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Abstract

Sulfogalactosylglycerolipid (SGG, aka seminolipid) is selectively synthesized in high amounts in
mammalian testicular germ cells (TGCs). SGG is an ordered lipid and directly involved in cell
adhesion. SGG is indispensable for spermatogenesis, a process that greatly depends on interaction
between Sertoli cells and TGCs. Spermatogenesis is disrupted in mice null for Cgtand Cst,
encoding two enzymes essential for SGG biosynthesis. Sperm surface SGG also plays roles in
fertilization. All of these results indicate the significance of SGG in male reproduction. SGG
homeostasis is also important in male fertility. Approximately 50% of TGCs become apoptotic and
phagocytosed by Sertoli cells. SGG in apoptotic remnants needs to be degraded by Sertoli
lysosomal enzymes to the lipid backbone. Failure in this event leads to a lysosomal storage
disorder and sub-functionality of Sertoli cells, including their support for TGC development, and
consequently subfertility. Significantly, both biosynthesis and degradation pathways of the
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galactosylsulfate head group of SGG are the same as those of sulfogalactosylceramide (SGC), a
structurally related sulfoglycolipid important for brain functions. If subfertility in males with gene
mutations in SGG/SGC metabolism pathways manifests prior to neurological disorder, sperm
SGG levels might be used as a reporting/predicting index of the neurological status.

Keywords

sulfogalactosylglycerolipid; seminolipid; lipidomics; mass spectrometry; lipid rafts; male
reproduction; male fertility

1. Introduction

Sulfogalactosylglycerolipid (SGG, aka seminolipid) is present very selectively in
mammalian male germ cells at 10 mole% of total lipids [1,2]. This uniqueness is from its
active synthesis as well as its minimal turnover in live testicular germ cells (TGCs). These
findings are described in detail below starting with the use of conventional detection and
quantitation methods of SGG in the 1970’s and 1980°s to more recent times where mass
spectrometry analysis is employed. As an ordered lipid, SGG is an integral component of
lipid rafts, membrane domains that are platforms of cell interaction and signaling [3-5], and
like other glycolipids, its involvement in cell adhesion is through its direct affinity to a
number of cell surface proteins, extracellular proteins and extracellular matrix proteins [2,
6-10]. These properties are fundamental to spermatogenesis, which is greatly dependent on
interaction between developing TGCs themselves as well as between TGCs and Sertoli cells
[11-13]. In fact, studies in transgenic male mice null for Cstand Cgt, encoding two enzymes
in the SGG biosynthesis pathway, indicate a spermatogenesis disruption, implicating the
indispensability of SGG in this process [14, 15]. Furthermore, SGG in sperm lipid rafts,
which are platforms on the sperm surface for egg binding, contributes to gamete interaction
via its direct affinity for the zona pellucida (ZP), the egg extracellular matrix [3, 4]. This
document relates these research studies together with emerging molecular mechanisms
through which SGG regulates spermatogenesis.

Developing TGCs reside in the adluminal compartments between adjacent Sertoli cells,
somatic cells that regulate spermatogenesis. Approximately 50% of TGCs, however, become
apoptotic en route during spermatogenesis and are phagocytosed by Sertoli cells. SGG
molecules in phagocytosed apoptotic corpses are catabolized by Sertoli cell lysosomal
enzymes presumably into the lipid backbone. Arylsulfatase A (ARSA) is the first enzyme in
the SGG degradation pathway, which removes sulfate from the galactosylsulfate head group
of SGG. In the last part of this document, we describe a lysosomal storage disorder observed
in Sertoli cells of aging Arsa null male mice, which leads to marked reduction in
spermatogenesis and sperm fertilizing ability [16]. Notably, SGG in testicular germ cells has
the same hydrophilic galactosylsulfate head group as sulfogalactosylceramide (SGC, aka
sulfatide and cerebroside-3sulfate) present in the brain and kidney [17]. Therefore, the
synthesis and degradation pathways of this head group of SGG and SGC utilize the same
enzymes [2, 17-24].

Prog Lipid Res. Author manuscript; available in PMC 2019 October 01.
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Accumulated evidence reveals the roles of SGC in myelination. In fact, neurological
disorder due to demyelination is observed in humans with natural mutations and transgenic
mice null for enzymes in either the biosynthesis or degradation pathway of SGC/SGG [14,
15, 25-27]. Therefore, the interrelationship and temporal manifestation between
neurological disorder and male infertility/subfertility caused by deficiency or decreased
levels of enzymes in the biosynthesis and degradation pathways of SGC/SGG are discussed.

2. Discovery of SGG: past and present characterization methods

In the early 1970s, two glycolipid research groups independently described the presence of
SGG in boar and rat testes and boar sperm, as revealed by a unique glycolipid spot following
thin layer chromatography (TLC) of extracted testicular and sperm lipids and post-staining
with a sugar detecting dye [1, 28]. This novel TLC spot reacted positively with reagents used
for carbohydrate detection, and it had an /% value similar to that of SGC (chemical name:
(25, 3R, 4F)-1-[3-O-(oxysulfonyl)- D-galactopyranosyloxy]-2-acylamino-3-hydroxy-
octadec-4-ene) present in the brain (especially around the myelin sheath in the white matter)
and epithelial cells of various organs [1]. SGC was first described by JLW Thudichum in
1884 (see review: [29]) and subsequently discerned for its chemical structure by G Blix in
1933 [30]. Similar approaches were then used to identify the chemical structure of this novel
testicular glycolipid. These included specific biochemical assays for the sulfate group, an
enzymatic assay for the galactose group, gas liquid chromatography (GLC) of methanolysis
products (the fatty acyl chain and the lipid backbone), infrared spectroscopy and NMR [1,
28, 31]. Results from these analyses revealed the structure of this novel testicular glycolipid
to be 1- G-alkyl-2- O-acyl-3- O-[3- O-oxysulfonyl-B-D-galactopyranosyl]- sr-glycerol, with the
alkyl and acyl chains predominantly determined to be C16:0 (palmityl and palmitoyl groups,
respectively) (Fig. 1). For simplicity, this testicular sulfoglycolipid is referred to as
sulfogalactosylglycerolipid (SGG) [2]. Subsequently, SGG was found to be present in testes
and sperm of other sexually mature mammals including humans [31-36]. In fact, SGG is the
very predominant sulfoglycolipid in all mammalian testes and sperm, and hence Ishizuka
named it “seminolipid” [1,31, 36]. The chemical structure of SGG has been confirmed by
high-resolution ID and 2D NMR as well as fast atom bombardment mass spectrometry
(FAB-MS) [37,38] As expected, the ion at m/z 795 in the negative ion mode is the major
signal in the FAB mass spectra of SGG isolated from testicular sources [37, 38], confirming
the prevalent existence of C16:0 alkyl and acyl chains. However, other less intense signals
are also detected, assigned to SGG species with C17:0/C16:0, C16:0/C18:0, C 16:0/C 14:0,
C16:0/C14:1, C15:0/C16:0 and C15:1/C16:0 alkyl/acyl chains [38]

In general, mass spectrometry is the most direct and convenient method to detect SGG with
molecular specificity, thus readily revealing its molecular species. However, FAB-MS used
in early days of SGG identification requires a substantial amount of material for the analysis.
With the development of electrospray ionization (ESI) mass spectrometry and advancement
of MS-based lipidomic analyses, liquid chromatography-ESI tandem mass spectrometry
(LC-ESI-MS/MS) has been recently used with supreme sensitivity and specificity to detect
lipid molecular species across various classes [39-46], including SGG [16, 47-49].
Quantification for each specific lipid species is also possible via the multiple reaction
monitoring (MRM) approach, and can achieve superb accuracy and reproducibility when
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performed with an appropriately labeled isotopic internal standard [44, 50-52]. With a
chemically synthesized deuterated SGG internal standard [53], we have quantified SGG in
mouse testis and sperm lipid extracts, by LC-ESI-MS/MS-MRM in the negative ion mode,
to be of 500-700 pg or 630-880 nmole per gram testis and 0.15-0.2 ug or 190 -250 pmole per
108 sperm. In these ESI-MS/MS-MRM analyses, transitions of m/z 795 (belonging to SGG
most predominant species (C 16:0/C 16:0)) to m/z 97 and 539 were monitored in parallel to
corresponding ions of the synthetic internal standard, i.e., m/z 798 (2H3-C16:0/C16:0 SGG)
to m/z 97 and 542) (Fig. 2). At the time the limit of detection of LC-ESI-MS/MS-MRM for
SGG was 1 pmole (0.8 ng) [49], although this limit has likely been surpassed with the latest
generation of instruments.

The advent of mass spectrometry imaging, which is based on the MALDI-TOF (matrix-
assisted laser desorption/ionization) approach, allows detection of macromolecules with
molecular specificity in tissue sections attached to a glass surface [54, 55]. MS imaging
visualizes molecular distributions of individual m/z ions with a spatial resolution of 5-10 um
[56]. Therefore, this MS-based imaging approach supersedes the immuno-detection
procedure, which often is not molecularly specific. Particular to the SGG work, antibodies
that react with the sulfoglycolipid cannot differentiate between SGG molecular species, and
most of these antibodies react with both SGG and SGC (see below). With MS imaging, we
were able to detect the major species (C16:0/C16:0) of SGG and other molecular species in
mouse testis sections [55, 57]. In addition, when the SGG degradation pathway was
genetically disrupted, our MS imaging revealed the accumulation of various SGG molecular
species, which were usually not present in wild type testes, as well as an unexpected
presence of C16:0 SGC in mouse testicular seminiferous tubules [16] (see more in Section
6).

As shown in Figure 1, SGG and SGC possess the same sulfated galactose head group. While
the lipid backbones of the two sulfoglycolipids are different (alkylated glycerol for SGG and
sphingosine for SGC), their CPK (Corey-Pauling-Koltun) space-filling molecular models are
similar [18]. Thermodynamically, the hydrocarbon chains of both sulfoglycolipids would
have the propensity for embedding into the biomembrane lipid bilayers with their polar head
groups exposed to the extracellular environment. The sulfated galactose moiety is therefore
potentially antigenic. Not surprisingly a number of antibodies produced against SGC have
cross-reactivity with SGG [6, 36, 58-62], although they do not recognize galactose sulfate.
SGC has been more widely and longer studied for its chemical and physiological properties
due to the discovery that its accumulation in the brain, because of natural mutations in the
ARSA gene (see Section 6), is responsible for the lysosomal storage disorder,
metachromatic leukodystrophy (MLD). Therefore, accumulated efforts have been invested
into the purification of SGC from animal brains as well as its antibody production, including
an 04 monoclonal antibody [60], which is now commercially available. Since SGC is either
undetectable or present at minimal levels in the mammalian male reproductive tract, anti-
SGC/SGG antibodies, including O4 antibody, have been conveniently used to localize SGG
in testes and sperm [6, 16, 35, 61, 63-65]. In addition, they have been used to demonstrate
the functions of SGG in male fertility [6, 35, 63, 66].
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3. Biosynthesis and presence of SGG in male reproductive cells

3.1 Early studies on biosynthesis and presence of SGG in testicular germ cells

Most of these studies were performed during the 1970s and 1980s using basic biochemical
techniques (as described above) as well as metabolic radiolabeling and immuno-detection
approaches to detect and quantify SGG. The early demonstration of SGG in spermatozoa by
Ishizuka [1] led to a speculation that SGG was synthesized in TGCs. However, defining the
specific TGCs in which SGG originated was not an easy task, as spermatogenesis is a
complicated and ongoing process with TGCs in the seminiferous tubule epithelium of adult
testes comprising spermatogonial stem cells and spermatogenic cells of various
developmental stages (Fig. 3B). Testosterone, secreted by Leydig cells present in the
interstitial space of seminiferous tubules, regulates development of TGCs. In addition,
Sertoli cells, which are somatic cells occupying the whole thickness of the seminiferous
tubule epithelium play important roles in supporting development of germ cells both
nutritionally and spatially. Developing TGCs in fact reside in the space, the so-called
adluminal compartment, between two adjacent Sertoli cells. The adluminal compartment has
a specific milieu due to tight junctions between the adjacent Sertoli cells. These tight
junctions together with basal ectoplasmic specializations are the basis of the blood-testis
barriers, which restrict passage of humoral components into the adluminal compartments
above, where the “non-self” developing germ cells (non-existing in the body at birth) reside
(Fig. 3A). Spermatogonial stem cells are present underneath the blood-testis barriers,
whereas diploid primary spermatocytes (developed from differentiated spermatognonia),
haploid secondary spermatocytes (generated from the first phase of the meiotic division of
primary spermatocytes) and haploid round spermatids (generated from the second phase of
the meiotic division of secondary spermatocytes) (Fig. 3B) organize themselves in layers
occupying the adluminal compartment, with the least developed germ cells-primary
spermatocytes existing above the blood-testis barriers and the most developed ones-round
spermatids closest to the tubule lumen. Round spermatids then undergo a specific
differentiation process, called spermiogenesis, to become elongated spermatids, which then
impregnate their heads into deep recesses of Sertoli cells. Finally, anatomically mature
spermatozoa are developed from elongated spermatids and released by Sertoli cells into the
lumen (Fig. 3A). The kinetics of the development of TGCs is amazingly precise, and
spermatogenesis is continuously ongoing through adulthood. However, the spermatogenesis
process is not synchronous in an adult testis. Namely, differentiated spermatogonia
individually commit to enter spermatogenesis at different times, thus resulting in the
presence of TGCs at various developmental stages in an adult testis [67].

