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The inherited deficiency of the lysosomal glucocerebrosidase
(GBA) due to mutations in the GBA gene results in Gaucher disease
(GD). A vast majority of patients present with nonneuronopathic,
type 1 GD (GD1). GBA deficiency causes the accumulation of two
key sphingolipids, glucosylceramide (GL-1) and glucosylsphingo-
sine (LysoGL-1), classically noted within the lysosomes of mono-
nuclear phagocytes. How metabolites of GL-1 or LysoGL-1 produced
by extralysosomal glucocerebrosidase GBA2 contribute to the GD1
pathophysiology is not known. We recently recapitulated hepatos-
plenomegaly, cytopenia, hypercytokinemia, and the bone-forma-
tion defect of human GD1 through conditional deletion of Gba
in Mx1-Cre*:GD1 mice. Here we show that the deletion of Gba2
significantly rescues the GD1 clinical phenotype, despite enhanced
elevations in GL-1 and LysoGL-1. Most notably, the reduced bone
volume and bone formation rate are normalized. These results sug-
gest that metabolism of GL-1 or LysoGL-1 into downstream bioac-
tive lipids is a major contributor to the bone-formation defect. Direct
testing revealed a strong inhibition of osteoblast viability by nano-
molar concentrations of sphingosine, but not of ceramide. These
findings are consistent with toxicity of high circulating sphingosine
levels in GD1 patients, which decline upon enzyme-replacement
therapy; serum ceramide levels remain unchanged. Together, com-
plementary results from mice and humans affected with GD1 not
only pinpoint sphingosine as being an osteoblast toxin, but also set
forth Gba2 as a viable therapeutic target for the development of
inhibitors to ameliorate certain disabling consequences of GD1.
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aucher disease (GD) is the most common lysosomal storage

disorder, with a frequency as high as 1 in 850 live births in
Ashkenazi Jews. Inherited deficiency of lysosomal glucocere-
brosidase (GBA) arising from biallelic mutations in the GBA
gene underlies the clinical phenotype of GD (1-3). As a conse-
quence, the glucosphingolipids glucosylceramide (GL-1) and glu-
cosylsphingosine (LysoGL-1) accumulate conspicuously within the
lysosomes of mononuclear phagocytes (1-4). These lipids spill
over into circulation with modest elevation in serum GL-1 levels,
but with dramatic increases in LysoGL-1 due to its high solubility
(5). It is not understood, however, how the metabolites of GL-1
and LysoGL-1 produced by extralysosomal glucocerebrosidase
(GBA2) contribute to GD pathophysiology.

Nonneuronopathic type 1 GD (GD1) manifests classically with
striking hepatosplenomegaly, profound cytopenia, and a complex
pattern of severe skeletal disease. However, some GD1 patients
can display broader phenotypes, including neurodegeneration,
autoimmune diathesis, lymphoproliferative neoplasms, and
osteopenia (1, 3). Furthermore, there is unexplained phenotypic
variability among patients harboring identical GBA mutations,
between affected sibling pairs, and even between identical twins
(6). Enzyme-replacement therapy (ERT) with macrophage-tar-
geted, recombinant glucocerebrosidase ameliorates certain, but
not all of, the manifestations (1). Thus, efforts to understand the
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basis of phenotypic diversity, unravel disease mechanism, and
develop therapies have prompted the generation of mouse
models that recapitulate human GD1 (7-9). To this end, we have
developed a GD1 mouse, MxI-Cre™:GD1, in which the Gba gene
is deleted in hematopoietic and mesenchymal lineage cells (4, 10,
11). This mouse displays hepatosplenomegaly, cytopenia, osteope-
nia, Th1/Th2 hypercytokinemia, and an array of defects in early T-
cell maturation, B-cell recruitment, and antigen presentation (4, 10).

