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

1duosnuely Joyny vd-HIN

,NS

fg)%
S

N4

NIH Public Access

Author Manuscript

O

2 Hepst

Published in final edited form as:
Andrology. 2013 May ; 1(3): 440-450. doi:10.1111/j.2047-2927.2013.00070.x.

New point mutation in Golga3 causes multiple defects in
spermatogenesis

Lisa F. Bentson®, Valentine A. Agbor”, Larry N. Agbor”, Anita C. Lopez", Landry E.
Nfonsam’, Sheila S. BornsteinT, Mary Ann Handel™, and Carol C. Linder”

*Department of Biology and Chemistry, New Mexico Highlands University, Box 9000, Las Vegas,
NM 87701

"The Jackson Laboratory, 600 Main Street, Bar Harbor, ME 04609

Abstract

repro27 mice exhibit fully penetrant male-specific infertility associated with a nonsense mutation
in the golgin subfamily A member 3 gene (Golga3). GOLGA3 is a Golgi complex-associated
protein implicated in protein trafficking, apoptosis, positioning of the Golgi, and spermatogenesis.
In repro27 mutant mice, a point mutation in exon 18 of the Golga3 gene that inserts a premature
termination codon leads to an absence of GOLGAS protein expression. GOLGAS3 protein was
undetectable in the brain, heart, and liver in both mutant and control mice. While spermatogenesis
in Golga3'eP 927 mutant mice appears to initiate normally, development is disrupted in late
meiosis during the first wave of spermatogenesis, leading to significant germ cell loss between 15
and 18 days postpartum (dpp). Terminal deoxynucleotidyltransferase dUTP-mediated nick end
labeling analysis showed elevated DNA fragmentation in meiotic germ cells by 12 dpp, suggesting
apoptosis as a mechanism of germ cell loss. The few surviving postmeiotic round spermatids
exhibited abnormal spermiogenesis with defects in acrosome formation, head and tail
development, and extensive vacuolization in the seminiferous epithelium. Analysis of epididymal
sperm showed significantly low sperm concentration and motility, and in vitro fertilization with
mutant sperm was unsuccessful. Golga3"®"927 mice lack GOLGA3 protein and thus provide an in
vivo tool to aid in deciphering the role of GOLGAS in Golgi complex positioning, cargo
trafficking, and apoptosis signaling in male germ cells.

Introduction

Male infertility accounts for roughly half of the 15 percent of couples world-wide
experiencing fertility problems (Matzuk & Lamb 2002). Genetic defects that result in
abnormalities in sperm number, motility, and/or morphology may account for a significant
percentage of idiopathic male infertility (Egozcue et al. 2000; Ferlin et al. 2007; Yan 2009).
The Jackson Laboratory Reproductive Genomics mutagenesis program used a random N-
ethyl-N-nitrosourea (ENU) mutagenesis scheme to create a panel of “repro” mutations that
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identify genes important for gametogenesis (Handel et al. 2006; Lessard et al. 2004).
Similar large-scale ENU mutagenesis efforts have generated similar repositories, making
mice with reproductive defects available to researchers worldwide (Clark et al. 2004;
Kennedy et al. 2005). This unbiased, phenotype-driven approach identifies novel genes
required for spermatogenesis and generates new alleles of known genes that may provide
new insights and relevance into protein structure and function relationships.

We describe here a new allele of the Golga3 gene that causes male-specific infertility due to
an ENU-induced nonsense mutation. Golga3 encodes a Golgi autoantigen that is a member
of the golgin subfamily A. Golgins were initially identified in human patients with
autoimmune disease (Fritzler et al. 1993) and represent a very diverse family of proteins
including GOLGAL1 (golgin-97), GOLGA?2 (GM130), GOLGA3 (Golgin160, male-
enhanced antigen two, MEA2), GOLGA4 (p230/golgin), and GOLGBL1 (giantin)(Munro
2011). Proteins in this family associate on the cytoplasmic surface of the Golgi complex and
contain a large coiled-coil domain that can form a rod-like structure (Barr 1999; Munro
2011; Short et al. 2005). Golgins have been implicated in a number of processes including
tethering adjacent membranes during vesicular trafficking, Golgi positioning and cisternae
stacking during mitosis and differentiation, and interacting with Golgi-associated Rab
GTPases (Gleeson et al. 1996; Hennies et al. 2008; Linstedt et al. 2000; Short et al. 2005;
Short et al. 2001; Yadav et al. 2009; Yadav et al. 2012). In the N-terminal protein region,
GOLGAZ3 contains several phosphorylation sites on conserved serine residues, caspase
cleavage sites, targeting signals to the Golgi complex and nucleus while the C-terminal end
contains the characteristic golgin coiled-coil domain (Hicks & Machamer 2002). GOLGA3
specifically targets the $1 adrenergic receptor to the plasma membrane (Hicks et al. 2006;
Williams et al. 2006), is required for the proper sequestration and sorting of GLUT4 glucose
transporters (Williams et al. 2006), participates in protein degradation pathways (Dumin et
al. 2006) and apoptosis pathways (Maag et al. 2005; Mancini et al. 2000; Mukherjee &
Shields 2009), and most recently has been shown to recruit dyneins to the Golgi complex
(Yadav et al. 2012). The GOLGA3-encoding gene has mammalian orthologs in human, rat,
cattle, chimpanzee, and the domestic dog (Mouse Genome Database 2012).