Notably, at all phases of germ cell development, direct interactions, either through transient
or prolonged adhesion, and communications between Sertoli cells and germ cells are
essential [12, 13, 68-70], and it is likely that SGG, as a glycolipid, plays roles in these
adhesion and communication processes. Therefore, information on TGCs in which SGG is
synthesized and turned over (if any) is essential for a further understanding of the roles of
SGG in these spermatogenesis-related adhesion processes. These research goals were,
however, challenged by the difficulty in isolating each TGC population from adult testes
with purity for the biochemical assay of SGG. It was not until 1976, when the
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sedimentation-velocity based STA-PUT method, which separated different types of loose
TGCs, prepared from collagenase/trypsin treated seminiferous tubule, was described [71].
Regardless, this STA-PUT separation method not only is tedious but also requires expertise
in identifying various types of TGCs.

A simpler approach to identify the TGC type in which SGG synthesis takes place is to use
postnatal rodents in the study. Neonatal mice/rats (5-7 days old) possess only
spermatogonial stem cells and Sertoli cells in the seminiferous tubules, with a small number
of Leydig cells in the interstitial space (Table 1). As the animals develop towards puberty,
primary spermatocytes first start to be present in the seminiferous tubule epithelium
followed by secondary spermatocytes, round spermatids, elongating and elongated
spermatids and finally testicular spermatozoa at puberty. The kinetics of these sequential
increases of TGCs is precise in each species. The presence of early primary spermatocytes
(called preleptotene and leptotene, see Fig. 3B) in the rodent seminiferous tubule epithelium
starts on day 10 after birth. By postnatal day 15-16, the majority of TGCs are pachytene
spermatocytes, the most developed form of primary spermatocytes. By day 20, round
spermatids start to be present in the seminiferous tubule epithelium, although pachytene
spermatocytes are still the major type of TGCs at this age (see Table 1)[72]. The number of
round spermatids keeps on rising and by postnatal day 25, their proportion in the
seminiferous tubule epithelium exceeds that of primary spermatocytes. Elongating and
elongated spermatids then start to appear around day 30. Completion of the first round of
spermatogenesis in mice/rats is hallmarked by the appearance of testicular spermatozoa by
35 days after birth [73, 74]. The increasing number of TGCs in the seminiferous tubule
epithelium from postnatal day 10 to day 35 is therefore tremendous. However, in subsequent
rounds of spermatogenesis, the seminiferous cycle (time required to generate a testicular
spermatozoon from a spermatogonium Type A) is usually longer, i.e., about 45 days in mice
[75-78]. In contrast, Sertoli cells stop dividing when the rodents are around 16-17 days old
[79-81], rendering them to constitute only 5% of total cells in the seminiferous tubules of
adult animals [82].

Two independent research groups (M Kornblatt, H Schachter & RK Murray in Canada and |
Ishizuka, A Suzuki & T Yamakawa in Japan) used postnatal rodents to determine the
testicular germ cell type that first synthesized SGG. Basically, lipids isolated from the whole
testis homogenate from postnatal mice were used for SGG assays and the SGG amounts
obtained were ascribed to specific TGC types existing during the prepubertal and pubertal
ages. Taking the advantage that SGG is a predominant sulfolipid in the testis, Kornblatt et a/.
[31] quantified SGG in rat testicular lipids through a colorimetric azure A assay, which
measures the lipid-bound sulfate [83]. On the other hand, Handa et a/. [84] (in the group of
Ishizuka, Suzuki and Yamakawa) metabolically radiolabeled SGG through testicular
injection of Na,3°SQ, into mice of increasing ages. One hour after the injection, mice were
sacrificed and lipids isolated from the testis were scintillation-counted for the 3°S radiolabel.
These 35S counts were presumed to belong to SGG, the predominant testicular sulfolipid.

Kornblatt et al. [31] demonstrated that SGG was not detectable in testes of 7- and 10-day old
rats, indicating that spermatogonia, Sertoli cells, early primary spermatocytes and Leydig
cells did not contain and/or synthesize SGG. The first appearance of testicular SGG was
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observed in rats at 15 days of age, implicating that SGG was first synthesized in pachytene
spermatocytes (Table 1). The levels of SGG/mg protein in the testis homogenate further
increased to the maximum 30 days after birth. These SGG values then declined to about
50% of the peak value in rats 45 days of age, after the first spermatogenesis round had been
completed. The increase in SGG levels at postnatal day 30 reflected the continuing SGG
synthesis in the new generation of pachytene spermatocytes, while the first set of these
primary spermatocytes with SGG already synthesized had become round spermatids (see
Fig. 3B), with a minimal turnover of SGG. Although the authors did not offer an explanation
on a 50% decrease of SGG in the seminiferous tubules of animals 45 days of age, the
decrease could be considered to be from the substantial rate of TGC apoptosis even in the
normal spermatogenesis process [12, 85-87] (see more in Section 6).

Around the same time, Handa et a/. [84] demonstrated that 35S incorporation into testicular
lipids was observed in mice of 10 days of age and older following an intraperitoneal
injection of Na,3°S0,. However, this radioactive incorporation was minimal in 5-day old
mice. At increasing ages until adulthood, the radioactive incorporation into testicular lipids
persisted. Handa et a/. [84] interpreted that SGG biosynthesis activity started when early
primary spermatocytes were present in the testis and absent in spermatogonia, Sertoli cells
and Leydig cells. These results were similar to those of Komblatt et a/. [31] except that
Handa et a/. [84] described the first detectable SGG synthesis to be in early primary
spermatocytes instead of mature primary pachytene spermatocytes described by Kornblatt et
al. [31]. It is likely that the colorimetric assay used by Kornblatt et a/. [31] to detect SGG
was not as sensitive as the radiolabeling detection of 3°5SGG employed by Handa et a/. [84],
thus failing to detect the newly synthesized SGG in early primary spermatocytes.

Subsequently, Letts et a/. [88] (in Schachter’s group) confirmed that the biosynthesis of
SGG occurred in primary spermatocytes. Their experimentation involved injection of
Na,3°S0y, into adult rats. Primary spermatocytes (mainly pachytene) and round spermatids,
the two major populations of round spermatogenic cells, were then isolated by the STA-PUT
technique from collagenase/trypsin digested seminiferous tubules. Lipids extracted from
primary spermatocytes and round spermatids were subjected to TLC to separate SGG from
other lipid types. This allowed quantification of 3°S specifically incorporated into SGG. This
experimentation revealed that primary spermatocytes possessed high levels of 3°S-SGG.
Although some 3°S-SGG was detected in isolated round spermatids, the level of
incorporation was much reduced, compared with those in primary spermatocytes.
Altogether, the results indicated that primary spermatocytes were the main site of SGG
biosynthesis, although round spermatids also appeared to synthesize SGG, but at a much
lower rate than primary spermatocytes.

The biosynthesis of SGG in early primary spermatocytes was also demonstrated /7 situ by
Lingwood [89]. Sexually mature male rats were fed Na,35SO, laced chow over an 18-h
period prior to sacrifice. The removed testes were lightly fixed with aldehyde and frozen for
preparation of cryosections, which were then subjected to autoradiography. Light
microscopic assessment of 3°S radioactive silver grains in cryosections indicated their
localization to the perimeter of seminiferous tubules, just above the basement membrane- a
location enriched in early primary spermatocytes (Fig. 3). These 3°S-labeled radioactive
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grains disappeared upon dehydration of the sections with organic solvent, consistent with
what would be expected for a radiolabeled sulfated lipid, i.e., SGG. The author identified
these primary spermatocytes with SGG synthesis activity to be zygotene and early pachytene
spermatocytes.

In humans, Ueno et a/. [90] reported a similar result in which SGG was present only in the
testis of adult males. The analyses of SGG were based on its TLC separation from other
testicular lipids, followed by specific quantification of galactose in the SGG band, recovered
from the TLC plate. Significantly, SGG was not detected in parallel analyses of lipids
extracted from testes of 2-year old infants and 9-year old children.

Kornblatt [91] further showed that SGG, once biosynthesized, remained stable in live germ
cells. This was demonstrated by a dual-labeling “pulse-chase” experiment in which adult
rats were injected intra-testicularly with Nay3°SO,4 and 3H-thymidine. While 35S would be
incorporated into SGG during its biosynthesis, 3H-thymidine would be incorporated into
DNA of primary preleptotene spermatocytes during DNA replication in the interphase
before meiosis | (see Fig. 3B). Following injections, a selected number of animals were
sacrificed at various time points (“chase” periods) for the preparation of testis homogenates.
3H and 35S were scintillation-counted in DNA and lipids extracted from the homogenates,
respectively, with the 3°S counts presumed to belong to SGG. In the first four weeks of the
chase period, 35S-SGG and 3H-DNA showed parallel rates of decline, and by day 28, both
radiolabels in DNA and SGG were half of those in mice sacrificed on day 1. The 50%
decrease of 3H-DNA during these first 4 weeks likely reflected apoptosis of TGCs [12, 85—
87], which would have been phagocytosed by Sertoli cells [92-96] for further molecular
degradation (see more in Section 6). This interpretation would explain the simultaneous
decrease of 35S-SGG. In contrast, the parallel existence of 35S-SGG and 3H-DNA in the
testis homogenate suggested that 3°S-SGG did not turn over in live germ cells. However, in
the fifth and sixth weeks of the chase period, radioactive counts of 3°S-SGG and 3H-DNA in
the testis dropped dramatically but with a concurrent appearance of both radioactive counts
in the cauda epididymis and vas deferens. In rats, it takes about 35 to 40 days for early
primary spermatocytes to develop in a stepwise manner into testicular spermatozoa, which
then move to the cauda epididymis and vas deferens [67]. Therefore, the author concluded
that SGG was synthesized in early primary spermatocytes and because of its stability in
TGCs and testicular sperm, 35S-SGG could be detected in epididymal/vas deferens sperm
5-7 weeks post-radiolabel injection. The results also suggested that sperm did not have SGG
biosynthetic capacity and the presence of SGG in mature sperm was due to its prior
synthesis in primary spermatocytes [91].

The availability of antibodies that recognize SGG (either produced against SGG or directed
against SGC but with cross-reactivity to SGG) allows immuno-detection of SGG at the
subcellular level. With modern imaging technology, immuno-detection is not only easier to
perform but also more sensitive than the radioactive or colorimetric detection of SGG used
in the early studies described above. Immunofluorescence performed by various
investigators confirms that SGG is present in isolated primary spermatocytes, round
spermatids, elongating and elongated spermatids, testicular sperm, epididymal sperm and
ejaculated sperm. In addition, when unfixed cells were used for immuno-detection, the
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results indicated that SGG was localized to the cell surface [2, 6, 35, 61, 63, 97-99].
However, it is a challenge to detect SGG on sectioned tissues embedded in paraffin or
plastic, as the embedding process requires dehydration by an organic solvent, which extracts
SGG.

3.2 Mass spectrometry based quantification of SGG in testicular germ cells and
epididymal sperm

In the seminiferous tubule epithelium of adult mice, pachytene spermatocytes and round
spermatids constitute the bulk of TGCs, the former contributing ~20% and the latter ~80%.
Pure populations of pachytene spermatocytes and round spermatids can be readily prepared
by the STA-PUT technique. Our LC-ESI-MS/MS analyses of lipids extracted from
pachytene spermatocytes and round spermatids as well as caudal epididymal/vas deferens
mouse spermatozoa indicated that in all samples C16:0/C16:0 SGG with m/z 795.5 was the
main SGG molecular species (Fig. 2), as expected. By MRM, SGG was quantified to be
1.912 +0.591, 0.712 + 0.036, and 0.120 + 0.006 nmole/108 cells, for pachytene
spermatocytes, round spermatids and spermatozoa, respectively (Fig. 4). According to
Kornblatt [91]. SGG does not turn over in live TGCs. Through meiosis one pachytene
spermatocyte produces four spermatids (Fig. 3B). Based on this meiotic division, relative
molar abundance of SGG in round spermatids is expected to be ¥ value of SGG in
pachytene spermatocytes (i.e., 0.478 nmole/108 cells), should there be no new synthesis after
that occurring in primary spermatocytes. Therefore, the observed value of 0.712 + 0.036
nmole/108 round spermatids, a value 1.5 x higher than the expected value, indicates that an
additional round of SGG synthesis likely takes place in round spermatids. Our recent
observation corroborates the results described by Letts ef a/. [88], who showed the presence
of 35S-labeled SGG in isolated round spermatids following injection of Nay3°SO, into adult
male rats.