Glucosylceramide synthase in Golgi complex converts ceramide
to GL-1, which is used in the production of more complex
glycosphingolipids. As membranes turn over in the lysosome,
lysosomal glycosidases sequentially cleave off the sugar residues
from nonreducing end of glycosphingolipids, and GL-1 is even-
tually hydrolyzed to ceramide and glucose by lysosomal GBA. In
addition, acid ceramidase exhibits expanded enzymatic activity to
deacylate GL-1 to LysoGL-1, which is then converted to sphin-
gosine by GBA?2 (Fig. 14) (12-14). GBA deficiency in GD1 thus
results in the accumulation of GL-1 and LysoGL-1 in lysosomes
and subsequently in the cytosol (Fig. 1B) (15). Hence, cytosolic
GL-1 and LysoGL-1 potentially become substrates for the extra-
lysosomal neutral GBA, encoded by GBA2, which should result in
the production of ceramide and sphingosine, respectively (16, 17).

We speculate that if ceramide and/or sphingosine are the ac-
tive disease-causing agents in GD1, then deleting Gba2 in MxI—
Cre*:GD1 mice will rescue aspects of the GD1 phenotype, de-
spite enhanced elevations of GL-1 and LysoGL-1 (Fig. 1C). We
report visceral, hematologic, skeletal, and partial cytokine rescue
of the GD1 phenotype in compound mutant mice. We also show

Significance

Type 1 Gaucher disease (GD1) is a rare autosomal recessive
disorder caused by inherited mutations in the glucocerebrosidase
(GBAT1) gene. This disease results in a marked accumulation
of glycosphingolipid substrates, causing visceromegaly, cyto-
penia, and osteopenia. Here, we have rescued this clinical
phenotype in GD1 mice by genetically deleting Gba2, a gene
encoding a downstream extralysosomal enzyme, GBA2. We
also report that sphingosine production in GD1 patients may
contribute to the low-turnover bone loss. Our data suggest
that GBA2 and sphingosine are potential targets for pharma-
cological intervention in GD1 patients.
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Fig. 1. Aberration of sphingolipid pathways in Gba deficiency. (4) In normal

mice, the lipid substrate glucosylceramide (GL-1) is converted by the lysosomal

acid glucocerebrosidase Gba to ceramide and by ceramidase to glucosylsphingosine (LysoGL-1). (B) In Gba deficiency, the accumulating GL-1 and LysoGL-1 spill
over into the cytoplasm, where the extralysosomal neutral glucocerebrosidase Gba2 converts them to ceramide and sphingosine, respectively. (C) We predict

that if the defects in GD are due to products of GL-1 and LysoGL-1—namely,
deletion of Gba2.

that sphingosine, but not ceramide, inhibits osteoblast survival
and that GD1 patients display elevated sphingosine levels that
are reduced upon imiglucerase therapy. The data identify
sphingosine as one molecular mediator of GD1 pathophysiology
and suggest that the extralysosomal GBA2 could potentially be
targeted to ameliorate certain disabling manifestations of GD1.

Results

We hypothesized that Gba2-encoded extralysosomal glucocere-
brosidase plays a pivotal role in GD pathophysiology. Having
generated a Mx/-Cre™:GD1 mouse that recapitulates human
GD1, we sought to delete Gba2 in this mouse to generate a
compound MxI-Cre*:GD1:Gba2™'~ mouse with a goal to rescue
the GDI1 clinical phenotype. To generate this mouse, we crossed
Gba floxed mice—either wild-type Gba™" or Gba™~—with
Gba2*'~ mice. The mice were finally bred with Mx/—Cre* mice
to yield MxI-Cre":GD1:Gba2™~ mice. We have previously
shown that MxI-Cre*:Gba™" and MxI-Cre+:Gba’~ mice have
an identical clinical phenotype (4). Hence, these mutants were
pooled for the rescue studies.