GOLGAZ3 was previously demonstrated to be necessary for normal spermatogenesis. The
Golga3T9(0BMGMT)TE04Kecri glele, commonly referred to as AMea2, is the result of a
spontaneous chromosomal translocation that eliminated the first seven exons in a transgenic
mouse line carrying the E. coli 06-methylguanine-DNA methyltransferase gene (Banu et al.
2002; Matsukuma et al. 1999). This translocation led to the expression of a truncated
GOLGAS3 protein, defects in spermatogenesis, and male infertility with variable penetrance
that was partially rescued in the AMea2H line (Banu et al. 2002). Translin-associated factor
X (TSNAX) protein, identified by yeast two-hybrid and glutathione S-transferase pull-down
experiments, associates with GOLGA3 (Bray et al. 2002) and colocalized with GOLGAS3 in
pachytene spermatocytes (Banu et al. 2002; Matsuda et al. 2004). However, the observation
that GOLGA3 and TSNAX were localized to separate regions of the Golgi in both the
AMea? line and AMea2H lines suggests that protein-protein interactions were not necessary
for the rescue of spermatogenesis (Matsuda et al. 2004).
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Here we report that homozygosity for the new Golga3'®P 927 allele completely eliminates
GOLGAS3 protein expression and causes severe spermatogenic defects. We also report
development of a C3HeB/FeJ congenic strain, providing a resource to facilitate future
analyses of male-specific infertility due to an absence of GOLGAS3.

Materials and Methods

Animals and Gene Mapping

All animal procedures were approved by the New Mexico Highlands University and the
Jackson Laboratory Animal Care and Use Committees. C3Fe;B6-repro27 were generated by
the Jackson Laboratory Reproductive Genomics Program (http://
reproductivegenomics.jax.org) using ethylnitrosouria (ENU) chemical mutagenesis, and a
three-generation breeding strategy and fertility screening protocol (Handel et al. 2006;
Lessard et al. 2004). Mice are a mixture of C3HeB/FeJ (C3Fe) and C57BL/6J (B6) with the
mutated DNA being of B6 origin. Regional genetic mapping was conducted at the Jackson
Laboratory by analyzing meiotic recombination using microsatellite markers as described
previously (Dietrich et al. 1996). Briefly, the repro27 mutation was initially mapped to Chr
5 by genome scanning of DNA from affected and unaffected mice using 2-3 single sequence
length polymorphic (SSLP) markers per autosomal chromosome. The single B6 region
identified as homozygous in all affected mice but not in unaffected mice was considered the
candidate gene region. Polymorphic DNA markers flanking this genomic interval were used
for genotyping subsequent progeny and colony maintenance. Intercrosses of heterozygous
mice were used to maintain the colony. Narrowing the candidate gene region was
accomplished by testing all meiotic recombinant progeny for fertility and the
spermatogenesis defect and selecting mice carrying the mutation for future breeding. Once
the gene mutation was identified, “mixed” C3Fe;B6-Golga3"®" %27 mice were maintained by
mating either heterozygous or homozygous females with heterozygous males.

A C3Fe congenic strain was generated by backcrossing the mutation 10 generations to C3Fe
mice (Jackson Laboratory, C3Fe.B6-Golga3'ePro27), Congenic mice were maintained by
mating homozygous females with heterozygous males to produce 50% mutant and 50%
heterozygotes while C3Fe mice were used as wildtype controls.

Mutant and control pups were identified at 8-10 days post-partum (dpp) using a polymerase
chain reaction (PCR)-based genotyping protocol. DNA was isolated from tail snips using the
sodium hydroxide hot shot protocol as previously described elsewhere (Truett et al. 2000).
PCR using flanking SSLP DNA markers (D5Mit317 or D5Mit24, and D5Mit338) were then
used to identify mice carrying the repro27 genetic mutation using the following conditions:
94°C for 30 sec, 55°C for 35 sec, 72°C for 30 seconds (39 cycles), and a final extension at
72°C for 7 minutes. PCR products were separated on a 3% Metaphor agarose gel (Cambrex,
Rockland, MD). Genotyping results were confirmed phenotypically by the presence of very
small testes in mutant mice. In addition, an allele-specific assay, designed by Dr.
Matsukuma's laboratory using loop hybrid mobility shift assay (Matsukuma et al. 2006),
was used regularly within the colony to confirm breeders and for routine quality control.
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RNA Isolation and cDNA synthesis

Total RNA from adult mixed C3Fe;B6-Golga3'®"%27 and B6 testes were extracted using
TRIzol reagent (Invitrogen Corp., Carlsbad, CA) according to the manufacturer's guidelines.
Reverse-transcription PCR was used to synthesize single-stranded cDNA from total RNA
(1-2 ug) with MMLV-reverse transcriptase (Promega Corp., Madison, WI). Synthesized
cDNA was then used for Golga3 transcript sequencing.

Sequencing Golga3

The Golga3 cDNA was sequenced using published primers 15L, 19R, Ex23L and Ex24R
(Banu et al. 2002), and additional primers designed to span the expressed transcript. PCR
product sizes ranged between approximately 300-750 bp. PCR products were purified using
a PCR purification kit (QIAGEN, Inc., Valencia, CA). Forward and reverse primers were
then used in BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster
City, CA). The reaction was purified with a DyeEx 2.0 Spin Column (QIAGEN Inc.) and
lyophilized before shipment to University of New Mexico for analysis on an ABI 3130
DNA Sequencer. Sequence data were analyzed using Vector NTI 10.1.1 (Invitrogen Corp.,
Carlshad, CA) to compare repro27 mutant DNA with B6 and published sequence. The point
mutation identified in exon 18 was confirmed by sequencing exon 18 from Golga3'ePro2?
mutant (n=3) and B6 genomic DNA.