Notably, our LC-ESI-MS/MS MRM indicated that SGG levels of caudal epididymal/vas
deferens sperm were only ~17% of those of round spermatids. This reduction suggested that
the majority of SGG in spermatids was possibly removed or metabolized, as part of their
differentiation process (spermiogenesis). It is likely that SGG exists in the residual bodies,
the bulk of excess cytoplasm that is extruded from spermatids during their last phase of
shape elongation (see Fig. 3 A); these extruded residual bodies are immediately
phagocytosed by Sertoli cells [100, 101].

Table 2 shows the calculated density of SGG per unit surface area of pachytene
spermatocytes, round spermatids and caudal epididymal/vas deferens mouse sperm. The
calculation of the spherical surface area of pachytene spermatocytes (706.5 um2) and round
spermatids (254.3 pm?2) was based on their average diameters of 15 and 9 pm, respectively.
On the other hand, the density of SGG on the sperm surface was calculated per unit area of
the sperm head surface, since SGG in all mammalian sperm is present only in the head
region [6, 35, 61, 63-65, 102]. Considering a cone-like shape of the mouse sperm head with
a height and diameter of 10 and 5 um, its surface area was calculated to be 28 um?2. Notably,
the densities of SGG on the surface of pachytene spermatocytes and round spermatids are
similar (Table 2). The results suggest that SGG might be essential throughout the
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spermatogenesis process and that its adequate and stable surface density is required across
the various phases of testicular germ cell development. We have shown that SGG is an
ordered lipid endowing rigidity to biomembranes [38]. These features may be important to
maintain the physiological properties of pachytene spermatocytes and round spermatids, and
this may be the reason why additional SGG is synthesized in round spermatids.

In the head of mature sperm, the cell surface density of SGG is 1.6 times higher than that in
pachytene spermatocytes and round spermatids. This high density would likely endow
additional tensile strength and rigidity to the sperm head. Considering that sperm travel
through both male and female reproductive tracts prior to fertilizing the egg, membrane
tensile strength and rigidity would be required to protect sperm from physical impact during
this journey. The multiplicity of surface SGG molecules is also relevant for the interaction of
sperm with the egg vestment, which will be discussed more in Section 5.

3.3 Presence of SGG in Sertoli cells of 20-day old and adult mice

Previous findings from experiments using neonatal/postnatal animals [31, 84] indicate the
absence of SGG in 5-day old rats and mice. Since only Sertoli cells and spermatogonia are
present in seminiferous tubules at this age, the results suggest that SGG is not present in
Sertoli cells and spermatogonia. We have confirmed these results in Sertoli cells and
spermatogonia isolated from collagenase/trypsin/hyaluronidase/DNase digested
seminiferous tubules of 5-day old mice. Loose Sertoli cells and spermatogonia obtained after
the enzyme digestion were then separated from each other via the preferential adherence of
Sertoli cells to the substratum [103]. After Sertoli cells were attached to the glass slide,
spermatogonia remaining in the supernatant were dried under a gentle air stream onto
another glass slide. The matrix, 2,5-dihydroxybenzoic acid was then sprayed over both glass
slides for mass spectrometry imaging. The MS imaging results (Fig. 5A, top and middle
panels) indicate that SGG was not detected in either Sertoli cells or spermatogonia isolated
from 5-day old mice. Furthermore, TLC of lipids extracted from Sertoli cells of 5-day old
mice did not reveal the purple SGG band upon sugar staining with orcinol [104] (Fig. 5B).
In contrast, when Sertoli cells were isolated from enzyme-digested seminiferous tubules of
20-day old male mice following a similar method as described above for 5-day old mice
[103]. SGG was clearly apparent. This was revealed by both a positive orcinol stained band
on TLC (Fig. 5B) and an ion peak at m/z 795 in LC-ESI-MS/MS (via sulfate precursor ion
scanning) in lipids extracted from these Sertoli cells (Fig. 5C, panel a). In 20-day old mice,
primary spermatocytes constitute the majority of TGCs (Table 1). MS imaging of these
TGCs revealed the presence of SGG, in agreement with previous findings (see above) (Fig.
5A).

Isolation of a pure population of Sertoli cells from adult animals is a daunting task, since
Sertoli cells constitute only 5% of the total population of seminiferous tubules. However,
with some modifications to the protocol used for 20-day old mice, we successfully prepared
a primary culture of Sertoli cells (entirely free from TGCs) from adult mice (our
unpublished data). Sulfate precursor ion scanning of lipids extracted from these cells
indicated the presence of SGG (Fig. 5C, panel a). Further quantification of SGG in lipids of
Sertoli cells from 20-day old and 10-week old (adult) mice indicated a higher amount of
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SGG in Sertoli cells from adult mice (1.383 + 0.054 nmole/106 cells versus 0.063 + 0.016
nmole/108 cells in 20-day old mice).

It is unlikely that the presence of SGG in Sertoli cells of mice that are 20 days of age and
older reflects de novo biosynthesis. Rather, since TGCs undergo apoptosis at a high rate
(-50%) [12, 85-87] and Sertoli cells are professional phagocytes [92-96]. SGG present in
Sertoli cells of pubertal and adult mice is likely a molecular component derived from
apoptotic germ cell corpses and remnants that are phagocytosed by Sertoli cells [92-96].
The number of apoptotic germ cells in adult testes is expectedly higher than that in testes of
20-day old mice, since at the adult age, seminiferous tubules contain more germ cells,
comprising primary and secondary spermatocytes, round spermatids and elongating/
elongated spermatids (Fig. 3). Furthermore, Sertoli cells in adult animals are responsible for
phagocytosing residual bodies shed from elongating spermatids [100, 101], which likely
contain SGG. This residual body phagocytosis event has not taken place in Sertoli cells of
20-day old mice because their seminiferous tubule epithelia do not contain any elongating
spermatids (Table 1). Altogether, Sertoli cells from adult animals would possess more of the
phagocytosed SGG-containing materials than Sertoli cells from 20-day old mice.

3.4 The biosynthesis pathway of the galactosylsulfate head group of SGG

The biosynthesis pathway of the galactosylsulfate head group of SGC was discerned before
that of SGG. In the brain and kidney, ceramide, the lipid building block of SGC is
galactosylated by UDP-galactose:ceramide galactosyltransferase (CGT, aka UDP
galactosyltransferase 8A, UGT8A) to form galactosylceramide (GC, aka cerebroside), which
is then sulfated by 3’-phosphoadenosine-5’-phosphosulfate (PAPS):cerebroside
sulfotransferase (CST, aka galactose-3- O-sulfotransferase 1, GAL3ST1) to become SGC
(Fig. 6) [2, 18, 19, 21, 105-108]. Since SGC and SGG are structurally related, the
biosynthetic pathway of SGG was presumed to be identical or similar to that of SGC. The
presumption on the sulfation process was validated by the presence of sulfotransferase in
homogenates of the testis and seminiferous tubules, which utilized PAPS (a sulfate donor) to
sulfate both GC and galactosylglycerol (GG, the desulfated form of SGG), as well as
lactosylceramide, but not glucosylceramide [28, 31, 84, 109]. Like purified CST in rat
kidneys and brains [110, 111], the testicular sulfotransferase exists in the Golgi apparatus
and uses GG, GC and lactosylceramide as their substrates [109]. The peak activity of
testicular sulfotransferase also precedes the presence of SGG in primary spermatocytes, a
result suggesting its relevance to the SGG formation [28, 31, 84]. Lingwood’s group purified
this sulfotransferase enzyme to homogeneity (a single band of 56 kDa on SDS-PAGE) and
further showed that the enzyme was stimulated upon phosphorylation [112]. A soluble factor
in the testis homogenate, subsequently identified as phosphoinositol glycerolipid [89, 113],
was shown to be an inhibitor of the testicular sulfotransferase. This inhibitor was first
detected in the rat testis on day 25 after birth (after the appearance of primary
spermatocytes), a finding that would explain at least in part the much lower SGG synthetic
capacity of round spermatids [88]. Collectively, results from these studies indicated that the
testicular galactolipid sulfotransferase enzyme had similar enzymatic properties to the
counterpart enzyme in kidneys and brains with the exception of its regulation by an inhibitor
specifically present in the testis.
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The ultimate proof that CST is the enzyme that sulfates GG in the testis came from
molecular cloning and transgenic mouse studies of Honke and colleagues [15]. CST was
first purified from a human renal cell line to homogeneity (appearing as a single band of 54
kDa on SDS-PAGE) [114]. Information on its peptide sequence was then used to retrieve
and sequence the human CST cDNA [115], which in turn was used as a probe to obtain the
mouse kidney cDNA orthologue. RT-PCR analyses indicated that the Cstgene was
transcribed in various tissues, including the digestive tract, kidney, brain, lung and testis,
with an identical encoding sequence [116]. Honke et a/. [115] further provided evidence that
there were no other homologous genes of CST. These results indicated that SGG produced
through GG sulfation in TGCs was catalyzed by CST and the purified testicular
sulfotransferase described by Sakac et a/. [112] was in fact CST. Finally, in transgenic mice
globally deleted of the Cstgene, SGC and SGG were not detected in the brain and testis,
respectively, confirming that CST was responsible for the sulfation step in the biosynthesis
of these two sulfogalactolipids. The observation that GG was accumulated in the testis of
these knockout mice further indicated that it was the substrate of CST to generate SGG (Fig.
6) [15].

Unlike research studies on CST, attempts were not made in early days by researchers in the
male reproduction field to isolate and/or characterize the enzyme that galactosylates the lipid
building block, alkylacylglycerol, of SGG. This was despite the fact that UDP-
galactose:CGT with galactosylation activity on ceramide, the lipid building block of SGC,
was purified from the rat brain and its cDNA clone was isolated and sequenced [117]. In
addition, CGT was localized in various cultured cell lines (MDCK, CHO, HepG2 and
D6P2T cells) to be in both the endoplasmic reticulum and Golgi complex [118]. The first
study to implicate galactosylation as part of the biosynthetic pathway of SGG was the /n
vivo metabolic radiolabeling experiment of Hsu ef a/. [119]. In this experiment, adult rats
were intratesticularly injected with D-[1-14C]galactose. Lipids extracted from testes of the
sacrificed animals were then subjected to TLC to separate GG and SGG from other
components. Incorporation of 14C into the GG TLC spot peaked within 3 h after the D-
[1-14C]galactose injection, and then declined to the minimal level by 168 h post-injection.
The decrease in the levels 14C-labeled GG was concurrent with an increase in the 4C counts
in the SGG TLC spot, and at 168 h post-injection the radioactivity in SGG reached a plateau.
These results suggested that galactosylation was a process through which GG was generated
and GG was likely a precursor of SGG.

The definitive proof that UDP-galactose:CGT is the enzyme that produces GC and GG came
from studies using mice with a global genetic deletion of Cgt (aka Ugt8). These knockout
mice were generated by neuroscientists for studying the functions of GC in myelin
formation. Both GC and SGC were absent in the brain of these mice [14], a result that
further validated that CGT was the enzyme that was responsible for ceramide
galactosylation.

Two-dimensional TLC was performed on total testicular lipids extracted from adult wild
type and Cgtnull mice. Temporal profiles of GG and SGG in wild type mice of increasing
ages were also demonstrated. Both GG and SGG were present at low amounts in the testis of
mice at 10 days of age [120], a result corroborating the earlier findings [31, 84]. On day 12
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after birth, both GG and SGG amounts in the wild type testis were much higher than those in
10-day old mice. However, the level of SGG increased from day 12 to day 17 after birth,
whereas that of GG remained the same. Consequently, the ratio of GG to SGG was about 3:7
in testes of 17-day old mice. In adult testes, however, the amount of GG decreased
dramatically to be about 5% of SGG. These results in wild type mice suggested that GG was
a precursor of SGG and its conversion to SGG occurred rapidly [120]. Results on the
absence of SGG in Csr/~ mouse testes with a concurrent accumulation of GG [121]
validated the former aspect of the preceding statement. However, since both SGG and GG
were absent in testes of adult Cgfnull mice, CGT was most likely responsible for the
formation of GG [120]. Subsequently, we demonstrated that mouse testes contained CGT
activity. In the presence of UDP-galactose, the post-nuclear supernatant of the testis
homogenate catalyzed the conversion of Cg-NBD-ceramide (A-[6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino] hexanoyl]-D-erythro-sphingosine to NBD-GC, which was
detected by TLC with Typhoon imaging [49]. Production of GG using endogenous
alkylacylglycerol by Chinese hamster ovary (CHO) cells and Mop8 fibroblast cells, both
transfected with Cgtcontaining plasmids, was also documented [122, 123].

Collectively, results from all these studies indicate that the biosynthesis of the
galactosylsulfate head group of SGG and SGC utilizes the same enzymes. CGT first
galactosylates alkylacylglycerol (mainly palmitylpalmitoylglycerol (PPG)) to form GG,
which then becomes sulfated by CST to form SGG (Fig. 6).