Significant hepatosplenomegaly and cytopenia were noted in
MxI—Cre*:GD1 mice, but not in the global Gba2~'~ mice. These
phenotypic features were rescued in MxI-Cre*:GD1:Gba2™'~
mice (Fig. 24). In addition, there was a reversal of the bone mass
phenotype. Notably, fractional bone volume (BV/TV), as well as
bone formation parameters in calcein/xylelol orange-labeled
sections—notably, mineralizing surface (MS), mineral appo-
sition rate (MAR), and bone formation rate (BFR)—were all
increased in MxI-Cre*:GD1:Gba2~'~ mice compared with MxI—
Cre":GD1 mice and were not different from wild-type mice (Fig.
2B). In contrast, osteoclast numbers in tartrate-resistant alkaline
phosphatase (TRAP)-labeled sections remained unchanged in
all three groups (Fig. 2B). Despite clinical rescue, Gaucher cells
identified in MxI-Cre™:GD1 mice persisted in spleen, thymus,
and bone marrow of the double mutant, but were not seen in any
tissue of Gha2~'~ mice (Fig. 2C).

We have shown previously that Mx/-Cre*:GD1 mice exhibit
Th1 and Th2 hypercytokinemia and display an array of immune
cell defects (4, 10). The immune cell defects included T-cell
maturation, B-cell recruitment, and antigen presentation defects
(10). Here, we identify five groups of cytokines, groups A-E,
which are differently regulated by sphingolipids (Fig. 3). The
group A cytokines IL-1a, -10, and -12 were increased signifi-
cantly in MxI/-Cre":GD1 mice and reduced to basal levels in the
double mutants. That all of these cytokines were B-cell-derived
and were sensitive to Gba2 deletion underscores the candidacy of
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sphingosine or ceramide—the Gba™~ phenotype will be rescued in vivo by the

extralysosomal Gba?2 as a target to control at least some aspects of
B-cell involvement in GD1. Group B cytokines, including IL-3, -13,
monocyte chemotatic protein-1 (MCP-1), and TNF-a, were in-
creased in MxI-Cre*:GD1 mice, but were not sensitive to Gba2
deletion either alone or in combination with Gba deletion.
Group C cytokines that included IL-2, -6, granulocyte colony-
stimulating factor (G-CSF), and keratinocyte-derived chemokine
(KC) were all elevated in MxI-Cre*:GD1 mice, but suppressed
in global Gba2™'~ mice, compared with controls. Reduction of
these Thl cytokines in GD1 by targeting Gba2 may provide
additional therapeutic benefit in attenuating the accompanying
systemic inflammation. Group D cytokines comprised IL-1,
-9, macrophage inflammatory protein-1-beta (MIP-1f), and IFN-
v, which were elevated in response to both Gba and Gba2 de-
letion, but were not rescueable. The patterns of lack of rescue of
certain cytokines in the double mutant may be due to the con-
tinued elevation of GL-1 and LysoGL-1 (Fig. 44), which might
itself drive this hypercytokinemia. This GL1/LysoGL1 elevation is
consistent with the persistence of Gaucher cells in the double
mutant (Fig. 2C), raising the question whether clinical and mi-
croscopic rescue involves distinct mechanisms. In contrast, the
liver in the double mutant showed a reduction in GL-1 content
(Fig. S1) and Gaucher cell burden (Fig. 2C), which might arise
from enhanced biliary GL-1 excretion, although the increase was
not statistically significant (Fig. S1). Group E contained GM-CSF,
regulated upon activation normal T-cell expressed and presumably
secreted (RANTES), Eotaxin, and MIP-1a and was insensitive to
modulation by Gba or Gba2 deficiency alone or in combination.

These rescue studies clearly demonstrate that selective tar-
geting of Gba2 can reverse certain GD1 phenotypes in mice. As
predicted in our hypothesis (Fig. 1C), we show that GL-1 and
LysoGL-1 are elevated in the double-mutant Mx/-Cre*:GD1:
Gba2™'~ mice, even beyond the significant increases noted in Gba or
Gba? deficiency (Fig. 44). This finding implies that the modulation
of GL-1 and/or LysoGL-1 cannot explain the rescue of organo-
megaly and cytopenia noted in MxI-Cre*:GD1:Gba2™"~ mice.