Quantitative Real Time PCR

Real time validation and reactions were carried out essentially as described (Gifford et al.
2007) using a Corbett RG-6000 real time analyzer (Qiagen Inc.). Testes for RNA isolation
were collected from three to twelve mice from congenic C3Fe.B6-Golga3"e""%27 mutant
(Golga3"ePro27/Golga3rePro27 or mym) and C3HeB/Fel wildtype (+/+) at 4, 5, 7, 9, and 14
dpp. First-strand cDNA were synthesized as described previously using MMLYV reverse
transcriptase, oligo dT, DNasel, and RNAse H (Invitrogen Corp.). A 1:10 dilution of cDNA
was used as the template in a 25 pl reaction with SYBR SensiMix™ (Bioline, Taunton,
MA). The following primers (300 nM) were used to amplify Golga3 (forward primer: 5'-
ACAGGTGGAGGCTTGTCAT -3’ and reverse primer: 5’-
TTCTAGCATGCTCTGCAGGT-3, these primers span an intron) and the housekeeping
gene B-Actin (forward primer: 5-AGCCATGTACGTAGCCATCC-3’and reverse primer:
5-TTTGATGTCACGCACGATTT-3). B-actin C; values were used to calculate AC; values
for each sample. B-Actin C; values did not vary across genotype and the melting curves for
B-Actin and Golga3 at each time point gave only a single peak unique to each primer set. A
cDNA serial dilution standard curve was included in each real time PCR run. The primer
efficiency averaged 92%. B-Actin C; threshold values ranged from 13-17 cycles while
Golga3 C; threshold values ranged from 18-28 cycles. Samples, no reverse transcriptase
controls, and no template controls were run in duplicate. Golga3 (forward primer: 5'-
GAACAGCCTGAAGGAACAGA-3’and reverse primer: 5'-
GAACAGCCTGAAGGAACAGA-3') and Gapdh (forward primer: 5’-
CTGGAGAAACCTGCCAAGTA-3’ and reverse primer: 5’
TGTTGCTGTAGCCGTATTCA-3) primers from RealTimePrimers.com (Elkins Park, PA)
were used according to recommended conditions to validate 14 day data in five mice per
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genotype. AAC; values were calculated by subtracting the mean AC; of the 4 dpp wildtype
from the AC; at each time point. The fold change compared to the 4 dpp wildtype was
calculated using the 2"22Ct method (Livak & Schmittgen 2001).

Northern Blotting

Ten pg of total RNA isolated from 14 dpp (n=3/genotype) and adult testes (n=3) from
congenic Golga3"e"%27 mutant and control testes were run on a 1% denaturing agarose gel,
transferred to nylon membrane, and hybridized with 32P endlabeled DNA oligo probes for
Golga3 (642 bp corresponding to a transcript located between ~603 and 1245 bp) and to
Gapdh. Golga3 transcript sizes were determined from the migration of ribosomal RNAs.

Western Blotting

Paired testes were collected from 15 dpp mice (n=3 per genotype). Testes, brain, liver, and
heart tissues were collected from adult animals (4 months old, n=3 per genotype) and either
processed immediately or flash frozen in liquid nitrogen and stored at -80°C. Tissues were
homogenized in RIPA lysis buffer (150 mM sodium chloride; 1 mM EDTA; 20 mM Tris
HCI pH 7.6; 1% IGEPAL (NP-40); 1% sodium deoxycholate; 5 mM sodium fluoride and
0.1% SDS) containing 10% PMSF, 0.1% DDT, and 1% Protease Inhibitor Cocktail (Sigma,
St. Louis, MO). Homogenates were incubated on ice for 30 minutes, and then centrifuged at
12,000 g for 5 minutes at 4°C. The protein concentration of the supernatant was determined
using the BCA protein assay (Pierce Biotechnology, Rockford, IL). Forty g of protein
extracts were separated by 7% SDS- PAGE, transferred overnight (30V at 4°C) to
nitrocellulose membrane, and blocked for one hour with 5% Carnation® non-fat dried milk
in TBS-T (Tris-buffered saline with 0.1% Tween 20). Kaleideoscope Precision Plus Protein
Standards (Bio-Rad, Hercules, CA) were run on each gel. Custom GOLGA3 peptide
antibodies were produced to the N- terminal (EGSVRKEALQSLRLSL, in exon 3) and C-
terminal (EELLRPPPAVSKEPLK, in exon 23) domains (ThermoScientific Open
Biosystems). Crude sera from 131-day bleeds were used at a dilution of 1:1500 for all
western blots. A monoclonal antibody clone C4 recognizing -Actin (Millipore, Billerica,
MA) diluted 1:1500 (Immuno-Pure goat anti-mouse (H+L) peroxidase conjugated secondary
antibody, 1:40,000, ThermoScientific) was used as a protein loading control as it did not
vary across Golga3'e"927 genotypes. Prior to obtaining the custom antibodies, GOLGA3
antibodies (rabbit anti-N terminal GOLGA3/MEA2 and rabbit anti-C terminal GOLGA3/
MEAZ2, both used 1:500 with 100 pg total protein) provided by Dr. Matsukuma, Kanagawa
Cancer Center Research Institute, Nakao, Japan, were used in western blot analysis with 100
ug total protein. Custom GOLGA3 antibodies recognized the same molecular weight protein
as the Matsukuma antibodies but were more sensitive.