Since CST is localized in the Golgi apparatus [31], newly synthesized SGG has to be
transported to the plasma membrane of germ cells. Results in ENU (A-ethyl- A-nitrosourea)-
induced mutant Stx2%ePro34 mice suggested that t-SNARE syntaxin 2 protein (STX2) may
be involved in SGG transport [124]. In somatic cells, STX2 functions in secretory granule
fusion [125] and cytokinesis [126]. In primary spermatocytes of wild type mice, STX2 was
immuno-localized to the Golgi apparatus as well as the plasma membrane. In addition, a
fraction of STX2 was present in the intercellular bridges (see Fig. 3A) of all developing
germ cells. Immunofluorescence studies in wild type males also revealed the presence of
SGG on the plasma membrane and intercellular bridges between developing germ cells. Like
Cgt and Cstnull male mice [14, 15] (see more in Section 4), Stx2RéP034 males were infertile
with a spermatogenesis arrest at the meiotic prophase and concurrently formation of
syncytial multinucleated primary spermatocytes. In these mutant mice, SGG was no longer
present either on the germ cell plasma membrane or in the intercellular bridges [124]. These
results suggest that STX2 may be engaged in transporting SGG to the cell plasma membrane
and intercellular bridges. Nonetheless, direct or indirect affinity between STX2 and SGG
needs to be demonstrated to validate this postulation.

4. Indispensability of SGG in spermatogenesis

Transgenic deletion of the Cgtor Cstgene leads to similar phenotypes. Both Cgtand Cst
knockout mice exhibit neurological disorders including hind limb paralysis, severe tremor
and progressive ataxia [14, 15, 107]. These disorders are caused by myelin abnormalities, in
particular, at the CNS nodes of Ranvier [15, 21, 105]. However, the severity of these
disorders is more pronounced in Cgtnull mice, lacking both GC and SGC, in contrast to Cst
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null mice, which are deficient in only SGC [21, 107]. The results therefore suggest that both
GC and SGC are involved in formation of functional myelin membranes.

Significantly, all male Cgtand Cstknockout mice are infertile with an inability to produce
sperm. Histological and genetic studies revealed that a spermatogenesis arrest occurred in
primary spermatocytes. A number of multinucleated primary spermatocytes were also
observed in testes of both Cgr/~ and Csr/~ mice, indicating the blockade of meiosis and
subsequent fusion between adjacent primary spermatocytes, which then became apoptotic
[15, 120]. However, the spermatogenesis arrest in Cstnull mice took place in late primary
spermatocytes, whereas that in Cgtnull mice was manifested in earlier primary
spermatocytes [21]. In Cstknockout mice, GG was still present in the seminiferous tubules,
but both SGG and GG were completely absent in the testis of Cg¢null mice [15, 120].
Therefore, the results suggest that both GG (despite its small amount in the testis) and SGG
play roles in the progression of primary spermatocytes through the first meiosis, but SGG
alone is indispensable for the completion of spermatogenesis [15, 21, 107].

The molecular mechanisms underlying the functions of SGG in germ cell development are
still unknown. This development is dependent on interactive communication between Sertoli
cells and germ cells [12, 13, 68—70]. Nonetheless, the depletion of SGG as in Cstnull mice,
while resulting in spermatogenesis arrest, did not affect the function of Sertoli cells, which
still remained in the seminiferous tubules, to support spermatogenesis of wild type
spermatogonia, following their transplant by direct microinjection into the seminiferous
tubule portal (the efferent duct) [127]. In this experiment, Zhang et al. [127] pre-injected Cst
/= mice intraperitoneally with busulfan to destroy all endogenous germ cells (including
spermatogonia) in the seminiferous tubules before the testicular microinjection of wild type
spermatogonia, isolated from Green mice (globally expressing GFP) [128]. Forty-five days
after the Green spermatogonia transplantation, the seminiferous tubules of these Csr”/~ mice
were populated with all stages of TGCs in the epithelium and testicular sperm in the lumen.
These TGCs developed from the transplanted Green spermatogonia as they expressed GFP
as well as SGG (detected by immunofluorescence staining using a monoclonal antibody that
recognizes both SGG and SGC). Since spermatogenesis is tightly regulated by Sertoli cells
[12, 13, 68-70], the results indicated that Sertoli cells of Cst/~ mice were still functioning
[127]. Nonetheless, testicular sperm produced in the Csf/~-seminiferous tubules from
transplanted Green spermatogonia could not enter the epididymis and thus these
“spermatogenesis-rescued” mice were still infertile. Zhang et a/. [127] suggested that the
epididymal epithelium in Cst/~ mice might be defective, thus not allowing testicular sperm
entry. The authors further demonstrated immunofluorescence signals upon exposure of the
epididymis sections of wild type mice to the anti-SGC/SGG antibody, a result indicating the
presence of SGG or SGC in the epididymal epithelium. In contrast, epididymal epithelial
cells of Csr/~ mice showed no reactivity with anti-SGC/SGG. It was suggested that SGC or
SGG in the epididymal epithelium might contribute to the induction of sperm entry into the
epididymis [127]. While this suggestion is interesting, the presence of SGC or SGG in
epididymal epithelial cells needs to be verified with a more definitive approach such as mass
spectrometry and subsequently the roles of SGC/SGG in endowing the ability of epididymal
epithelial cells to induce the entry of testicular sperm into the lumen need to be thoroughly
investigated.
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Using Cgr*'~ male mice, whose spermatogenesis rate, sperm fertilizing ability and fecundity
were not different from those of the age-matched wild types, we determined the amounts of
testicular SGG and sperm SGG required to maintain these male fertility related processes
[49]. Our ESI-MS/MS-MRM demonstrated that the testicular SGG level in these
heterozygous males was —78% of the wild type values (406.06 + 23.63 versus 516.65

+ 30.62 pg per gram of testis), a result corroborating the finding that the CGT polypeptide,
with normal enzymatic activity, was expressed at ~80% wild type level in Cgrt/~ mice. On
the other hand, sperm SGG levels in Cgr~ and wild type mice were not different from each
other [49]. This adjustment was possible, since the sperm SGG levels in wild type animals
were only 17% of those in round spermatids (see Fig. 3 and Table 2). During differentiation
of round spermatids to become testicular sperm, a significant proportion of the cytoplasm
enveloped by the plasma membrane is removed from round spermatids in the form of
residual bodies [67] (Fig. 3). It is likely that 83% of SGG in round spermatids become part
of the residual bodies. In Cgf/~ mice, SGG shed from round spermatids into residual bodies
may be slightly less than the corresponding wild type value, resulting in the same levels of
sperm SGG in Cgr’~ and wild type mice. The regulatory mechanism in the reduction of
SGG levels during the differentiation of round spermatids to sperm is a matter of further
investigation.

4.1. Possible mechanisms on the roles of SGG in spermatogenesis

While it is definitive that SGG on TGCs is indispensable for the completion of
spermatogenesis, the molecular mechanisms underlying the action of SGG in this process
are unclear. As described above, SGG was detected in the membrane of the intercellular
bridges linking adjacent spermatogenic cells (see Fig. 3A) [124]. As an ordered lipid and a
lipid raft component [2-4] (see more in Section 5.2), SGG likely endows stability to these
bridges, which are deemed to be relevant in intercellular communication between adjacent
germ cells [129]. Consequently, the presence of intracellular bridges is essential for the
completion of the meiotic division [129, 130]. In the case when SGG was absent, the
intracellular bridges were structurally abnormal concurrently with the formation of
multinucleated primary spermatocytes and an arrest of the meiotic division [124].

The ongoing interaction between Sertoli cells and spermatogenic cells is also essential for
spermatogenesis [12, 13, 68-70]. Developing male germ cells in the adluminal compartment
(located above the blood-testis barrier between adjacent Sertoli cells, see Fig. 3A) depend on
lactate as their main energy source. The lactate metabolite is in fact produced from glucose
and secreted by Sertoli cells into the microenvironment of the adluminal compartment [131].
The transport and uptake of lactate into spermatocytes are then mediated by a lactate
transporter (monocarboxylate transporter (MCT)). However, Cstnull spermatocytes, lacking
SGG, failed to uptake lactate, leading to energy deprivation and then apoptosis. Honke [21]
postulates that SGG may regulate MCT traffic in male germ cells. This postulation, however,
needs to be experimentally validated.

The significance of the Sertoli cell-germ cell interaction led us to investigate whether SGG
has direct affinity for Sertoli cell plasma membrane (PM) proteins. Sertoli cells were
isolated from 20-day old mice as previously described [103]. A primary culture of these
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Sertoli cells were essentially free from TGCs, and contained less than 5% of co-isolated
peritubular myoid cells (single-layered flattened cells present underneath the seminiferous
tubule basement membrane, see Fig. 3A). Octylglucoside (2%) was used to extract Sertoli
cell PM proteins, which were then co-incubated with dipalmitoyl phosphatidylcholine
(DPPC) multilamellar liposomes. Phosphatidylcholine (PC) is the most abundant lipid on
the mammalian cell PM [132]. Therefore, this incubation step was to remove Sertoli cell PM
proteins that bound to PC but not specifically to SGG. The DPPC-PM protein complexes
were then pelleted by ultracentrifugation. The supernatant obtained was then used for co-
incubation with SGG multilamellar liposomes followed by ultracentrifugation to collect the
SGG-PM protein complexes as a pellet. Both the DPPC-bound and SGG-bound proteins
were extracted from the liposome complexes with SDS-PAGE sample buffer for gel loading

(Fig. 7).

When the Sertoli cell PM proteins that bound to PC and SGG liposomes were compared on
SDS-PAGE by staining with either silver nitrate or Coomassie Blue, two protein bands with
apparent molecular weights of 86,000 and 91,000 appeared to be present specifically in the
SGG liposome-bound samples. Tryptic peptides were then prepared from these two excised
bands and subjected to bottom-up MS analyses [133]. Over 100 proteins were identified
from each protein gel band. After eliminating proteins with ion scores less than 100 and
those without possible localization on the cell surface, the list of SGG liposome-bound
proteins was significantly shortened, containing two major families of proteins, i.e., the
ERM (erzin/radixin/moesin)-actin binding proteins and chaperone proteins (Fig. 8A).
Notably, the sequences of erzin, radixin and moesin are highly homologous to each other
[134], making it difficult to generate antibodies that specifically recognize erzin, radixin or
moesin individually. Regardless, the presence of ERM in the whole Sertoli cell PM extract
and in the SGG bound liposomes was further confirmed by immunoblotting using an
antibody recognizing the three proteins (Fig. 8B).

Ezrin and radixin have been shown to be present in Sertoli cells [135, 136]). By an in vivo
knockdown study, ezrin has been demonstrated to be involved in formation of both apical
and basal ectoplasmic specializations (ES) (see Fig. 3A). Both of these adherens junctions
require surrounding clusters of actin filaments for which ERM proteins have affinity [134].
The apical ES is important for the interaction between Sertoli cells and elongated spermatid
heads, whereas the basal ES contributes to the formation of the blood-testis barrier [134,
136]. However, ERM proteins are not present in the PM as such. They are adaptor proteins
localized underneath the PM. They bind to integral PM proteins at their A~terminal region,
whereas the affinity for actin filaments is at the C-terminal region [134]. Our Sertoli cell PM
extract likely contained the ERM-integral PM complexes and future studies are required to
determine whether SGG on the elongated spermatid heads in the apical ES directly binds to
ERM or the associated integral PM protein(s) in the apical surface of Sertoli cells.

Chaperone proteins identified for their affinity for SGG liposomes in our study include
various Hsp70 family members (i.e., Grp75 (HSPA9), Grp78 (HSPAS5) and Hsc70 (HSPAS)),
NACA and HS90A. These results, in fact, confirm the previous findings describing the direct
affinity of SGG/SGC to various purified Hsp70 family members [137-139]. Notably,

HSPABS has been previously shown in vitro to associate strongly with ezrin by ELISA and
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pull down assays [135]. HSPA8-ezrin complexes may synergistically bind to SGG and if
their existence on the Sertoli cell surface is confirmed, these HSPA8-ezrin complexes would
contribute to the interaction between Sertoli cells and developing TGCs, essential for the
spermatogenesis process. However, involvement of other Hsp70 family members in Sertoli
cell functions is still unclear. In mouse spermatogenic cells and human sperm, the
physiological relevance of an Hsp70 isoform, Hsp70-2 (HSPA2) has been documented.
Hsp70-2 is essential for formation of synaptonemal complexes [140] and HSPA2 likely
plays roles in “chaperoning” egg binding proteins into the high molecular weight (HMW)
complexes beneficial for sperm-egg interaction [141, 142] (see Section 5.2). Future
localization studies are required to verify that all chaperone proteins identified by our MS
analyses are on the Sertoli cell surface and engage in “chaperoning” other surface proteins
for the interaction with TGCs. In addition, molecular mechanisms of how SGG interaction
with Hsp70 can regulate the chaperone functions of Hsp70 family members should be
discerned. Biochemical studies indicate that both SGG and SGC bind to the ATPase domain
of Hsp70 [138]. Another research group further demonstrates that SGC interaction with this
ATPase domain promotes Hsp70 clustering and stabilizes binding to unfolded proteins
[143]. How these biochemical results relate to observations on SGG-Hsp70 interaction in
Sertoli cells, TGCs and sperm described above is still unclear. Future investigations on this
matter should also consider involvement of other heat shock proteins such as Hsp40 and
Hsp90, which usually co-function with Hsp70 [144].

