

For sequence evaluation of exons and intron/exon junctions, primers (Table 1) were
designed to anneal in introns about 50 bp from intron/exon junctions as previously described
[32]. For cDNA analysis RNA was isolated from mouse tissues or tissue cultures, reverse
transcribed, and PCR amplified using primers in Table 1. All generated PCR products were
electrophoresed, gel-purified and sequenced as previously described [31]. Comparative
sequence analysis was performed using DNAStar software (Madison, WI). For semi-
quantitative analysis of Agps transcript levels, RT-PCR products were generated while in the
exponential phase of PCR amplification using Gapdh as an internal control (Table 1). PCR
band intensities were quantified using ImageJ software (http://rsbweb.nih.gov/ij/) and are
expressed relative to Gapdh. The results represent at least three independent experiments
performed in triplicates. Comparison between WT and bs2 groups was analyzed by the
Student’s t-test and the data is expressed as mean + SEM. A value of p<0.05 was designated
as being statistically significant. The 1VS 14+5G>A substitution in Agps identified as being
responsible for the bs2 phenotype introduces an Alul restriction site which allowed us to
develop a genotyping assay. Primers were designed to amplify a 496 bp Agps genomic
fragment that spans exon 14 and a portion of intron 14. The generated PCR products were

Mol Genet Metab. Author manuscript; available in PMC 2012 May 1.


http://www.mapmanager.org/mmQTX.html
http://rsbweb.nih.gov/ij/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liegel et al.

Page 4

digested with Alul (NEB) following the manufacturer’s protocol, separated on a 1.5%
agarose gel, and scored. Following Alul digestion, the 496 bp PCR product containing the
WT Agps 1VS14+5G allele results in 3 fragments: 394 bp, 68 bp and 34 bp; the PCR product
containing the bs2 Agps 1VS14+5A results in 4 fragments: 248 bp, 146 bp, 68 bp and 34 bp.

Mass spectrometry

Cell culture,

Mouse brains from age-matched pairs (ranging from 4-10 weeks) of bs2 and WT siblings
were collected and homogenized in a Dounce homogenizer in 1.0 ml of PBS. Lipids were
extracted with 1:1:0.5 chloroform: methanol: water. The combined organic phases were
washed once with 0.5 ml of KCI (1 M) followed by 0.5 ml of water, dried at 40°C under Ny
gas, and stored at —80°C. For phospholipid profiling, an electrospray ionization-tandem
mass spectrometry approach was used, as previously described [33].

western blot, and immunocytochemistry analysis

Mouse embryonic fibroblasts (mEFs) were isolated from E13.5 mouse embryos and
maintained as previously described [31]. For western blot analysis, mEFs were lysed with
0.5 ml RIPA buffer (Sigma) containing protease inhibitor cocktail (Sigma). Cell lysates
were boiled for 5 min in Laemmli buffer containing B-ME, and separated on a 10% SDS-
PAGE gel (all from Bio-Rad). Proteins were transferred at 100V to a PVDF membrane and
blocked in 10% milk in 1XxPBST for 1 hour. The blots were incubated overnight in 1x PBST
containing either 1:2500 rabbit polyclonal catalase (Abcam) or 1:500 rabbit polyclonal
Pmp70 (Abcam) primary antibodies. 1:5000 HRP-conjugated B-actin primary antibody
(Abcam) was added to each primary incubation as a loading control. After three 10 minute
washes in 1x PBST, 1:5000 Peroxidase-conjugated AffiniPure Donkey Anti-Rabbit 19G (H
+L) (Jackson ImmunoResearch) was incubated in 1x PBST with the blot for 1 hour at 4°C.
The detection was performed using the ECL Western Blot Analysis System (Amersham)
following the manufacturer’s instructions. In immunocytochemical studies, mEFs were
grown on coverslips until reaching 50-70% confluency. The cells were fixed for 10 min in
4% PFA, washed 3x for 5 min with 1x PBS, and incubated overnight at 4°C in 1x PBST
containing 1:1000 rabbit polyclonal catalase or 1:250 rabbit polyclonal PMP70 primary
antibody (both Abcam). Cells were again washed 3x for 5 min with 1xPBS and incubated
with 1:1000 Alexa 488-conjugated Goat-anti-rabbit secondary (Invitrogen) for 1hr at room
temperature. Slides were mounted using Vectashield w/DAPI (Vector Labs), and imaged
using a Nikon DS-Fil camera on a Nikon Eclipse 80i microscope.