Membranes were incubated in primary antibodies overnight at 4°C, washed in TBS-T, and
then incubated for 1 hour in goat anti-rabbit horseradish peroxidase secondary antibody (0.4
mg/ml, Pierce Biotechnology) diluted to 1:40,000. All antibody incubations were carried out
in TBS-T with 5% non-fat dried milk. SuperSignal West Dura Extended Duration Substrate
(Pierce Biotechnology) and Hyperfilm™ ECL film (VWR, Radner, PA) were used
according to manufacturer's recommendations. GOLGA3 antibodies were validated by
western blotting with immunoabsorbed and unabsorbed N- and C-terminal antiserum
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following a peptide pre-absorption protocol supplied by Open Biosystems. Antiserum was
spiked with peptide 1:1 and incubated overnight at 4°C (Supplemental Fig. 1).

Developmental Profiling

Histology

Reproductive organs were collected from C3Fe;B6- Golga3'®Pr927 and C3Fe.B6-
Golga3'ePro27 mytant and control mice. Mice were euthanized by CO, anesthesia followed
by cervical dislocation. Developmental profiles of mice were established based on body
weight and the paired testes surgically removed from at least six male mice per genotype,
mutant, heterozygous (Golga3e"027/+, or m/+), and wildtype mice from 12 to 70 dpp.
Paired seminal vesicle weights were measured in mutant, heterozygous, and wildtype mice
from 2 to 20 weeks of age. Epididymal sperm were collected and sperm smears were stained
with 5% eosin Y (Sigma, St. Louis, MO). Fertilization potential of epididymal sperm was
tested from three B6 and C3Fe;B6-Golga3"e""°27 adult male mice using a high-throughput
diagnostic in vitro fertilization (IVF) assay developed by the Reproductive Genomics
Program according to the protocol described at the following url: http://
reproductivegenomics.jax.org/maleprotocol.html.

Histological analysis was used to verify the germ cell population and the developmental
stage from 15 to 21 dpp and at 10 weeks of age (Russell et al. 1990). Testes were fixed by
immersion in Bouins, cut sagittally, and paraffin embedded. 4-5 um sections were cut and
stained with periodic acid Schiffs (PAS reagent) and counterstained with hematoxylin. Total
numbers of germ cells were counted in 20 round tubules per cross-section. Two sections
were analyzed for each sample (n = 3/genotype) by light microscopy. The average numbers
of total germ cells per tubule cross-sectional area were determined. The percentage of post-
meiotic germ cells per total number of germ cells per tubule in mixed C3Fe;B6-
Golga3'®Pro27 mytant and control mice was determined in 20 tubule cross sections (n = 3/

genotype).

Transmission electron microscopy

Paired testes were collected from 12 week old mixed C3Fe;B6-Golga3"e"" %27 mytant and
control mice (n = 3 per genotype), sectioned, pre-fixed in 2.5 % glutaraldehyde (Electron
Microscopy Sciences, Hatfield, PA) overnight at 4°C, and then washed in 0.1 M sodium
cacodylate buffer. Tissue sections were stained with toluidine blue and analyzed under a
light microscope to guide observation under the transmission electron microscope [Hitachi
(H-7500 TEM)].

DNA Fragmentation Assay (TUNEL)

DNA fragmentation was assessed by terminal deoxynucleotidyl transferase (Tdt) dUTP-
mediated Nick End Labeling (TUNEL assay) using the DeadEnd™ Fluorometric TUNEL
System (Promega Corp.) following manufacturer's instructions. Three unstained paraffin-
embedded histological testes sections per genotype from mice ages 12 to 21 dpp were used
in the assay. Slides were deparaffinized, rehydrated, and washed sequentially in 0.85% NaCl
and 1x PBS, fixed in 4% PFA in 1x PBS and incubated in 20 ug/mL proteinase K for
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antigen retrieval. Sections were equilibrated for 10 minutes and labeled in a dark humidified
chamber with recombinant Tdt incubation buffer at 37°C for 1 hour. The tailing reaction was
terminated in 2x salt sodium citrate (SSC) for 15 minutes at room temperature. Slides were
washed in 1x PBS and Aqueous SlowFade Gold Antifade reagent (Invitrogen Corp.) added
to treated sections prior to mounting. Negative controls included incubation without
recombinant Tdt enzyme in the incubation buffer while positive controls were pretreated
with 10 U/mL DNase | enzyme prior to incubation with recombinant Tdt enzyme. All slides
were kept in the dark and stored at 4°C until microscopic evaluations at 100x and 400x.

The numbers of germ cells per testis for each genotype from 12 to 21 dpp were determined
after scoring tissue sections following a protocol previously described (Nandi et al. 1999).
TUNEL-stained germ cells in 5 um whole testicular cross-sections were counted under a
40x objective by moving an ocular field across the section in a non-overlapping fashion and
counting cells within its boundaries. The numbers of ocular fields were estimated using the
10x objective and ranged between 4 and 15 fields per section. The average number of
stained cells per ocular field was determined. The numbers of TUNEL-stained germ cells
per testis were calculated as follows: average numbers of stained cells per ocular volume
multiplied by ocular volume per testis equals the number of stained cells per testis. The
ocular volume was defined by the product of the thickness of section and the area of a 10x
objective field. The number of ocular volumes per testis was obtained by dividing the ocular
volume by the volume of the testis, essentially the testis weight. It is important to note that
this quantification technique may not represent the true absolute numbers of cells, since
larger cells span more sections than smaller ones. However, this method is useful for
comparison between genotypes, which was our goal.