5. Roles of sperm surface SGG in fertilization

Although testicular sperm are anatomically mature with a polarized head and tail structure,
they do not have fertilizing ability. This ability is gained in two sequential processes, sperm
maturation and sperm capacitation, taking place during sperm transport and storage in the
epididymis, and during sperm movement through the female reproductive tract, respectively
[145, 146] (Fig. 9). A number of egg binding proteins secreted by epididymal epithelial cells
into the lumen deposit onto sperm that move through the epididymis, thus accruing their egg
binding ability. In addition, sperm gain their forward movement during their residence in the
epididymis [145]. Subsequently, sperm undergo capacitation, the process through which
they acquire full fertilizing ability [146, 147]. Only capacitated sperm can interact and
fertilize ovulated mature eggs in the oviduct.

Biochemical and physiological changes occur on capacitated sperm. Release of cholesterol
from the sperm head surface, as induced by HDL and albumin, present in the uterine and
ovarian follicular fluid [148-151], is one of the relevant capacitation processes, which leads
to an increase in sperm head plasma membrane fluidity [152], essential for downstream
membrane fusion events, acrosomal exocytosis and sperm-egg plasma membrane fusion.
Entry of calcium into sperm from the surrounding milieu also induces signaling pathways
with two obvious consequences. First, there is a specific increase in sperm tyrosine
phosphorylation. Second, sperm acquire hyperactivated whiplash motility patterns (Fig. 9).
This hyperactivated matility endows the thrust force for capacitated sperm to move through
egg vestments into the egg cytoplasm to achieve fertilization [146, 153]. The success in
fertilization, however, also depends on the initial proper interaction between capacitated
sperm and the extracellular matrix, the ZP, of unfertilized eggs in a species-specific manner
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[146, 154, 155] (Fig. 9). A number of egg binding molecules on the sperm surface (mainly
proteins) have been described so far. This redundancy is likely for securing the fertilization
process [146, 156, 157]. Interestingly, egg binding molecules appear to co-exist in lipid raft
membrane domains [2-4, 158-160] as high molecular weight complexes [156, 161-163].

Sperm capacitation can also be induced /7 vitro by simply incubating sperm in medium
containing calcium, bicarbonate and albumin [146, 149]. This ability has opened up research
on molecular mechanisms of sperm capacitation as well as research and clinical translation
on /n vitrofertilization. In this /n vitro system, capacitated acrosome intact sperm have been
shown to bind with high efficiency to the ZP of mature eggs. The acrosome is a sperm
specific membrane enclosed organelle, which houses a number of hydrolytic enzymes,
believed to play roles in digesting the egg vestments. In addition, a number of ZP binding
proteins are present in the acrosome. The acrosome is localized in the sperm head anterior,
the site of ZP interaction (Figs. 3A and 9). /n vitro, solubilized ZP is able to induce
acrosomal exocytosis, which initially involves interval fusion between the sperm plasma
membrane overlying the acrosome and the outer acrosomal membrane, followed by a release
of the acrosomal content through the pores created from the membrane fusion. Completion
of acrosomal exocytosis, the so-called acrosome reaction, is essential for successful
fertilization and thus male fertility [164—-166]). For a long period of time it was accepted, at
least in the rodent system, that the onset of acrosomal exocytosis was when sperm bound to
the ZP [146, 167]. However, more recent studies utilizing high-performance
videomicroscopy and sperm with GFP-labeled acrosome indicate that acrosomal exocytosis
has started before sperm interaction with the egg ZP, i.e., during sperm passaging through
cumulus cell layers that surround the egg [168, 169]. Nonetheless, the roles of the ZP in
initial sperm-egg interaction as well as its ability to further induce acrosomal exocytosis
cannot be discounted. Further, a number of ZP binding molecules on the sperm head surface
would still be relevant in sperm-egg interaction provided they still exist in acrosome
reacting/reacted sperm.

In sections below, we describe the roles of sperm SGG in the epididymal maturation process
and sperm-egg interaction. In the latter process, we have shown that SGG exists in both
acrosome intact [6, 170] and reacted [102] sperm. Therefore, the description of its
involvement in sperm-egg interaction should hold true regardless as to when the acrosomal
exocytosis starts.

5.1 Roles of SGG and its binding protein, arylsulfatase A, on the sperm head surface on
egg ZP binding

In vitrobinding studies reveal that both SGG and SGC have affinity for a number of
extracellular proteins (e.g., selectin, laminin, thrombospondin, Von Willebrand Factor) (see
reviews: [18, 36]). Therefore, our discovery that fluorescently labelled unilamellar SGG or
SGC liposomes can bind specifically to the intact ZP, the egg extracellular matrix, of
unfertilized eggs, is not surprising [6]. This is in contrast to a minimal ZP affinity of
unilamellar liposomes of GG (desulfated form of SGG) and DPPS
(dipalmitoylphosphatidylserine, negatively charged like SGG), which were fluorescently
labelled in the same manner as SGG liposomes. These results indicate that the sulfate in the
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head group of SGG is significant in this ZP interaction, since GG does not contain this
sulfate. On the other hand, the binding of SGG to the ZP is not exclusively dependent on its
negative charge as the anionic DPPS does not have affinity for the ZP. However, SGG
liposomes do not bind to the ZP of fertilized eggs, which is structurally modified and
refractory to additional sperm binding following entry of one sperm into the egg cytoplasm.
Therefore, this result indicates the significance of the interaction between sperm SGG and
the ZP of unfertilized eggs in the fertilization event [6]. As expected, when capacitated
mouse sperm were pretreated with anti-SGG IgG antibody before co-incubation with mature
mouse eggs, the levels of sperm binding to the ZP were decreased in a concentration
dependent manner. Similar results were obtained when anti-SGG 1gG treated human sperm
were co-incubated with human eggs, which had failed to be fertilized in a human in vitro
fertilization procedure, but still contained the ZP with sperm binding ability [63]. In the
mouse system, the monovalent anti-SGG Fab fragment exhibited the same inhibition on
sperm-ZP binding as anti-SGG IgG, indicating that the inhibition observed was not due to a
steric hindrance of the bivalent anti-SGG 1gG over ZP-binding proteins locating nearby SGG
on the sperm head surface. However, the inhibition of sperm-ZP binding by anti-SGG
IgG/Fab reached a plateau at 40% of the positive control values. This result suggested that
SGG may act with another ZP binding molecule(s), co-existing on the sperm head surface,
for the full adherence of sperm to the ZP [6]. In particular, SGG may also have affinity for
this ZP binding molecule.

An SGG binding protein with an apparent molecular mass of 68 kDa, named SLIP1
(sulfolipidimmobilizing protein 1), was in fact described in the rat testicular homogenate
[171]. Subsequently, we demonstrated that SLIP1 was co-localized with SGG on the mouse
and human sperm head surface and SLIP1 itself also played roles in sperm-ZP binding
[172-174]. Following purification to homogeneity from the pig sperm plasma membrane
extract, SLIP1 was renamed P68 and was shown to have affinity for the intact ZP of
unfertilized eggs from various species (mouse, rat, cat, dog, pig and human). Like SGG
liposomes, P68 did not bind to the ZP of fertilized mouse eggs or preimplantation embryos
[175].

Tryptic peptide mass finger printing revealed the identity of P68 to be arylsulfatase A
(ARSA) and this was further confirmed by molecular cloning [176]. This finding
corroborates the previous observation describing ARSA activity in pig sperm [177]. We
further demonstrated the roles of ARSA in pig and mouse sperm-ZP interaction and mouse
in vivo fertilization [170, 176], as well as direct binding of ARSA to mouse ZP3 and ZP2
glycoproteins [102]. Moreover, we revealed that ARSA and SGG had a strong affinity for
each other (Ky =9 nM) and ARSA was localized at the same site as SGG on the sperm head
[178]. We were initially puzzled by this finding, since ARSA is the first enzyme in the SGG
degradation pathway, expected to act with its co-enzyme, saposin B, to desulfate SGG into
GG (see Section 6 for more details). ARSA on intact mouse sperm also could desulfate an
artificial substrate, nitrocatechol sulfate (NCS), indicating that its active site pocket [179]
was unoccupied. However, GG was never found on the head surface of intact non-
capacitated and capacitated sperm [178]. This puzzle was resolved by our structural
modeling results using a known crystal structure of ARSA with the identified active site
pocket [102, 180]. In addition to the active site to which the substrate sulfogalactolipid binds
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and becomes desulfated, there is another cleft on the molecular surface of ARSA into which
SGG/SGC can dock with affinity. It is this latter site on ARSA to which SGG on the sperm
surface adheres, and therefore this ARSA-SGG interaction does not result in SGG
desulfation [102]. In fact, testicular sperm do not possess ARSA on their head surface. As
described above, SGG is synthesized in TGCs, and in testicular sperm it becomes
accumulated on the head surface (the convex ridge in mouse sperm). It is the caudal
epididymal epithelial cells that synthesize and secrete ARSA into the epididymal lumen.
When sperm move into the epididymis, ARSA then deposits onto the sperm surface due to
the high affinity between its surface cleft and the sperm surface SGG [64, 178]. Although
the active site pocket of ARSA can also capture an individual SGG molecule with high
affinity [180]. SGG in the sperm surface membrane would not be able to reach this buried
active site pocket of ARSA. As ARSA is a ZP binding protein, SGG on the sperm surface
plays a role in sperm maturation by adding egg binding ability to epididymal sperm.

SGG and ARSA on the capacitated sperm head surface likely bind to the ZP in a synergistic
manner. SGG and ARSA both have affinity for the ZP and also for one another. ARSA is a
peripheral plasma membrane protein and therefore it rises about 100 angstroms above the
sperm head plasma membrane. The protruded ARSA is at a much higher position than SGG
with only the galactosylsulfate moiety rising above the bilayers of the sperm plasma
membrane (less than 10 angstroms). We propose that ARSA first captures the ZP glycans
and draws them next to the sperm head plasma membrane where they interact with SGG
molecules. Although the carbohydrate-carbohydrate interaction is not strong [181, 182], the
interaction would be strengthened by the multiplicity of SGG molecules on the sperm head
surface (see more description and our model in our previous reviews: [3, 4]). Without ARSA
on the sperm head surface, it would be problematic for SGG molecules to effectively capture
the ZP glycans for proper binding. This may explain why testicular sperm in spite of having
SGG on their sperm surface cannot bind to the ZP of intact eggs even when they are placed
together in close proximity. ARSA is co-localized with SGG in the head of not only
acrosome intact sperm but also acrosome reacting/reacted sperm [102, 170]. Therefore, our
model of the synergistic interaction between sperm SGG and ARSA and the egg ZP should
be applicable to sperm of both acrosomal statuses.

5.2. Roles of SGG in formation of sperm lipid rafts housing ZP binding proteins

When total lipids extracted from non-capacitated and capacitated pig sperm were subjected
to TLC followed by Coomassie blue staining, the SGG band accounted for about 10% of
total lipids in both samples [35]. However, since SGG exists only in the sperm head, its
percentage in this sperm area is higher than 10%. Therefore, SGG would contribute to the
biophysical property of the sperm head plasma membrane. Our infrared spectroscopy reveals
that SGG is an ordered lipid with a 7, of the transition from the gel phase to the liquid
crystalline phase of 45°C [38], a property similar to that of SGC [183]. SGG also has a
propensity to interact with cholesterol and saturated phospholipids, and thus it is integral to
the sperm lipid rafts formation [35, 38, 184]. Lipid rafts are liquid-ordered cholesterol
containing membrane domains, which are surface platforms of adhesion and signalling
molecules [4, 5, 185] and are operationally defined as isolated detergent resistant
membranes (DRMs) following treatment of cells with a low percentage of a non-ionic
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detergent (e.g., Triton X-100) at 4°C [186]. We have shown for the first time that DRMs
from both non-capacitated and capacitated sperm have direct affinity for isolated pig ZP
glycoproteins, but the latter having a higher affinity. Furthermore, the DRM levels in
capacitated sperm are about twofold higher than those in non-capacitated sperm [35]. These
observations corroborate the fact that capacitated sperm naturally bind to the egg ZP better
than non-capacitated sperm [146]. Our lipidomic analyses indicate that SGG is a component
of sperm lipid rafts [35]. This result is not surprising considering that SGG is a structural
analog of SGC, which has been repeatedly identified to be a lipid raft component [184, 186-
190]. However, the very high distribution of SGG in sperm DRMs is astounding. Namely,
30% and 70% of total SGG in sperm is localized in non-capacitated and capacitated sperm
DRMs, respectively [4, 35]. Since SGG has direct affinity for the ZP, its high amount in
sperm DRMs would contribute not only to the ordered structure of these membrane domains
but also to their ZP binding ability [35]. We and several other investigators also have
demonstrated that ZP binding proteins including ARSA (SGG binding protein) are
components of mammalian sperm DRMs [158-160, 191, 192]. It is a matter of further
investigation to determine whether other ZP binding proteins present in isolated sperm
DRMs have affinity for SGG or not.