Complementation studies

RESULTS

To determine if bs and bs2 are allelic loci, bs/bs females were outcrossed to bs2/+ males. 34
progeny from 6 litters were generated. Progeny were clinically evaluated for cataracts
between 6 and 8 weeks of age as described above. For genotyping, 1 mm tail clippings were
collected and boiled in 300 ul of 50 MM NaOH for 15 min, neutralized with 26 pl of 1M
Tris pH8.0, and spun at 12,0009 for 6 min. 2ul of the supernatant was used for PCR
genotyping of the bs2 allele as described above.

bs2 phenotypes

Analysis with slit-lamp biomicroscopy, following mydriasis, confirmed the previously
reported bs2 cataract phenotype (Figure 1B) [28]. Histological analysis of bs2 eyes
identified smaller globes and severely disrupted lenses (Figure 1D). Although lens epithelial
cells at the anterior of the lens appeared normal, fiber cells within the bow region of the lens
were smaller in size and were detached from the epithelium (Figure 1F). Bladder cells and
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liquefied lens material were present within the cortex; morgagnian globules were noted at
the posterior poles (Figure 1F). Except for the lens, no ocular structural defects were
observed in bs2 histological sections. Consistent with the initial report [28], breeding of bs2
homozygote males did not produce any litters. Evaluation of bs2 testes revealed that the
testes are smaller in size when compared to WT controls (Figure 2A). Histological analysis
in bs2 sections identified severely disrupted seminiferous tubules (Figure 2D) and the
absence of mature spermatozoa and elongating spermatids (Figure 2E). In addition,
multinucleate cells were present within the lumen of the bs2 seminiferous tubules (Figure
2E).

Positional cloning of the bs2 locus

The initial report established linkage of the bs2 locus to mouse chromosome 2, but did not
implicate a specific chromosomal location [28]. To further map the bs2 locus, we utilized an
intercross breeding strategy to generate 262 F2 progeny. At four weeks of age 15% (39/262)
of F2 progeny were identified as affected, thus deviating from the expected 25% Mendelian
ratio for a recessive locus as evaluated by chi square (p<0.05). F2 progeny were genotyped
with Chr. 2 microsatellites spaced approximately 10 cM apart. The results confirmed linkage
of bs2 to chromosome 2. The bs2 locus was assigned as closest to D2Mit247 in a region
between D2Mit205 and D2Mit239 (Figure 3A). To further refine the genetic position of bs2,
we genotyped the F2 progeny with microsatellites between D2Mit205 and D2Mit239. This
analysis established the bs2 critical region as between D2Mit219 and D2Mit159,
encompassing a 3.1 Mb physical region (Figure 3B). Analysis of the mouse genome
sequence (July 2007 build) revealed that the bs2 critical region encompasses 19 previously
established genes and one hypothetical gene (Table 2). In order to prioritize sequencing, we
evaluated the NCBI (http://www.ncbi.nlm.nih.gov/gene/) and MGI databases
(http://www.informatics.jax.org/) to identify if known mutations in any genes within the bs2
critical region were reported to lead to cataracts or male sterility in humans or mice. This
analysis led to identification of cytochrome c, testis (Cyct; NM_009989) a gene exclusively
expressed in the testes; Cyct 7~ null mice exhibit reduced sperm counts, impaired
fertilization, and testicular atrophy [34]. The second candidate gene selected was
alkylglycerone phosphate synthase (Agps; NM_172666) a ubiquitously expressed
peroxisomal protein present in all mammalian cells; mutations in AGPS result in RCDP3
where affected patients exhibit congenital cataracts as a part of their syndromic phenotype
[35]. Thus, we proceeded to evaluate both Cyct and Agps for mutations in bs2 mice.
Sequence analysis of Cyct exons, intron/exon junctions, and cDNA did not identify any
sequence differences between WT and bs2 mice (data not shown). Sequence analysis of
Agps cDNA from WT mEFs identified a single Agps transcript that matched the full-length
Agps sequence (NM_172666.2). In contrast, three Agps transcripts were identified in bs2
mEFs (Figure 4A): full-length Agps transcript, Agps2€Xon14 which lacks exon 14, and
Agpse*¥onAl13-14\yhich lacks both exons 13 and 14 (Figures 4B and 4C). Full-length Agps
transcript in bs2 mEFs comprised only 7% of total Agps transcript (Figure 4C). Both
Agpse*¥onAl4 and AgpseXonAl3-14 gre predicted to result in a frameshift followed by a
premature stop codon and truncated AgpsClu467fsX474 and AgpsPhe441fsX4s6 proteins,
respectively (Figure 4E). The same aberrantly spliced transcripts as well as relative
abundances of full-length Agps were also observed in bs2 lens, testes, spleen, and liver
whereas only the single full-length transcript was observed in the same tissues of WT
controls (not shown).