Statistical analysis

Results

Mean values were obtained from at least three parallel specimens after quantification. All
statistical evaluations were by ANOVA and multiple comparison test (Tukey's HSD) using
SPSS 13.0 software. Regression analysis was performed using Microsoft® Excel. Significant
statistical difference was p < 0.05 and a highly significant statistical difference was p < 0.01.

repro27 congenic line

The repro27 mutation was induced by ENU in B6 male mice that were subsequently mated
for several generations to C3Fe mice. The original strain was thus mixed and designated
C3Fe;B6-Golga3"r927_ This mixed strain was used for genetic mapping and
characterization of the spermatogenic defects. A congenic strain, C3Fe.B6-Golga3'ePro27,
was developed by backcrossing. The only difference between the mixed and congenic
nomenclature is the replacement of the semicolon with a period in the strain name. The
congenic strain was developed to standardize the genetic background, minimize introduction
of background modifier genes, and permit the use of C3Fe inbred mice as controls. Gene
expression was analyzed in the congenic strain.
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repro27 mice have a point mutation in Golga3

Mapping of the infertility phenotype by meiotic recombination narrowed the repro27
candidate gene region to a region of ~2 megabases (Mb) on Chr 5. Data mining of known
genes in the region identified Golga3 as the strongest candidate gene. Sequence analysis of
the 4,805 bp Golga3-002 cDNA identified a point mutation in exon 18 in repro27 mutants
not present in B6 cDNA. This mutation converted a cytosine to thymine and replaced
glutamine with a stop codon (Fig. 1). Genomic sequencing of exon 18 further confirmed this
result. This nonsense mutation is unique to repro27 and is not a common single nucleotide
polymorphism (SNP). No other mutations were identified in the expressed transcript when
compared to the B6 cDNA and the published sequence (www.ensembl.org). Thus, repro27
represents a new allele of Golga3, Golga3'ePro27,

Expression of Golga3

Golga3 gene expression was analyzed in congenic C3Fe.B6-Golga3'® 927 testes during the
first wave of spermatogenesis and in adult testes. Using quantitative PCR, Golga3 mRNA
was identified in both C3Fe wildtype controls and Golga3'®r°27 mutant testes from 4 dpp
through adulthood (Fig. 2). Golga3 mRNA levels, expressed as a fold-change over the mean
4 dpp wildtype value, were significantly higher in wildtype testes compared to
Golga3'ePro27 mytants at both 9 and 14 dpp (Fig. 2A). Northern blot analysis identified two
transcripts with higher Golga3 expression in C3Fe wildtype testes compared to mutant and
heterozygous samples. Golga3 expression was much higher in the adult wildtype testes
compared to the 14 dpp sample and the smaller transcript (Golga3-002) was more abundant
(Fig. 2B).

GOLGAS3 protein expression was examined by western blot using antibodies recognizing N-
and C-terminal peptides. GOLGAS3 protein was not expressed in the testes of congenic
Golga3'ePro27 mytant mice at 15 dpp, whereas it was expressed in testes of heterozygous
and wildtype mice (Fig. 3A). GOLGAS expression was consistently lower in heterozygotes
compared to wildtype controls. Fifteen day old mice were chosen for analyses because the
testes weights and germ cell numbers among genotypes were not statistically different at this
age (supplemental Figs. 2 and 3). The N-terminal antibody is specific to the 167 kD isoform
because the exon 3-encoded peptide sequence is missing in the 163 kD isoform. Because the
4 kD difference between the two isoforms is indistinguishable on a 7% gel, it is not possible
to distinguish the two isoforms. GOLGAS is expressed most abundantly in the adult testes
with no evidence of protein expression in the brain, heart, or liver of controls or
Golga3"eP"027 mytant mice (Fig 3B-C). In the heart, the C-terminal antibody did
occasionally react with a slightly larger unidentified protein product (Fig 3B, panel 3 of right
column). Western blots performed with higher protein concentrations (100 ug, compared to
40 pg) and using antibodies supplied by Dr. Matsukuma (1:500 dilution) showed very low
levels of expression in the brain and heart (data not shown). There was no evidence of a 129
kDa truncated protein, as predicted from the premature termination codon in exon 18, in
testes or other tissues of Golga3"®P 927 mutant mice.
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Golga3"ePro27 mutant mice show defects in male germ cell development

Mutant Golga3'é""927 homozygotes exhibited male-specific infertility while females were
reproductively viable. The number of litters born and the number of pups per litter in
heterozygous and homozygous females did not differ (data not shown). The spermatogenic
defects were characterized on both the mixed and congenic strains with no observed
differences between strains in testes gross morphological characteristics. Spermatogenesis
appeared histologically normal through mid-meiosis during the first wave of
spermatogenesis. Defects became visible in late meiosis, by 18 dpp, with significant loss of
germ cells, vacuolization, and enlarged lumens in mutants (Fig. 4, “a” arrows). At 21 dpp,
Golga3'ePro27 mytant testes showed the absence of round spermatids (Fig. 4, “c” arrows)
while controls contained postmeiotic round spermatids (Fig. 4, “d” arrow).