In the late 2000’s, concerns were voiced by researchers in the lipid rafts field that the
architecture of isolated DRMs could be artifacts of protein aggregation induced by the
detergent [193]. Alternative methods such as the use of physical force (e.g., nitrogen
cavitation) were suggested for the isolation of lipid rafts [194]. Nitrogen cavitation at 650
psi has actually been used to isolate anterior head plasma membrane vesicles (APMs) from
pig sperm [195]. These isolated APMs have affinity for the ZP [163, 196], and contain SGG
as a lipid component [184]. Atomic force microscopy analyses further indicate the ordered
structure of APMs, atypical feature of lipid rafts [184,197]. Proteomic analyses of
capacitated pig sperm APMs reveal the presence of several ZP binding proteins (e.g., SED1,
zonadhesin) together with signalling proteins and chaperone proteins (heat shock 70 kDa
protein I-like and heat shock protein HSP90-alpha) [163]. The chaperone proteins may
function in escorting proteins relevant for the ZP binding and subsequent sperm cell
signalling into the APMs to form high molecular weight (HMW) protein complexes therein.
In fact, a number of heat shock proteins including heat shock 70 kDa protein 5 (HSPADS) are
present in isolated mouse sperm DRMs [160] and also in HMW protein complexes isolated
from mouse and human sperm [141, 142]. In pig sperm APMs, we have shown that their
HMW protein complexes bind to the ZP at a higher efficiency than individual ZP binding
proteins in the monomeric form [156, 163]. Of note is the accumulated evidence that a
number of heat shock 70 kDa proteins have a specific affinity for SGG and SGC [138, 139,
143, 198-200]. Therefore, SGG on the sperm surface also plays a role in orchestrating ZP
binding proteins on the sperm surface to be in appropriate ensembles for the most efficient
ZP interaction.
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6. Degradation of SGG: significance of SGG homeostasis in male fertility

6.1 Degradation of sulfogalactosylceramide (SGC) in the brain: manifestation of
lysosomal storage diseases due to failure in SGC degradation

While the physiological relevance of SGG biosynthesis has been validated by the studies in
Cgtand Cstknockout mice (see Section 3.4), it was unclear for decades whether SGG was
degraded at all. As described above, Kornblatt [91] demonstrated that SGG did not turn over
in live TGCs. However, the fate of SGG in apoptotic germ cells was not discerned in this
study. Surprisingly apoptosis occurs at 50% rate in TGCs in normal spermatogenesis [12,
85-87] and Sertoli cells play an important role in “cleaning up” these apoptotic germ cells
from the seminiferous tubule epithelium through their phagocytic activity [92-96]. For
sphingolipids including SGC and GC, intracellular accumulation due to their failure to
become catabolized to the backbone lipids by lysosomal enzymes leads to cytotoxicity,
cellular dysfunction and clinical abnormalities, the so-called lysosomal storage diseases
(LSDs) [24,201]. Therefore, it is expected that Sertoli cells would also have various
lysosomal enzymatic activities to degrade SGG (see Fig. 5 for its presence in adult Sertoli
cells) in the phagocytosed apoptotic germ cells and residual bodies [92-96, 100, 101] into a
non-toxic neutral lipid backbone.

The degradation pathway of SGG /n vivowas considered to mirror that of SGC, which was
uncovered due to natural mutations in humans of the lysosomal enzymes in the pathway.
Mutations of ARSA and GALC lead to intracellular accumulation of SGC and GC (and/or
lyso-GC, aka psychosine), and subsequently structural and clinical abnormalities —the LSDs,
i.e., metachromatic leukodystrophy (MLD) and globoid cell leukodystrophy (aka Krabbe
disease), respectively [24-26, 202—-204]. Biochemical studies further demonstrated that
arylsulfatase A (ARSA) (aka cerebroside sulfatase, cerebroside-3-sulfate-3-sulfohydrolase
or sulfatase A) purified from tissue lysosomes together with co-enzyme saposin B
(originally called activator protein of sulfatase A [205, 206]) could desulfate SGC (sulfatide)
into GC [205, 207]. Likewise, purified lysosomal GALC + co-enzyme saposin A could
degalactosylate GC into ceramide [208—210]. All of these results conclude that the
degradation pathway of the galactosylsulfate head group of SGC in the brain is as shown in
Figure 10 [19, 211]. Interestingly, SGG and GG were also shown to be substrates of ARSA
+ saposin B and GALC + saposin A, respectively [207, 210]. These results suggested that
the SGG degradation pathway of its galactosylsulfate head group was the same as that of
SGC. However, to date accumulation of SGG and GG has not been shown in testes of men
with MLD and Krabbe disease, respectively. The lack of this information is likely from the
fact that true MLD and Krabbe disease males die young. Rather, the degradation pathway of
SGG in vivowas discerned in mouse models (Arsa null mice and mutant “twitcher” mice)
(see Sections 6.2 and 6.3).

Degradation of sulfoglycosphingolipids and glycosphingolipids also serves the purpose of
generating the lipid backbone/building block to be recycled for their biosynthesis, usually in
the same cell [212, 213]. In the case of SGC and GC, their sequential degradation yields
ceramide (see Figs. 6 and 10). The disruption of the degradation pathway caused by
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mutation of lysosomal enzymes involved therefore induces cacostasis of the
glycosphingolipids [201].

A proper amount of SGC and GC is essential in maintaining the structure and function of the
myelin sheath and cacostasis of these sphingolipids results in its degradation in the white
matter (leukodystrophy) of the brain as well as in the peripheral nervous system [25, 26]. In
the case of ARSA mutation, intracellular accumulation of SGC also results in metachromatic
staining with a dye of the brain sections. For GAL C mutation, infiltration of multinucleated
macrophages (globoid cells) also occurs at the demyelination sites. This infiltration,
however, is due to accumulation of psychosine (lyso-GC), which is formed in myelinated
cells and also a GALC substrate. The very cytotoxic psychosine also accelerates the
destruction of myelin-forming cells [26]. Damages to the myelin sheath and myelin-forming
cells leads to neurological and motor neuron disorders. As expected, the severity of MLD
and Krabbe disease symptoms is variable depending on the degree of gene mutations. Severe
symptoms of the infantile and juvenile forms of MLD are similar but the symptoms develop
much faster in infants. These include muscle wasting and weakness, gait disturbances,
increasing loss of vision until blindness, impaired swallowing, dementia, convulsions and
paralysis. In the adult form with an onset at age 16, the apparent symptoms of MLD are
psychiatric disorder and dementia [25, 214]. Symptoms and progression of Krabbe disease
are similar to those observed in MLD [26, 215].

In addition to mutation of ARSA and GALC, MLD and Krabbe disease phenotypes have
been observed in individuals having inherited defects of saposin B (Sap-B) and saposin A
(Sap-A), respectively [211, 216-220]. Sap-A, Sap-B and Sap-C (aka sphingolipid activator
proteins) act as physiological detergents, plucking out the (sulfo)glycolipids from the
membrane and delivering them to the active sites of their degrading enzymes [220]. Sap-A
and Sap-B are co-enzymes of not only GALC and ARSA, respectively, but also lysosomal
enzymes in the degradation pathways of other glycosphingolipids [20, 211]. Therefore,
higher levels of other glycosphingolipids are also present in these individuals deficient in
Sap-A and Sap-B.

6.2 Demonstration of the significance in SGG degradation on male fertility using Arsa

null mice

Although both MLD and Krabbe disease are considered rare inherited metabolic diseases,
the severity of the symptoms has demanded research studies for effective therapy. Animal
models were therefore produced including Arsa knockout mice (generated by Volkmar
Gieselmann, University of Bonn for the MLD research [221]). Unfortunately, these
knockout mice exhibit mild MLD symptoms despite the accumulation of SGC in their brain
(Fig. 11) [222, 223]. These Arsa null mice can live for over one year. Cryopreserved
embryos of mice with natural Ga/c mutations were also available from the Jackson
Laboratory, but these Galc mutant mice cannot live past 50 days [27]. They are also called
“twitcher ( 7Twi/Twi)” mice due to their body tremors.

Our results indicate that primary cultures of Sertoli cells and TGCs possess ARSA
enzymatic activity, assayed by using an artificial substrate, NCS [170]. The ARSA activity
is, however, much higher in Sertoli cells than in TGCs, i.e., 164.5 + 36.8 mU/108 Sertoli
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cells versus 2.6 + 1.3 mU/106 germ cells. While the role of the ARSA enzymatic activity in
TGCs still needs to be discerned, our studies reveal that ARSA in Sertoli cells is localized
specifically in lysosomes and it is responsible for SGG desulfation. The role of Sertoli
lysosomal ARSA was in fact revealed in studies using Arsa knockout mice. Uniquely, SGG
accumulated in Sertoli cell lysosomes in Arsa~~ male mice 5 months of age and older,
concurrently with lysosomal swelling and accumulation of lipid droplets, which were
markedly apparent when these knockout mice became 8 months of age and older (equivalent
to >40 years old men). These abnormalities are an obvious sign of a lysosomal storage
disorder and to our best knowledge, this is the first incident reported in Sertoli cells [102].

As previously shown [221], Arsa knockout mice at all ages do not show any obvious
neurological disorder. However, fecundity of aging Arsa~/~ male mice is significantly
reduced [102]. In our natural mating experiments, where Arsa”~ males and wild type males
were mated with wild type fertile females in parallel, starting from 2 months to 10 months of
age, the average litter size that Arsa/~ males produced was 6.2 + 2.4 pups, as compared
with 7.9 £1.3 pups from the age-matched wild type males (P < 0.05). The decrease in
fecundity of Arsa’~ males was attributed to a much lower rate of spermatogenesis as well as
an increased production of abnormal sperm. Evidence towards the former aspect included
the 50% average testis weight and the 60% seminiferous tubule epithelium area of adult
Arsa”~ males relative to the corresponding wild type values. Accordingly, the numbers of
sperm retrieved from the cauda epididymis and vas deferens of Arsa'~ mice were only half
of those collected from age-matched wild type males. It was likely that the numbers of
spermatogonia entering meiosis in Arsa”’~ and wild type animals were the same, but
spermatogenic cells in the knockout mice could not develop normally. This was evident by a
20-fold increase in the numbers of apoptotic germ cells in Arsa”~ males, relative to the wild
type counterpart. Furthermore, >50% of caudal epididymal/vas deferens sperm of the
knockout mice exhibit abnormal morphology. These caudal epididymal/vas deferens sperm
retrieved from 8-month old Arsa/~ males could minimally fertilize eggs in vitro.

Interestingly, levels of SGG in TGCs and sperm in Arsa/~ males at this age were also 50%
of the wild type values [102]. As described above, SGG plays important roles in
spermatogenesis and sperm-egg interaction, their decreased levels likely attribute to the
lower rate of spermatogenesis and a minimal sperm fertilizing ability, and finally reduced
fecundity in Arsa null males.

Considering that ARSA is an enzyme in the SGG degradation pathway, the decrease of SGG
amounts in TGCs and sperm of 8-month old Arsa/~ males was unexpected, and even more
so with our results showing the normal levels of Cgtand Csttranscripts in these knockout
mice. Since Sertoli cells play a pivotal role in supporting spermatogenesis (see Fig. 3A), it is
likely that the lysosomal storage disorder observed in Sertoli cells of Arsa’~ males was the
prime cause that led to various adverse effects on TGCs. These included the reduced SGG
synthesis activity, which may have reflected decreases in the translation or catalyzing
abilities of CGT and CST and/or availability of their substrates, i.e., GG for CST and PPG
for CGT (see Fig. 6 for SGG biosynthesis pathway); these possibilities need to be validated
experimentally. Ultimately, the lipid building block PPG has to be available for SGG
synthesis. In wild type animals, PPG in TGCs may come from both de novo synthesis and
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transport of the recycling pool from Sertoli cells. The fact that TGCs have the ability to
synthesize PPG was derived from the observation that SGG was still present in TGCs and
sperm at the normal and 50% of the wild type levels in 5-month old and 8-month old Arsa’~
males, respectively [102]. Although the recycling pool of PPG from Sertoli cells may
contribute to SGG synthesis in wild type animals, the de novo synthesis of PPG in 5-month
old Arsa'~ mice may have been enhanced to compensate for the loss of the recycling PPG
pool with final production of SGG at the wild type levels. On the other hand, the 50%
decrease in SGG levels in TGCs and sperm in 8-month old Arsa/~ males suggested that
TGCs in these aging knockout mice could not synthesize PPG at an elevated rate like TGCs
in younger Arsa~'~ mice. In addition, the possibility that CGT and CST in TGCs of 8-month
old knockout males may not function at the wild type capacity has to be considered, and this
may include an elevated level or activity of the CST inhibitor, glycosyl phosphoinositide
[113]. The extent of the recycling PPG pool to participate in SGG biosynthesis, which would
depend on the transport of PPG across from Sertoli cells to TGCs, is still a matter of further
investigation. The possibility that PPG is first deacylated in the Sertoli cell lysosomes to
generate palmitylglycerol, which may form micelles with better transportability through
Sertoli cell and TGC plasma membranes, should also be considered. Notably, C16:0 SGC
was also unexpectedly present in TGCs of 8-month old Arsa~ males [102], a result that
indicated that CGT and CST in these ARSA depleted TGCs could alternatively use ceramide
as the lipid building block to synthesize SGC. Perhaps TGCs in these knockout mice
attempted, but unsuccessfully, to adjust the level of the sulfogalactolipid to the normal
values. This explanation may also apply to the presence of unusual SGG molecular species
(e.g., C16:0/C14:0, C18:1/C16:0, C18:0/C16:0) in the seminiferous tubules of Arsa”’~ males
at eight months of age [102].