To further investigate the molecular basis for the aberrant Agps splicing observed in bs2, we
sequenced the 12.3kb genomic region between exon 12 and exon 15. In bs2, sequence
analysis identified a G to A substitution in Agps 1VS14+5 (Figure 5A). The G nucleotide in
Agps IVS14+5 is a part of the consensus 5’ splice sequence (Figure 5B). All affected
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intercross animals genotyped A/A at Agps 1VS14+5, while none of the unaffected mice
genotyped A/A, indicating co-segregation of Agps 1VS14+5A with the bs2 phenotype.
Evaluation of the SNP database did not reveal any previously reported polymorphisms for
Agps intron 14 (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?locusld=228061).
Furthermore, we evaluated the Agps IVS14+5 locus in C57BL6/J, CAST/EiJ, AKR/J, C3H,
RINIS/J, DBA1/J, and DBA2/J strains and identified only G/G genotypes (not shown). These
findings collectively suggest that the identified Agps IVVS14+5G->A substitution is most
likely responsible for the aberrant Agps splicing observed in bs2.

Mass spectrometry of lipid species

Both Agps&X©ONAl4 and Agpse*0nA13-14 are predicted to result in truncated non-functional
proteins. In bs2 mice, the remaining full-length Agps transcript represents only 15% of Agps
levels observed in WT mice (Figure 4D). Thus, the bs2 mutation most likely results in
severely reduced functional Agps protein levels that would in turn result in a severe
reduction of plasmalogens. To test this hypothesis, we analyzed brain phospholipid levels by
mass spectrometry in WT and bs2 mice. The bs2 brains contained only 15% of the levels of
ether-phosphatidyl ethanolamine (ePE) detected in brains from WT mice (Figure 6B).
Similarly, in bs2 samples, ether-phosphatidyl choline (ePC) levels were 35.1% of the levels
of ePC observed in WT brains (Figure 6D). Interestingly, accumulation of
phosphatidylethanolamine (PE), the precursor to ePE (Figure 6A), was detected in bs2
brains; no accumulation of phosphatidylcholine (PC), precursor to ePC, was observed
(Figure 6C).

Peroxisomal assembly and PTS-mediated protein import

To determine if peroxisomal assembly and PTS1 or PTS2 mediated peroxisomal protein
import were compromised in bs2, we evaluated bs2 mEFs. Immunofluorescence of WT and
bs2 mEFs with Pmp70, catalase (not shown), and peroxisomal thiolase (not shown)
antibodies revealed a typical peroxisomal punctate staining pattern (Figure 6B). Western
blotting did not show any difference in protein levels of Pmp70 (Figure 7C), catalase (Figure
7D), and thiolase (not shown) between WT and bs2 mEFs. These findings suggest that
peroxisome assembly as well as PTS1 and PTS2 mediated peroxisomal protein import did
not differ between WT and bs2 mEFs.