Although the majority of germ cells were lost between 15 and 18 dpp, a few germ cells
survived, completed meiosis, and underwent abnormal spermiogenesis. Small numbers of
round spermatids were visible in histological sections from 10 week old (10 w) mice. Most
of the round and elongating spermatids in mutant mice contained acrosomes as evidenced by
PAS staining (Fig. 4, “e” and “f” arrows). Spermatids from mutant mice, analyzed by TEM,
showed several defects including paired nuclei during acrosome development (Fig. 5A, “a”
arrow), disorganized Golgi complex (Fig. 5A, “b” arrow), abnormal distribution of
condensing chromatin, vacuolization in nuclei (Fig. 5B, *“d” arrow), mislocalization of
mitochondria (Fig. 5B, “e” arrow), and vacuolization around the spermatid head region (Fig.
5C, “f” arrow).

Sperm collected from caudal epididymides of the originally produced mixed C3Fe;B6-
Golga3"Pro2mytants were extremely low in number (roughly 100 sperm cells total found in
smears from 3 males) with negligible motility. Morphological defects included abnormally
shaped heads, tails without heads, and heads without tails (Fig. 6, top panel). Fertilization
potential was determined using a high throughput 1\VVF assay. Control B6 male mouse sperm
fertilized 93 of 104 oocytes (89%) and the sperm from each of two C3Fe;B6-Golga3erroz7
mutant males fertilized 0 of 65 oocytes and 0 of 122 oocytes, while no sperm were obtained
from a third mutant male.

Germ cell loss in Golga3"®Pr927 mytant mice was further supported by morphometric
analysis. The testes to body weight ratio (supplemental Fig. 2) and the average total number
of germ cells per tubule cross sectional area (supplemental Fig. 3) of 14 and 15 dpp mice
was the same in Golga3"e”"%27 mutant and control mice. By 18 dpp, mutant germ cell
numbers were significantly lower in mutant than in control mice. Mutant mice continue to
have very small testes through adulthood. Quantification of total germ cell numbers per
tubule cross section suggested that germ cells were dying in late meiosis during the first
wave of spermatogenesis. To evaluate the mechanism of this germ cell loss, DNA
fragmentation was assessed using the TUNEL assay. Testes from Golga3'e"%27 mutant mice
between 12 and 21 dpp showed significantly more TUNEL-positive cells compared to
heterozygous or wildtype control mice (Fig. 7). Furthermore, at 12 dpp, heterozygous
Golga3'ePro27/+ testes showed significantly more germ cell loss than wildtype mice.
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Regression analysis of the testes to body weight ratios indicate that mutant mice show a
delay in the timing of spermatogenesis (data not shown). This delay is further supported by a
delay in the appearance of round and elongating spermatids (supplemental Fig. 4) and an
inability to determine the stage of the cycle of the seminiferous tubules because typical germ
cell associations among stages of developing spermatogonia, spermatocytes, and spermatids
in adult mutant mice were disrupted (Fig. 4, plus additional data analysis not shown).

Defects in Golga3' e °2’mutant mice appear to be limited to the testes. Testosterone-
dependent organs (e.g. seminal vesicles and prostate) appear normal in adult Golga3rePro27
mutant mice and analysis of seminal vesicle weights across genotypess from 2 to 20 weeks
were similar (supplemental Fig. 5).

Discussion

Here we identify a new genetic aspect of male infertility by showing that the repro27
spermatogenesis defects are associated with a novel mutation in the golgin subfamily A
member 3 gene (Golga3). The Golga3'®Pr927 gllele, which results in a premature termination
codon inserted into exon 18, completely eliminates protein expression and affected male
mice exhibit defects in germ cell development that culminate in testicular atrophy, low
epididymal sperm concentration, low motility, and unsuccessful in vitro fertilization.
Analysis of the first wave of spermatogenesis revealed that spermatogenesis is disrupted
primarily in late meiosis, leading to increased cell death and a delay in germ cell maturation.
Abnormal spermiogenesis, including head and tail defects, is evident among the surviving
germ cells. Together these results call attention to the role in spermatogenesis of the
GOLGAS3 protein.

The mouse Golga3 gene, located on Chr 5, is ~50 kb with 24 exons. There are two large
transcripts: Golga3-001 (ENSMUST00000112512) is 8,132 bp and encodes a 1,447 amino
acid polypeptide (163 kD), and Golga3-002 (ENSMUST00000031477) is 4,805 bp,
accounting for a 1,487 residue polypeptide (167 kD). Golga3-001 has a long 3’ untranslated
region and is missing exon 3, leading to a smaller protein product. A third transcript,
Golga3-005 (ENSMUST00000139611), is 711 bp, contains exons 1 through 3, and encodes
a 121 residue polypeptide while transcripts Golga3-003 and Golga3-004, do not encode a
protein product (Ensembl, www.ensembl.org, October 2012). Northern analysis identified
two transcripts, ~10.5 and ~5.8 kb, most likely corresponding to Golga3-001 and
Golga3-002, respectively. The larger transcript sizes compared to those reported in Ensembl
are most likely the result of estimating the size from the migration of the two ribosomal
RNAs. Exon 18, the location of the repro27 mutation, is common to the two full-length
protein coding transcripts, Golga3-001 and Golga3-002.