The reduced synthesis activities of SGG and perhaps also other macromolecules by TGCs
may occur concurrently with increasing rates of their apoptosis, and these changes finally
manifested in the subfertility of these knockout mice at older ages [102]. The reduced
functionality of TGCs, however, gradually took place, commensurate with the degree of
SGG accumulation and corresponding lysosomal swelling in Sertoli cells of Arsa”/~ mice
(see our model of a pictorial explanation in Fig. 12). By 8 months of age, Arsa '~ Sertoli
cells themselves also exhibited abnormal morphology (smaller size with dislocated nuclei)
suggesting the severity of their dysfunctions. Regardless of the mechanisms, our results
indicate that ARSA is the enzyme in the SGG degradation pathway /77 vivoin Sertoli cells
(Fig. 10). Saposin B, the co-enzyme of ARSA, is presumably produced also in Sertoli cells
via proteolytic processing from its precursor, prosaposin, which is de novo synthesized at a
substantial amount in these cells [224].

6.3 Presence of galactosylceramidase (GALC) in the SGG degradation pathway
downstream to ARSA

Using 6-hexadecanoylamino-4methylumbelliferyl-B-D-galactoside (HMU-Gal) as an
artificial substrate, we have preliminarily described the activity of GALC in Sertoli cells,
which like that of ARSA, is about 80x higher than that in TGCs. Accumulation of GG in
Sertoli cells of twitcher mice (deficient in GALC) has also been reported [225, 226],
confirming the presence of GALC in wild type Sertoli cells, and implication of its
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involvement in converting GG to PPG. Twitcher mice can live to up to only 50 days or less,
and the males are infertile due to the production of abnormal sperm as well as impairment of
the epididymis architecture [225, 226]. However, the cause of abnormalities in
spermatogenesis at least in this first round in twitcher mice is not from direct effects of
accumulated GG in the testis. Rather it arises from the decreased expression in the brain of
peptide hormones relevant for reproduction, i.e., gonadotrophin-releasing hormone (GnRH)
from the hypothalamus, and LH and FSH from the pituitary [227]. LH regulates Leydig cells
to produce androgen essential for spermatogenesis, while FSH supports the functionality of
Sertoli cells [228]. As described above, GALC deficiency also results in accumulation of the
very cytotoxic psychosine in the brain with the plausible consequences on the hypothalamus
and pituitary dysfunction. Regardless, results from experiments in twitcher and Arsa/~ mice
indicate that the degradation pathway of the galactosylsulfate head group of SGG in the
testis mirrors that of SGC in the brain (Fig. 10).

7. Concluding remarks and future studies

Accumulated lines of evidence indicate that SGG is synthesized in TGCs, mainly in primary
spermatocytes, and to a lesser extent in round spermatids (Sections 3.1 & 3.2). Results from
Cgtand Cstknockout mice further reveal that the biosynthesis pathway of SGG in the testis
is the same as that of SGC in the brain and kidney, except that alkylacylglycerol (mainly
PPQG) is the lipid building block for the synthesis of SGG instead of ceramide for SGC (Fig.
6). The enzymatic activities of CGT and CST have also been demonstrated in the testis. In
particular, CST from the testis has been purified to homogeneity. Once SGG is synthesized
in the Golgi apparatus, it is transported by STX2 to the surface of TGCs as well as their
intercellular bridges that are communicating conduits between them. The exact mechanisms
on how newly synthesized SGG molecules in TGCs are transported to the cell surface are
still unknown. Like SGC and other glycolipids, SGG may be delivered to the cell surface
through a vesicular transport [189, 229-231]. The fact that STX2 is essential for this SGG
trafficking to the TGC plasma membrane [124] supports this postulation. Since SGG has
affinity for cholesterol [35], which has propensity, upon being synthesized, to target to the
plasma membrane [232], cholesterol is likely to be co-present in the transporting vesicles
[233] and it may help direct the SGG containing vesicles to the TGC plasma membrane. It is
expected that STX2 (a t-SNARE protein) is relevant for the fusion between the transporting
vesicle and the plasma membrane. However, it is still a matter of further investigation
whether a glycolipid transfer protein (GLTP) [234, 235] is involved in the ultimate transfer
of SGG into the plasma membrane. Considering that a GLTP for SGC has been isolated
[236], investigation whether this GLTP has a membrane transferring activity on SGG could
be readily performed. The presence of cell surface SGG on TGCs is likely important for the
progression of spermatogenesis as discussed below. When TGCs develop into mature sperm,
SGG still remains on the sperm surface. However, it is localized exclusively in the sperm
head, in the liquid-ordered raft platforms with ZP binding ability (see Section 5.2). Further
investigation should be performed to discern how SGG molecules become segregated into
the sperm head entity.

SGG appears to be essential for male fertility. Depletion of SGG in TGCs induced by
targeted genetic deletion of Cgtand Cstresulted in a spermatogenesis arrest with inability of
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primary spermatocytes to go through meiosis. However, impairment in the brain of both Cgt
and Cstknockout mice with subsequent neurological disorder is an obvious phenotype of
these mice. Therefore, the possibility that defects in the expression of peptide hormones that
regulate spermatogenesis from the hypothalamus and pituitary (GnRH and FSH/LH,
respectively) cannot be ruled out and warrants further investigation. Conditional Cgtand Cst
knockout or knockdown mice specific to the testis should be produced and assessed for the
male fertility status. Alternatively, small inhibitors of testicular CST and CGT should be
sought, a pursuit that can be immediately initiated on testicular CST, with an already
described purification method and at least one inhibitor, phosphoinositol glycerolipid,
described [113]. Male mice with their seminiferous tubules specifically treated with these
inhibitors can be evaluated whether or not spermatogenesis is arrested. Positive results
should give an aspiration towards development of these inhibitors into male contraceptives.
Along with this attempt, molecular mechanisms on SGG involvement in spermatogenesis
need to be clearly discerned. As described in Section 4.1, the impact of SGG on maintaining
the TGC intercellular bridges for proper communication between them and progress in
spermatogenesis should be further investigated. As TGCs of Cstnull mice (with no SGG)
could not uptake lactate, further investigation must be made to understand how SGG
regulates functionality of a lactate transporter (MCT). Our pilot study in defining SGG
binding proteins on the Sertoli cell surface through proteomic analyses is the first step
towards understanding the molecular mechanisms through which SGG on TGCs regulates
TGC-Sertoli cell interaction, deemed to be essential for completion of spermatogenesis (see
Section 4.1). Further studies on this subject at the cellular levels are required, although a
lack of a Sertoli-TGC co-culture system that mimics the dynamics of spermatogenesis /n
vivo is a challenge to these studies.

Depletion of ARSA, the first enzyme in the SGG degradation pathway also leads to
subfertility in aging Arsa null mice. This subfertility is likely due to intracellular
accumulation of SGG in Sertoli cells, which show marked swelling of their lysosomes,
typical of a lysosomal storage disease. Although SGC is accumulated in the brain of these
transgenic mice, as seen in adult MLD men with natural mutation of ARSA, Arsanull mice
exhibit no neurological disorder. Together with the significance of Sertoli cells in
spermatogenesis regulation, the prime cause of subfertility in these aging knockout mice is
likely due to cytotoxicity exerted from abnormally high levels of SGG inside Sertoli cells
(see Section 6). Our ongoing studies indicate an increased production of reactive oxygen
species (ROS) in ARSA depleted Sertoli cells, a plausible cause of cytotoxicity, which in
aging Arsa”'~ mice manifests in a 50% reduction of SGG levels in TGCs and sperm as well
as spermatogenesis. This cytotoxicity is being confirmed in wild type Sertoli cells uploaded
with a sulfonate analogue of SGG [237], which cannot be desulfated by ARSA. The marked
decrease in SGG levels in aging ARSA deficient sperm is likely the cause of their minimal
ability to fertilize eggs /in vitro. Since the efficiency of SGG synthesis depends on the
availability of PPG, the lipid building block, the decreased levels of SGG in TGCs in aging
Arsa !~ mice are possibly attributed to their reduced ability to synthesize PPG de novoas
well as the lack of the recycling pool of PPG from SGG breakdown in Sertoli cells (see Fig.
12). Nonetheless, for the latter possibility, experiments to demonstrate PPG transport
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through Sertoli cells into primary spermatocytes and round spermatids (the sites of SGG
synthesis) need to be performed.

The most interesting question arising from studies in Arsa knockout mice is whether male
subfertility precedes the neurological disorder in adult MLD in humans. Retroactive
demographic studies should be performed in adult MLD males to answer this question.
However, prospective studies would be more meaningful. In these studies, sperm SGG from
individual males should be quantified and attempts should be made to temporally correlate
these sperm SGG levels with neurological disorders and infertility (clinically defined as
inability of their female partners to become pregnant after one year of unprotected sexual
activities). These proposed studies may be initiated in men with familial history of genetic
mutations on the enzymes involved in SGG metabolisms. However, for the correlation
between sperm SGG levels and male infertility, studies should be conducted in a larger male
population, as the results should reveal the threshold level of sperm SGG that segregates
between fertile and infertile men. Although this study will be time and resource consuming,
the multi-functions of SGG in male reproduction as already shown in animals and /n vitro
studies in human sperm (see Sections 4 & 5) are already an endorsement of the benefit and
validity of using sperm SGG levels as a bio-index of male fertility. Such a reliable sperm
bio-index is much needed at the present time, since the currently used WHO semen analysis
guideline based on sperm parameters such as motility, morphology and concentration [238]
do not always give accurate prediction on sperm fertilizing ability and male fertility.
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Figure 1. Structures of SGG and SGC.
Although the two sulfoglycolipids have different lipid backbones, alkylated glycerol for

SGG and sphingosine for SGC, their overall conformation is similar to each other. Both
SGG and SGC have the same galactose-3’-sulfate head group and each has two hydrocarbon
chains, which insert into the lipid bilayers. For SGG, an alkyl and an acyl chain are present
at the s/+1 and s7-2 position of glycerol, respectively. For SGC, an acyl chain is A-linked to
the long chain base d18:1 sphingosine. The trans double bond in the sphingosine d18:1 still
allows tight chain packing as in a saturated hydrocarbon chain. As shown here, C16:0/C16:0
SGG is a prevalent molecular species in male germ cells, whereas (hydroxylated) C24:0
SGC is one of the abundant molecular species of SGC found in the brain and other tissues.
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Figure 2. SGG quantification by multiple reaction monitoring (MRM) in triple quadrupoles (Q).
Upper panel: Schematic representation of the multiple reaction monitoring experiment in

which parent ions (P in the lower panel) of interest (in this case the ions at m/z 798 and 795)
are sequentially selected in the first mass analyzer (Q1). These ions are allowed to collide
with gas molecules in the collision cell (Q2); the emerging ions are separated in the second
mass analyzer (Q3), and their relative intensity is recorded by the detector. The arrows
indicate the sites at which fragmentation takes place, and the proposed structures of the
fragment are shown. Lower panel: Fragment ion mass spectra of deuterated SGG internal
standard (Top) and natural (unlabeled) SGG (Bottom). The deuterated SGG contains a
terminal C2Hg (CD3) moiety instead of CHs in the natural SGG form, thus making the m/z
values of the parent, and any fragment ions containing the CD3 moiety, 3 Daltons heavier
than the corresponding ions from the natural SGG form. Both observed and calculated ion
masses are shown as the integer values. The mass spectra presented are taken from Franchini
et al. [53].
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Figure 3.
A: The seminiferous epithelium (SE), the site of spermatogenesis. Somatic Sertoli cells

span through the whole thickness of the SE. Between adjacent Sertoli cells towards the
basement membrane, there exist tight junctions (TJs) and basal ectoplasmic specializations
(ESs), which together form the blood-testis barrier. Both TJs and ESs are bordered by actin
filaments with TJ and ES proteins interconnecting between the two adjacent Sertoli cells, as
shown in the top inset 1 (drawn based on the previous publication [239]). TJ proteins include
occludin, ZO1, Z0O2 and Z03, whereas nectin/afadin, cadherin/catenin and y-catenin
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constitute ES junctions. Spermatogonia undergoing mitosis and preleptotene spermatocytes
are localized underneath these junctions, whereas other developing testicular germ cells
(TGCs) in meiotic and morphogenetic phases of development are in the adluminal
compartment above. During the course of their development, TGCs move towards the
lumen, with the most developed (i.e., spermatids) being closest to the lumen. Each
successive layer of TGCs can be referred to as a distinct generation arising from amplifying
progenitor spermatogonia at precisely timed intervals depending on the species (16 days in
human, 12 days in mice). Note that secondary spermatocytes are short lived and therefore
are not always present in the SE. Finally, elongating/elongated spermatid heads are inserted
into the recesses of the Sertoli cell apical membrane. Apical ESs in Sertoli cells surround
these elongated spermatids, holding them in place. As part of maturation to become
testicular spermatozoa, the residual bodies (extra cytoplasm) are shed from the elongated
spermatids and phagocytosed by Sertoli cells (see the top inset 2). Testicular spermatozoa
are then released into the lumen. In mammals, there are two major forms of sperm heads,
falciform and spatulate (see bottom inset). Note that this is a simplified drawing, which does
not include all types of primary spermatocytes and various steps of spermatids. Information
on the former aspect is described in B. More information on the second aspect as well as
information on how various TGCs associate with each other in SE layers during different
time intervals of spermatogenesis can be obtained from the recent review [11].