We therefore measured GL-1 and LysoGL-1 levels, as well as
lipids downstream of Gba2—namely, ceramide, sphingosine, and
sphingosine-1-phosphate (S1P)—in sera of GD1 patients before
and after ERT with imiglucerase (Fig. 4B). Imiglucerase therapy
resulted in a highly significant reduction, not only of serum GL-1
and LysoGL-1, but also of sphingosine and S1P. Ceramide levels
remained within the normal range (Fig. 4B). Imiglucerase has
also been shown to improve bone disease in GD1 patients (18).

From our findings with the Mx1 —Cre*:GD1:Gba2™'~ mouse, it
seems unlikely that GL-1 and LysoGL-1 are the sole direct
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Fig. 2. Gba2 deletion in GD1 mice rescues the visceral, hematologic, and skeletal phenotype. (A) Comparison of organ volume, as well as hemoglobin (Hb)
and platelet count in wild-type (WT; n = 15), Mx71-Cre*:GD1 (GD1; n = 15), Gba2~"~, and Mx1-Cre*:GD1:Gba2™’~ (GD1:Gba2™"~, n = 15) mice. *P < 0.05; **P <
0.01. (B, Top) Dynamic histomorphometry showing rescue of the GD1 skeletal phenotype in compound mutants, as assessed by measurements of bone-
volume fraction (BV/TV), mineralizing surface (MS), mineral apposition rate (MAR), bone formation rate (BFR), and osteoclast number/bone surface (N.Oc/BS).
(Middle and Bottom) Also shown are representative photomicrographs (magnification: x100) of calcein/xylelol orange-labeled bone (Middle; with digital
magnification of the box), as well as TRAP-stained sections (Bottom; Materials and Methods). (C) Hematoxylin/eosin staining (magnification: x200) showing
the persistence of focal collections of classical foamy Gaucher cells in spleen, liver, thymus, and bone marrow of GD1 and GD1:Gba2~~ mice; these were not

seen in WT or Gba2™'~ mice.

mediators of the GD1 phenotype. We therefore tested whether
Gba2-regulated sphingolipids—namely, ceramide, sphingo-
sine, or SIP—played a role in the cellular dysfunction noted in
GD1. Toward this end, we used MC3T3.E1 preosteoblasts
based on previous data showing attenuated osteoblast func-
tion in MxI-Cre*:GD1 mice (4) as well as studies in human
GD1 revealing predominant bone formation defects (19). We
found that, whereas ceramide and S1P did not affect cell viability
in the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Fig. 4C), sphingosine potently inhibited cell
survival in a concentration-dependent manner (Fig. 4C). This

4936 | www.pnas.org/cgi/doi/10.1073/pnas.1400768111

finding suggested that, at least for one of the cell types affected in
GD1—namely, the osteoblast—sphingosine, but not ceramide or
S1P, was the active inhibitor. Our finding that S1P does not impair
cell viability is not in contradiction with reports showing positive
effects of this lipid on the differentiation of osteoblasts (20). It is
possible, however, that in GD1, among other yet-uncharacterized
mediators, sphingosine reduces osteoblast viability (Fig. 4C), and
this effect might overcome any stimulation of cell differentiation
by its downstream product S1P (20). This process, we believe,
ultimately leads to the bone formation defect and low-turnover
osteoporosis in GD1.
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Different patterns of rescue of hypercytokinemia upon Gba2 deletion. Th1 and Th2 cytokines were measured in wild-type (WT; n = 7), Mx1-Cre*:GD1

(GD1; n=7), Gba2™~ (n=7), and GD1:Gba2™"~ (n = 7) mice, and, based on responses, were assigned to one of five groups, A-E, as noted. *P < 0.05; **P < 0.01.