Our study showed that low levels of Golga3 mRNA were present in wildtype testes at 4 dpp
and increased significantly by 9 dpp, a developmental expression pattern that corresponds
with the onset of meiosis in developing spermatocytes. The smaller Golga3-002 transcript
showed the highest expression in adult testes, suggesting expression also in spermatids.
Previous expression studies showed a similar pattern except that Lau and coworkers
reported a transcript size of ~1000 bp (Lau et al. 1987; Lau et al. 1989) that may correspond
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to the Golga3-005 transcript, which would not have been detected with our Golga3 probe.
Previous studies using in situ hybridization showed Golga3 mRNA is expressed in
postmeiotic spermatids (Kondo & Sutou 1997; Lau et al. 1989). Golga3"® 927 mytant
mRNA levels were signficantly lower than wildtype and this is in agreement with previous
studies with the Golga3T9(06MGMT)T604Kceri g)jele (Banu et al. 2002; Matsukuma et al.
1999). The low levels of Golga3 mRNA in Golga3'e"°27 mutants could be explained by the
nonsense-mediated decay survelliance mechanism (NMD) triggered by premature
termination codons (Shyu et al. 2008), found also in the testes of the targeted mutation
Men1imlZaW (Zetoune et al. 2008) and the spontaneous mutation Mdm1292 (Chang et al.
2008).

Observations from using custom peptide antibodies showed that GOLGAS protein
expression was limited to the testes. To control for differences in germ cell composition, we
compared protein expression patterns in testes from juvenile mice at fifteen days of age
because germ cell populations are not statistically different in composition between mutant
and controls, as this time point immediately precedes the onset of significant germ cell loss
in mutants. Others have reported low levels of expression in all body tissues (UniProtKB/
Swiss-Prot entry P55937) including differential patterns in the brain (Dumin et al. 2006).
Very low expression in the brain and heart was found using the Matsukuma antibodies and
100 pg of protein, compared to the 40 ug used with the custom antibodies. Two full-length
GOLGA3 isoforms, 163 kD and 167 kD, were indistinguishable in our western blots. We
infer that the 167 kD isoform is present in the testes, because our N-terminal antibody,
recognizing only the larger isoform, yields a positive signal in control mice. In interesting
contrast to this observation, our northern blot results indicate that both transcripts are
present, and thus further studies should address the possibility that different cells within the
seminiferous tubule express different isoforms.

GOLGAZ3 is a member of the golgin protein family and located on the cytoplasmic surface
of the Golgi complex. The protein's crystal structure has not been determined but there are
several functional and compositional domains (Fig. 8). Most of the functional domains have
been characterized in the human homolog and appear to be conserved, by amino acid
sequence similarity, in the mouse. The Golga3"®r°27 mutation is located in the C-terminal
coiled-coil domain that is proposed to form a rod-like structure that interacts with the Golgi
complex. Our preliminary ultrastructural analyses of spermatids revealed defects in
acrosome formation, head and tail development, extensive vacuolization around the
spermatid head region, and fused heads and tails, consistent with abnormalities of Golgi
complex dynamics. Previous studies have shown that golgins are required for normal
acrosome and tail formation (Kierszenbaum et al. 2011; Kierszenbaum et al. 2011).
Defective acrosome formation was seen in mice lacking the Golgi-associated PDX- and
coiled-coil motif-containing protein, GOPC (Yao et al. 2002). In HeLa cells, GOPC protein
was shown to directly interact with a specific GOLGA3 isoform (Hicks & Machamer 2005).
Vacuolization observed around some spermatids in the Golga3"e""%27 mutant mice could
potentially be due to a lack of adhesion proteins from the trans Golgi network. For example,
GOLGA4 (p230/golgin) and GOLGAL1 (golgin-97) are required for proper protein targeting
of E-cadherin to the basal laminal surface (Lock et al. 2005). Moreover, Golga3'ePro27
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mutant testes exhibited fused heads and tails, perhaps due to incomplete cell division, which
also warrants further investigation.

A prominent aspect of the Golga3®"°27 mutant phenotype is reduced numbers of
postmeiotic germ cells. DNA fragmentation analyses were consistent with an increase in
apoptosis and significant germ cell loss by 21 dpp in mutant testes. Increased TUNEL
positive cells also were detected in mutant mice carrying the Gol ga3T9(06MGMT)T604Kccri
allele (Banu et al. 2002). An increase in apoptosis in the absence of functional GOLGA3
appear in contrast with cell culture studies that implicate GOLGAS3 in inducing apoptotic
pathways through caspase signaling mechanisms. In the brain, GOLGA3 may play a role in
ubiquitin-dependent proteosomal degradation pathways (Dumin et al. 2006), and protecting
against ischemia-induced apoptosis (Ran et al. 2007). The N-terminal head region contain
caspase 2 cleavage sites (Maag et al. 2005; Mancini et al. 2000) and a cryptic nuclear
localization signal. Although full-length GOLGAZ3 is not found in the nucleus, cleaved
fragments do accumulate there and suggest GOLGAS3 plays a role in the apoptosis signaling
pathway (Mancini et al. 2000; Shodio et al. 2006).