B: Steps in spermatogenesis. Differentiated spermatogonia undergo mitosis divisions and
transform in a number of steps to become preleptotene primary spermatocytes, in which
DNA replication takes place. With syntheses of more macromolecules, the more developed
primary spermatocytes become enlarged and their various stages are classified by the
increasing chromatin condensation (i.e., leptotene, zygotene and pachytene spermatocytes).
Pachytene spermatocytes (distributed at the highest percentage among all primary
spermatocytes in the seminiferous epithelium) then enter the first meiotic division to
generate haploid secondary spermatocytes, which in turn undergo the second meiotic
division to produce haploid round spermatids with DNA content being one half of that of
secondary spermatocytes. Finally, round spermatids are differentiated through a number of
steps to become elongated spermatids and then testicular spermatozoa. Therefore, one
pachytene spermatocyte should generate four testicular spermatozoa. However, apoptosis
usually occurs en route [96], thus yielding a lower number of spermatozoa than expected. It
takes ~45 days in mice for one Type A spermatogonium to develop into a testicular
spermatozoon. Drawing was adapted from Bellve e/ al. [72].
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Figure 4. SGG levels in mouse testicular germ cells and sperm
Purified populations of primary spermatocytes, round spermatids and caudal epididymal/vas

deferens sperm isolated from CD-I male mice (kindly provided by Dr. Stuart Moss,
University of Pennsylvania) were subjected to lipid extraction and SGG quantification by
ESI-MS/MS MRM. The data were expressed as mean + S.D. of results from triplicate
experiments and are taken from K Kongmanas’ Ph.D. thesis, 2015, University of Ottawa,
which has been published on line (https://ruor.uottawa.ca/handle/10393/32509).
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Figure 5. Presence of SGG in Sertoli cells and testicular germ cells in mice of different ages.
A: Mass spectra and reconstructed ion images (insets) from MS imaging showing the

absence of SGG (m/z795) in Sertoli cells (top panel) and spermatogonia cells (middle
panel), both isolated from 5-day-old mice, but its presence in TGCs of 20-day-old mice
(bottom panel). B: HPTLC showing the presence of SGG in Sertoli cells of 20-day-old mice
but not in those of the 5-day-old animals. Lipids extracted from 2 million Sertoli cells
isolated from 5-day-old or 20-day-old mice were loaded onto a HPTLC plate, and stained
with orcinol solution which specifically reacted with glycolipids to yield purple bands. SGG
was found as the major glycolipid in the Sertoli cells of 20-day-old mice (where the first
round of spermatogenesis has initiated) but it was not detectable in Sertoli cells of neonatal
5-day-old mice. C: Panel a. Mass spectra from precursor ion scanning of m/z 97 (sulfate
group) showing the presence of SGG (/2 795) as the major sulfolipid in Sertoli cells
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isolated from 20-day-old (top) and 10-week-old (bottom) mice. Panel b. Table showing the
amounts of SGG in Sertoli cells of 20-day-old and 10-week-old mice quantified by ESI-
MS/MS-MRM analysis. Data are expressed as mean + S.D. of triplicate results. All data
presented are taken from K Kongmanas’ Ph.D. thesis, 2015, University of Ottawa, which has
been published on line (https://mor.uottawa.ca/handle/10393/32509).
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Figure 6. Biosynthesis pathway of the galactosylsulfate head group of SGG and SGC.
The two sulfogalactolipids utilize the same biosynthesis pathway for their head group, which

was discerned mainly from studies on Cgtand Cstnull mice (see text for more details).
CGT: UDP-galactose:ceramide galactosyltransferase; CST: PAPS: cerebroside
sulfotransferase. PAPS: 3’-phosphoadenosine-5’-phosphosulfate.
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Figure 7. Preparation of Sertoli cell plasma membrane proteins with specific affinity to SGG.
Plasma membrane proteins were extracted from the primary culture of Sertoli cells by 2%

octylglucoside in PBS. Following removal of the detergent by dialysis, the extracted proteins
were incubated (37°C, 1 h) with multilamellar liposomes of DPPC/cholesterol (molar ratio,
2:1) in PBS. DPPC/cholesterol liposomes with bound proteins were then pelleted by
ultracentrifugation. The supernatant obtained was further incubated (37°C, 1 h) with
multilamellar liposomes of SGG/cholesterol (molar ratio, 2:1) in PBS, and SGG/cholesterol
liposomes with bound proteins were likewise pelleted by ultracentrifugation. Proteins bound
to DPPC/cholesterol liposomes and SGG/cholesterol liposomes were then solubilized in
Laemmli’s sample buffer and subjected to SDS-PAGE. Both DPPC and SGG multilamellar
liposomes were prepared as previously described Attar et a/. [38].
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Figure 8.

A: ldentification of Sertoli cell plasma membrane proteins with SGG affinity. Proteins
bound to DPPC and SGG liposomes prepared as described in the legend of Figure 7 were
subjected to SDS-PAGE followed by silver staining. Since the amounts of DPPC bound
proteins were much higher than those of SGG bound proteins in one preparation, only 1/10
by weight of DPPC bound proteins were loaded as compared with SGG bound proteins.
Comparison of the stained gel profile indicates that protein bands of 91, 86, 39, 30 and 20
kDa were present specifically in SGG bound protein samples. The 91 and 86 kDa bands
were excised from both SGG bound and DPPC bound protein lanes and in-gel digested with
trypsin. Tryptic peptides obtained were subjected to linear ion trap based Fourier transform
MS analyses. Identities of proteins (UniProt nomenclature) present in the two excised gel
bands were shown in the table along with their average ion scores in the SGG bound and
DPPC bound protein samples. B: Immunoblotting of erzin (E), radixin (R) and moesin
(M) proteins. The whole Sertoli cell plasma membrane extract (IN) was loaded as a positive
control. SGG and DPPC denote proteins that were bound to SGG and DPPC liposomes,
respectively. Note that ERM proteins were specifically present in the SGG bound protein
sample. All data presented are unpublished and obtained from the study performed by B
Doyle, K Kongmanas and N Tanphaichitr, University of Ottawa, and J Whitelegge, UCLA.
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A: Steps in sperm maturation and sperm-egg interaction. Testicular sperm cannot
fertilize eggs. They acquire fertilizing ability in a stepwise manner. 1. They undergo
“maturation” during their transit through the proximal part of the epididymis and during
their storage in the distal (cauda) epididymis. Epididymal sperm acquire forward movement.
As well, a number of egg binding proteins present in the epididymal lumen deposit onto
their head surface. 2. Sperm gain full fertilizing ability in the female reproductive tract
through the so-called “capacitation” process, which involves cholesterol efflux, leading to
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an increase in membrane fluidity and signal transduction. As a result, their motility becomes
hyperactivated with whiplash patterns. Sperm protein tyrosine phosphorylation is
distinctively increased and ZP binding proteins are fully exposed on the sperm head surface.
Despite cholesterol efflux, sperm lipid rafts increase in amount following capacitation. 3.
During capacitated sperm movement through the cumulus cell layers surrounding mature
eggs, acrosomal exocytosis is usually initiated in mice. Released acrosomal hydrolytic
enzymes likely digest the egg vestments facilitating sperm to swim to the ZP. Sperm-ZP
interaction then takes place in a species-specific manner, involving a number of ZP binding
proteins present on the sperm surface as well as in the acrosomal matrix. 4. Finally,
acrosome reacted sperm that have penetrated through the ZP layer bind to the egg plasma
membrane. Following sperm-egg plasma membrane interaction, one acrosome reacted
sperm enters the egg cytoplasm, signifying that fertilization has occurred.

B: Presence of SGG in both acrosome intact and reacted sperm. SGG has direct affinity
for the ZP [6]. Therefore, it is involved in sperm-ZP interaction according to the model
presented in A, step 3. The role of sperm SGG in sperm-ZP binding also fits into the earlier
model describing that only acrosome intact sperm bind to the ZP [167].
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Figure 10. Degradation pathway of the galactosylsulfate head group of SGG and SGC.
The degradation pathway of the galactosylsulfate head group of SGC in the brain was

discerned mainly from samples of humans with natural mutations of the catabolic enzymes,
ARSA and GALC, and their co-enzymes, SAP-B and SAP-A, respectively. The degradation
pathway of SGG was subsequently revealed through studies employing Arsa knockout mice
and twitcher mice (lacking GALC due to gene mutation by ENU).
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Figure 11. Increased levels of SGC in the brain of Arsa knockout mice relative to age-matched
wild type mice.
Lipids were extracted from brain tissues of wild type and Arsa null mice of 5 months and 8

months of age and subjected to ESI-MS/MS-MRM of SGC of various molecular species
(with m/z values shown in the top right comer). Data are expressed as means + SDs from
three replicate experiments. * denotes a statistical difference of the level of each SGC
molecular species in the brain between Arsa null mice and age-matched wild types. Note the
increases in SGC levels in the knockout mice. Although there was no statistical difference of
the levels of C24:1 and C24:0 SGC between 8-month old Arsa knockout mice and the wild
type counterparts, the trend showing higher levels of these SGC molecular species in the
knockout mice was obvious. Data presented are taken from K Kongmanas’ Ph.D. thesis,
2015, University of Ottawa, which has been published on line (https://ruor.uottawa.ca/
handle/10393/325091).
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Figure 12. Metabolisms of SGG in seminiferous tubules: interrelationship between testicular
germ cells and Sertoli cells.

Top panel: In normal testes, Sertoli cells degrade SGG in phagocytosed residual bodies and
apoptotic TGC remnants to GG, and then to PPG by lysosomal ARSA and GALC,

respectively Note that in Sertoli cells of wild type animals, phagocytosed apoptotic germ
cells or remnants thereof are not evident indicating the rapid pace of their degradation by
lysosomal enzymes. Likewise, late residual bodies disappear in due time. PPG produced
from the SGG degradation pathway may be shuttled to developing pachytene spermatocytes
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(pSc) for new SGG synthesis, although pSc themselves would also have the ability to
synthesize PPG de novo. See box for the SGG degradation and synthesis pathways. Bottom
left panel: In 5-month old Arsa knockout mice, SGG is accumulated in Sertoli cells due to
the lack of ARSA, although these higher levels of intracellular SGG have not yet reached the
cytotoxic threshold. With no PPG produced in Sertoli cells for recycling, pSc would likely
have to increase the de novo synthesis of PPG, and therefore the amounts of SGG in TGCs
of these knockout mice are the same as those in age-matched wild type males. Bottom right
panel: In 8-month old Arsa null mice, the much higher levels of accumulated SGG exert
cytotoxicity to Sertoli cells, which then become smaller in size with their nuclei (N)
displaced to be on top of the basement membrane. Sertoli cells in these aging Arsa null mice
presumably are much less functional having reduced support for the development of TGCs.
pSc in turn synthesize PPG at reduced rates and the subsequent levels of SGG in TGCs in
these knockout mice are only 50% of the corresponding wild type levels. Also, the shaping
of the elongated spermatid head, as regulated by Sertoli cells, is aberrant, resulting in
production of sperm with abnormal morphology. BTB: blood-testis barrier, Ly: lysosome,
Rb: residual body, SG: spermatogonium, I1Sc: leptotene spermatocyte, RS: round spermatid,
ES: elongated spermatid. Adapted from Xu et al. [16].
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Percentages of various spermatogenic cell types and Sertoli cells in neonatal and prepubertal mice (adapted

from Bellve et al. [72])

Postnatal day

Cell type

6d 8d 10d 12d 14d 16d 18d 20d
Early differentiated spermatogonia 16 - - - - - - -
Differentiated spermatogonia - 27 18 15 12 17 10 10
Preleptotene spermatocyes - - 15 11 9 5 10 7
Leptotene spermatocytes - - 15 12 13 5 5 9
Zygotene spermatocytes - - - 23 14 7 8 8
Pachytene spermatocytes - - - - 15 27 36 33
Secondary spermatocytes - - - - - - 1 1
Round spermatids - - - - - - 1 4
Sertoli cells 84 73 52 39 37 39 29 28
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Table 2:

Amounts of SGG per surface area of mouse primary spermatocytes, round spermatids and sperm heads

Male germ cells SGG amounts/cell (fmole/cell)  Surface area/cell (um2/cell)  SGG amounts/pum? (amole/um?)
Primary spermatocyte 1.912 £0.591 706.5 27%08
Round spermatid 0.712 £ 0.036 254.3 28+0.1
Sperm head 0.120 + 0.006 28 43+0.2
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