Discussion

Gba2 is present at normal or elevated levels in GD1 (21). The
deficiency of GBA2 in a murine GD model has been reported to
enhance GL-1 accumulation in the spleen (22). However, its role
in GD pathophysiology is not known. Our results show that the
concomitant deletion of the Gba2 gene in GD1 mice rescues,
fully or in part, the hepatosplenomegaly, cytopenia, osteopenia,
and hypercytokinemia, albeit with persistent Gaucher cells and
further elevations in spleen GL-1 and LysoGL-1 levels. There
was unexpected dichotomy in the liver in that it was protected
from storage. This effect may be due to its ability to excrete GL-1
into bile, which was enhanced upon Gba2 deletion in GD1 mice.
The function of Gba2 in the liver is poorly understood, although
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it has potent bile acid 3-o-p-glucosidase activity, and its deficiency
has been linked with impaired liver regeneration (23, 24).
Despite full reversal of hepatosplenomegaly, cytopenia, and
skeletal disease in MxI—Cre*:GD1:Gba2™'~ mutants, we observed
only partial rescue of hypercytokinemia. The hypercytokinemia
was either sensitive to Gba or Gba2 deletion or insensitive to ei-
ther enzyme. A group of B-cell-derived cytokines—namely, IL-1a,
-10, and -12, which were elevated in GD1 mice—were restored to
normal by Gba2 deletion. This finding suggests that elevation of
these cytokines is driven by lipids downstream of GL-1 and
LysoGL-1, notably sphingosine and/or S1P. In contrast, certain T-
cell and macrophage-derived cytokines—namely, IL-3, -13, MCP-1,
and TNF-a—were not sensitive to Gba2, suggesting that the
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elevation of these cytokines was driven by GL-1 and/or LysoGL-1.
Furthermore, compared with wild-type mice, Gba2 deletion
caused an impressive reduction of IL-2, -6, G-CSF, and KC. Al-
though the significance of this latter finding remains unknown,
we speculate that GBA2 may determine the susceptibility to
inflammatory stimuli via its ability to generate bioactive lipids in
the extralysosomal compartment. Overall, however, the different
patterns of rescue of hypercytokinemia by Gba2 deletion suggest
that extralysosomal neutral glucocerebrosidase is critical for
engaging both innate and adaptive immunity in GD1 patho-
physiology and that targeting Gba2 may provide additional
therapeutic benefit in reducing the systemic inflammation.
Gba?2 converts GL-1 and LysoGL-1 to ceramide and sphingosine,
respectively. The latter are catalyzed by specific kinases to their
1-phosphate analogs. S1P binds to S1P receptors to stimulate the
differentiation, migration, and survival of a variety of cell types (25).
This process makes it highly unlikely that S1P contributes to the
inhibition of osteoblast function that we observe in MxI-Cre:GD1
mice and GL-1- and LysoGL-1-exposed cultures (4). GL-1 and
LysoGL-1 themselves are equally unlikely candidates, because
Gba? deletion, which further increases GL-1 and LysoGL-1 levels
in MxI-Cre:GD1 mice, rescues the hepatosplenomegaly, cytope-
nia, and skeletal disease. Focusing on the skeletal disease, we find
that sphingosine, even at nanomolar concentrations, decreases
the viability of MC3T3.E1 preosteoblasts, whereas S1P, ceramide,
or sphingomyelin do not, even at higher micromolar levels.

4938 | www.pnas.org/cgi/doi/10.1073/pnas.1400768111

Sphingosine similarly impairs the differentiation of other cell types
and can cause cell-cycle arrest and apoptosis (26). In concordance,
we find that serum sphingosine in GD1 patients is in the ~0.4-pM
(0.45 + 0.09 pM) range. It thus seems likely that sphingosine is
responsible, at least in part, for the osteoblast defect seen in GDI.
Should sphingosine be proven as a global culprit for GD1, the
GBA2-encoded extralysosomal glucocerebrosidase could be
targeted to ameliorate certain disabling manifestations. Spe-
cific and potent inhibitors of neutral glucocerebrosidase, such
as N-(5-adamantane-yl-methoxy)pentyl)-deoxynojirimycin (ICsq
~ 2 nM), have been developed (27). Such inhibitors merit further
consideration as potential therapies for GD1. In the brain,
however, inhibition of GBA2 may not be therapeutically benefi-
cial, because severe mutations in GBA2 have recently been
associated with autosomal recessive ataxia (28, 29).