Examining possible allelism between bs2 and bs

The lens and testicular phenotypes in bs2 mice reported in this study resemble the
phenotypes reported for the blind sterile (bs) mouse, another spontaneous mouse mutation
on chromosome 2 resulting in cataracts and male sterility [29,30]. The genetic position for
bs was previously assigned to chromosome 2 between Haol and Emv-15 loci suggesting that
bs and bs2 most likely are mutations in two separate genes on chromosome 2 resulting in
similar cataract and male infertility phenotypes [29,30]. To exclude the possibility that bs
and bs2 are allelic, we set up a cross between bs/bs females and bs2/+ males, generating 34
F1 progeny. Genotyping revealed that 12 F1 progeny carried the Agps IVS14+5A allele,
indicating 12/34 were compound bs and bs2 heterozygote mice. Clinical evaluation of all F1
progeny at >6 weeks of age did not identify any cataracts. Fertility in male bs/bs2 compound
heterozygotes did not differ from WT mice.

Discussion

In this study, our goal was to identify a gene and mutation responsible for the bs2 cataract
and male sterility phenotypes. Utilizing a positional cloning approach, we identified an
IVS14+5G—A substitution in the 5’ splice site of Agps intron 14 as the causative mutation.
The +5G position of the 5’ splice site is part of a consensus splice-donor sequence conserved
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across species which base pairs with U1 snRNA to initiate splicing [36,37]. Positions —1 and
+5 of the 5’ splice site base pair strongly with U1 snRNA, thus mutations at these positions
have detrimental effects on splicing [37]. It has been recently established that 19.7% of
diseases resulting from mutations in the 5’ splice sites are due to a mutation of the +5
nucleotide [36,38,39]. In bs2 mice the Agps 1VS14+5G—A substitution resulted in skipping
of exon 14 or both exons 13 and 14 and the formation of the aberrantly spliced AgpsAexoni4
and Agps®°nA13-14 transcripts. In addition to the two aberrantly spliced transcripts, we also
identified a full length Agps transcript expressed at very low levels in bs2 compared to WT
mice. The putative mutant Agps proteins, AgpsClu467fsX474 and AgpsPhea4lfsX4s6 \yoyld
have frameshifts following Thr467 and Phe441, respectively, resulting in a premature stop
codon. Both putative proteins would be truncated near the start of the C-terminal catalytic
FAD oxidase domain and thus, would be catalytically inactive. Agps is a member of the
FAD binding oxidoreductase/transferase type 4 family of proteins. The role of Agps is to
catalyze the second step of ether lipid biosynthesis in which acyl-
dihydroxyacetonephosphate (DHAP) is converted to alkyl-DHAP [24]. Phospholipid
profiling of bs2 brains identified severely reduced ether-lipid levels further confirming that
the bs2 phenotypes are associated with a disruption in the ether-lipid synthesis pathway.
Ether-lipids were observed in bs2 brains at low levels, most likely resulting from the Agps
activity encoded by the small fraction of properly spliced Agps transcript identified in bs2
tissues. These findings collectively show that bs2 is a hypomorphic mutation in Agps
resulting in disruption of the ether lipid synthesis pathway, leading to a severe reduction of
ether lipid levels.

Mutations in AGPS have been previously reported in only three RCDP3 patients [23,35,40].
Biochemical evaluation of fibroblasts from RCDP3 patients identified deficient AGPS
enzymatic function and severely reduced plasmalogen levels [40,41]. RCDP3 fibroblasts,
similarly to RCDP?2 fibroblasts, exhibit ether lipid deficiencies due to mutations in enzymes
essential for ether lipid synthesis without defects in peroxisomal assembly and PTS1 or
PTS2 mediated protein import [40,42]. A mutation in AGPS was also identified in a
plasmalogen-deficient CHO cell line following a mutagenesis screen [43]. Analysis of the
plasmalogen deficient CHO line identified significantly reduced AGPS enzymatic function
with intact peroxisomal assembly and protein import [43]. Functional evaluation of bs2
mEFs is consistent with these findings, indicating that Agps IVS14+5G—A results in a
severe reduction of Agps function. In addition, we did not observe any difference in PTS1
and PTS2 mediated protein import or peroxisomal assembly between WT and bs2.
Therefore, the severe loss of ether lipids observed in bs2 mice is the result of a mutation in
Agps in which the resulting enzymatic deficiency is independent of peroxisomal assembly or
peroxisomal protein import. As such, the bs2 mouse is the first animal model of RCDP3,
providing an excellent opportunity for evaluation of Agps deficiency in-vivo.