This characterization of the Golga3'é"927 allele shows the value of multiple mutant alleles
to confirm function and further highlights the importance of GOLGAS3 in sperm
development. The Golga3T9(0BMGMT)T604Kccri g)jele led to variable expression of a truncated
GOLGAS3 protein in different transgenic lines of mice that correlated with defective
spermatogenesis. Partial rescue of fertility in the higher expressing lines suggested that the
quantity of GOLGAZ3 in the testes is critical to support spermatogenesis (Banu et al. 2002),
and indeed, our analyses of mice homozygous for the Golga3'® 927 allele reveal severe
defects in mutant testes completely lacking GOLGA3. Although molecular and cellular
function of GOLGAS3 has been studied primarily in somatic cell lines, our study reveals that
the testis is acutely sensitive to the absence of GOLGA3. The Golga3"e"927 mutant mice are
healthy and appear to have no gross somatic defects. Most interesting, the female mice are
fertile, suggesting male germ cell-specific functions of GOLGAS3. Here we have developed
an important genetic resource, the congenic Golga3'®P"927 strain where GOLGA3 is in a
uniform genetic background, and future experiments with these mutant mice will continue to
clarify the role of GOLGA3 in meiosis and spermiogenesis. Golga3"e"°27 mice will be
especially useful in the study of GOLGAZS's role in apoptotic signaling and Golgi complex-
mediated protein targeting within the seminiferous epithelium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Genetic mapping and positional cloning of the repro27 mutation
A Map of distal mouse Chr 5 including polymorphic DNA markers and the repro27 critical

region (boxed). B. Golga3 genomic structure and the two full-length transcripts,

Golga3 001 and Golga3 002 (www.ensembl.org, Oct 2012). C. DNA sequencing of Exon
18 showing the C to T change at position 110,641,316 bp present in Golga3"e"" %27 mice. D.
Genetic code and translation of a portion of exon 18 showing the premature termination
codon at amino acid position 1174.
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Fig. 2. Postnatal testicular expression of Golga3 mRNA
A Quantitative real time PCR. Total RNA from testes collected from congenic C3Fe.B6-

Golga3'ePro27 pymand C3HeB/FeJ (+/+) mice. AC; values were calculated by subtracting p-
actin Cy; AAC; values were calculated by subtracting the mean 4 day wildtype AC;. Fold
change (+ SEM) was calculated using the 2-2ACt method. The sample number per group is
denoted for each bar. mRNA levels in +/+ were significantly higher than mVmat 9 and 14
dpp (*, p < 0.05). B. Northern blot analysis using 10 g total RNA isolated from C3Fe.B6-
Golga3'ePro27 (m/m, m/+) and C3HeB/FeJ (+/+) mice.
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Fig. 3. GOLGA3 protein expression
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Western blot analysis using N-terminal and C-terminal GOLGAS antibodies in congenic
C3Fe.B6-Golga3 927 (m/mand mv+), and C3HeB/FeJ (+/+) testes (A, 15 dpp) and adult
brain (B), heart (B), and liver (C). Adult wildtype testes samples were used as positive

controls and f-actin expression was used as a loading control.
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Fig. 4. Histological analysis of mixed C3Fe;B6-Golga3 927 testes

PAS-stained images of seminiferous tubules (15 to 21 days postpartum (d) and at 10 weeks
of age (w)). Golga3'eP 927 mym showed germ cell depletion at 18 d (denoted by “a” arrows)
while control samples contained significantly more late meiotic prophase spermatocytes
(“b” arrow). At 21 d, mutants showed depletion of germ cells, vacuolization, enlarged
lumens, and the absence of round spermatids (“c” arrows) while controls contain
postmeiotic round spermatids (“d” arrow). In 10 w mutant samples, there were very few
postmeiotic germ cells (“e” and “f” arrows), decreased tubule size, germ cell deficiency, and
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vacuolization (“g” arrow). Round (“e” arrows) and elongating spermatids (“f”
arrows)contained acrosomes as evidenced by the pink staining. Bar = 20 um (15-21 dpp) and
bar= 25 pm (10 w).
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Fig. 5. Transmission EM showing sper miogenesis defects in mixed C3Fe;B6-Golga3 927 m/m
testes

A. Step 3 round spermatids with fused nuclei (“a” arrow), abnormal acrosome development,
and a disorganized Golgi complex (“b” arrow) compared to control (“c” arrow); B.
Degenerating round spermatid with extensive vacuolization in the nucleus (“d” arrow) and
mitochondrial mislocalization (“e” arrow). C. Vacuolization and abnormal Sertoli cells
connections (“f” arrow) in elongating spermatid. Bar = 500 nm.
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Multiple defects were evident in mixed C3Fe;B6-Golga3"®"°27 mym including: normal
looking head with no tail (“a” arrow), headless tail (“b” arrow), abnormal head with tail (“c”
arrow), normal-appearing sperm (“d” arrow), and abnormal head with no tail (“e” arrow).

Bar =10 um.
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Fig. 7. TUNEL DNA fragmentation analysis during thefirst wave of spermatogenesis
A. TUNEL positive cells (white) were more numerous in germ cells in the adluminal

compartment of the tubules in mixed C3Fe;B6-Golga3'®" 927 mutant mice. Wildtype
sections pretreated with DNasel are shown as a positive control. Representative sections
photographed by fluorescence microscopy. Bar = 25 um. B. Quantification of mean total
number of TUNEL-stained germ cells/total testis (cells/gram) in Golga3"e""%27 mutant
(mym), heterozygous (m+), and wild-type (++) mice (n = 3/genotype) at various days
postpartum. Values are mean times 10% (+ SEM). Significant differences (*, p < 0.05; **, p
< 0.01) were observed when mutants (mym) were compared to controls (m/+, +/+).
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Fig. 8. GOLGA3 protein domains
The mouse 167 kD GOLGAS3 isoform has a number of putative functional and

compositional domains. The region interacting with Golgi-associated PDX- and coiled-coil
motif-containing protein (GOPC) were identified in human GOLGA3 (Hicks & Machamer
2005) and is inferred in the mouse by amino acid sequence similarity. Figure compiled from
data retrieved from UnitProtKB (http://www.uniprot.org/uniprot/Q08378, retrieved October,
2012).
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