Like other Mendelian disorders highly prevalent in Ashkenazi
Jews, including congenital adrenal hyperplasia (CAH), GD1 is
recognized for the extraordinary variability of clinical phenotype
(30). Furthermore, similar to CAH, severity cannot be predicted
accurately from the knowledge of mutations alone (30, 31). That
the primary storage material can, via extralysosomal Gba2,
generate an array of bioactive lipids suggests multiple steps in the
pathway that may underlie phenotype variability in GD1. Our
delineation of a pivotal role for GBA2 in GD1 pathophysiology
calls for further adequately powered studies to determine
whether differences in the activity of neutral glucocerebosidase
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in patients harboring identical GBA mutations may, in fact, account
for the variable expressivity of GDI. Significant interindividual
variability of neutral glucocerebrosidase in cells and tissues of
GD1 patients has been reported (21). Finally, delineation of
steps from lysosomal accumulation of substrates to the genera-
tion of bioactive lipids and ensuing cellular effects might re-
veal candidate biomarkers that may be more informative than
currently available surrogates. Our data compel us, in particular,
to evaluate the candidacy of serum sphingosine and SI1P as
pathophysiologically relevant biomarkers of disease activity,
which should permit improved monitoring of GD1 patients while
on therapy or under observation.

Materials and Methods

All procedures involving animals were reviewed and approved by In-
stitutional Animal Care and Use Committees of the Yale School of Medicine
and the Mount Sinai School of Medicine. Studies on serum sphingolipids in
GD patients were approved by the Human Investigations Committee of the
Yale School of Medicine. The generation of GD1 mice has been described (4).
The GBA2~'~ mice did not show a clinical visceral or hematologic phenotype.
For the current protocol, Gba2*"~ mice, generated from embryos as de-
scribed (17), were crossed with Gba™" mice, and resulting Gba™":Gba2~/~
mice were bred with Mx7-Cre mice to yield Mx1-Cre:GD1:Gba2™'~ mutants.
Deletion of LoxP-flanked Gba allele was achieved in week 1 by adminis-
tering polyinosinic:polyctytidylic acid [poly(I:C)] (Sigma) daily intraperitoneally.
This process resulted in the deletion of Gba exons 8-11 in hematopoietic and
mesenchymal tissues of the compound mutants (4). For skeletal phenotyping,
mice received two sequential injections of calcein (15 mg/kg) and xylelol
orange (90 mg/kg) 5 d apart. The WT mice were LoxPANT/Cre™ or LoxP/LoxP/Cre™
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littermate controls that were not given poly(l:C). These mice were of the same
genetic background as the test mice; they were bred from 129/C57 B6 chimera
to a mixed background with estimated >75% C57 B6.

The mice were killed with CO,, and visceral organs, including vertebrae,
were removed and fixed overnight in 10% (vol/vol) formaldehyde (pH 7.4),
followed by embedding in paraffin and sectioning for routine histopathol-
ogy as described (32). In addition, static and dynamic histomorphometry was
performed on frozen sections to calculate BV/TV, MS, MAR, and BFR as de-
scribed in Zhu et al. (33). Th1 and Th2 cytokines were measured by using
a Bioplex-23 Cytokine Array. Sphingolipids were quantitated by using an API
4000 triple-quadrupole mass spectrometer interfaced with Agilent 1200
HPLC. Eight dominant isoforms of GL-1 and LysoGL-1 were identified by
spectral analysis under the multiple reaction monitoring mode and quanti-
tated as the ratio of the sum of the eight isoforms to the internal standard
(Fig. S1). The MTT assay was performed by using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide kit (Sigma), as described in Sun et al. (32).

The data were analyzed by one-way ANOVA with Bonferroni’s correction.
Results are expressed as mean + SEM with significance at P < 0.05. In certain
instances, P values are stated. For comparison of pre- and post-ERT values of
serum sphingolipid levels, the unpaired Student t test was used.
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