The mechanism by which an overall reduction of plasmalogen levels results in tissue-
specific RCDP phenotypes in humans and mice is not well understood. Plasmalogens
contribute to about 18% of total phospholipid mass, although there is a unique tissue-
specific distribution: ePE levels are high in brain, heart, lung, kidney, spleen, and testis
whereas high levels of ePC were noted in the cardiac and skeletal muscles [2,24]. Originally,
the bs2 mouse was identified during a phenotypic screen of mice with spontaneous
mutations exhibiting vision defects [28]. The initial study reported cataracts in bs2 mice
[28]. Results from this study show that bs2 cataracts are associated with defects in the
elongation of lens fiber cells. Histological evaluation further showed that attenuated lens
fiber cells were also detached from the lens epithelium, suggesting either a defect in lens
fiber elongation or defect in cell-to-cell communication between lens epithelial and fiber
cells. The cataract phenotype was also reported for Pex7 7~ and Gnpat ™~ mice [26,27].
Similarly, all patients affected with RCDP are either born with cataracts or develop cataracts
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within the first six months of life [21,25]. These findings suggest that plasmalogens are
essential for lens development and homeostasis in both humans and mice. Recently, analysis
of mouse lenses identified ePE as the major ether lipid class in the lens although ePC,
phosphatidyl serine, and sphingomyelin were also present [44]. It has been proposed that
plasmalogens may be protecting lens membranes against oxidative stress and may be
essential for signaling [44]. Further evaluation is necessary for better understanding of the
role of plasmalogens in the lens.

In addition to cataracts, all three RCDP mouse models, Pex7 7=, Gnpat ™, and bs2, exhibit
disorganized seminiferous tubules with abnormalities in spermatogenesis resulting in
testicular atrophy and male sterility [26,27]. Loss of plasmalogens in the testes of Gnpat ™~
mice was associated with down-regulation and mis-targeting of claudin-3 and consequent
impairment of the blood-testis-barrier leading to deficient sealing of the transient
intermediate compartment [45]. In addition to cataracts and testicular phenotypes, bs2 mice
exhibited some prenatal/perinatal lethality which was also observed in Pex7 ¥~ and
Gnpat ™~ mice [26,27]. The cause of prenatal/perinatal lethality associated with a decrease
in ether lipids remains unclear. Interestingly, in bs2 we did not observe any obvious
hypotonia, delayed growth, defects in neuronal migration, or bone ossification defects
reported for Pex7 7~ [26] or myelination defects reported for Gnpat™~ [27,46]. These
differences may be due to residual plasmalogen levels present in bs2 tissues, suggesting that
the severity of the phenotype in mice may be associated with plasmalogen levels. This is
consistent with findings in patients affected with all forms of RCDP in which disease
severity is directly related to plasmalogen levels [25,47].

Finally, as a part of this study we showed that bs2 is not allelic with bs, a mouse model also
exhibiting cataracts and male sterility that was previously mapped to chromosome 2 [29,30].
This finding confirms that bs2 is the only genetic model for RCDP3. Further analysis of
pathways implicated in the bs phenotype may yield additional information on the
mechanism of the tissue specificity observed in both blind-sterile mouse models. In
combination with existing RCDP models, the bs2 mouse provides an exciting opportunity to
facilitate a better understanding of the molecular consequences and mechanisms involved in
ether-lipid deficiency.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

bs2 eye phenotype. Adult bs2 mice (B) exhibit nuclear cataracts whereas WT littermate
controls have transparent lenses (A). Examination of bs2 sections, 20x magnification, P28
(D), reveals micropthalmia and a smaller lens as well as a large nuclear cataract compared to
the normal WT control (C) (scale bar: 200um). Boxes indicate regions of 40x magnification
in E, F (scale bar: 50pum). bs2 mice exhibit improper differentiation of lens epithelial cells to
fiber cells (F) including vacuolation, morgagnian globules (asterisk), bladder cells
(arrowhead), and detachment of the apical-apical junctions of epithelial and fiber cells
(arrow).
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Figure 2.

bs2 testis phenotype. Adult testes from bs2 mice (A, right) are smaller than WT siblings (A,
left, scale bar: 1mm). Histological analysis of adult testis reveals that in bs2 mice (D, 10x)
the seminiferous tubules are severely disrupted (scale bar: 100um). Higher magnification (C,
E, 40x) reveals that bs2 tubules contain no mature spermatozoa but do contain large
multinucleate cells (scale bar: 20um)
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Figure 3.

Linkage mapping and mutation identification. (A) Microsatellite markers were used to
identify linkage to mouse chromosome 2, approximately 45 cM distal from the centromere.
(B) Fine mapping narrowed the critical region to 3.1 Mb, between D2Mit219 and D2Mit159.
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Figure 4.

Alternative splicing of Agps transcript in bs2 mice. (A) RT-PCR from mEF cDNA amplified
three products in bs2 mice: 564bp, 451bp, and 371bp. In contrast, only the WT 564bp band
was observed in WT controls. (B) Sequencing of the DNA contained in these bands
identified the 564bp band as the full-length transcript, the 451bp band as skipping exon 14
(Agps A14), and the 371bp band as skipping exons 13 and 14 (Agps 413-14), (C) Semi-
quantitative RT-PCR shows that 7% of Agps transcript was full-length, 55% Agps 214, and
38% Agps A13-14_ (D) Semi-quantitative PCR also reveals that full length Agps transcript
was present at 15% the level of that seen in WT controls. (p<0.05 for C, D) (E)
AgpsClu467fsXa74 ang AgpsPhedd1fsXast ntative proteins formed from Agps 214 and

Agps A13-14 transcripts, would contain an immediate frameshift at the beginning of exon 15,
followed by 7 or 15 amino acids of nonsense, as well as a premature stop codon.
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Figure 5.

Identification of a single-base pair substitution in Agps intron 14. (A) A single base pair
substitution, IVS14+5G>A, was identified in bs2 mice. All affected F2 mice genotyped A/A
while unaffected mice genotyped G/A or G/G. (B) IVS14+5G is a key nucleotide within the
5’ splice donor site, which is conserved in human, rat, mouse, and xenopus. (C) 1VS14+5
G>A disrupts a conserved splice-donor sequence (arrow). In the absence of this nucleotide,
splice donor sites from intron 12 or 13 compete for the intron 14 splice acceptor, resulting in
the Agps 21314 and Agps 214 products.
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Figure 6.

Mass spectrometry analysis of lipid species from brain lipid extracts. Ether-
phosphatidylethanolamine (ePE; B) and ether phosphatidylcholine (ePC; D) were both
significantly lower in bs2 mice (p<0.0001, both). Phosphatidylcholine (PC; C) levels are
also lower in bs2 mice (p=0.0089), while phosphatidylethanolamine (PE; A) levels are
higher (p<0.0001) in bs2 brains. Five replicates were performed for each genotype and
significance was calculated via a t-test.
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Figure 7.
Peroxisomal assembly and PTS-mediated protein import. Immunofluorescent staining of

Peroxisomal membrane protein 70 (PMP70, Green) counterstained with DAPI (Blue)
confirms the presence of peroxisomes in bs2 mEFs (B) with no noted morphological
deviations from those seen in WT controls (A) (scale bars: 10um). Protein levels of PMP70
(C) and catalase (D) were not significantly different between WT and bs2 samples, as
evaluated by western blot.
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