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Caenorhabditis elegans ortholog of a diabetes
susceptibility locus: oga-1 (0O-GlcNAcase) knockout
impacts O-GIcNAc cycling, metabolism, and dauer
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A dynamic cycle of O-linked N-acetylglucosamine (O-GlcNAc) addition
and removal acts on nuclear pore proteins, transcription factors, and
kinases to modulate cellular signaling cascades. Two highly conserved
enzymes (O-GIcNAc transferase and O-GlcNAcase) catalyze the final
steps in this nutrient-driven “hexosamine-signaling pathway.” A
single nucleotide polymorphism in the human O-GIcNAcase gene is
linked to type 2 diabetes. Here, we show that Caenorhabditis elegans
oga-1 encodes an active O-GIcNAcase. We also describe a knockout
allele, oga-1(ok1207), that is viable and fertile yet accumulates O-
GIcNAc on nuclear pores and other cellular proteins. Interfering with
O-GIcNAc cycling with either oga-1(ok1207) or the O-GIcNAc trans-
ferase-null ogt-1(ok430) altered Ser- and Thr-phosphoprotein profiles
and increased glycogen synthase kinase 38 (GSK-3) levels. Both the
oga-1(ok1207) and ogt-1(ok430) strains showed elevated stores of
glycogen and trehalose, and decreased lipid storage. These striking
metabolic changes prompted us to examine the insulin-like signaling
pathway controlling nutrient storage, longevity, and dauer formation
in the C. elegans O-GIcNAc cycling mutants. Indeed, we found that the
oga-1(ok1207) knockout augmented dauer formation induced by a
temperature sensitive insulin-like receptor (daf-2) mutant under con-
ditions in which the ogt-1(0k430)-null diminished dauer formation.
Our findings suggest that the enzymes of O-GIcNAc cycling “fine-
tune” insulin-like signaling in response to nutrient flux. The knockout
of O-GlcNAcase (oga-1) in C. elegans mimics many of the metabolic
and signaling changes associated with human insulin resistance and
provides a genetically amenable model of non-insulin-dependent
diabetes.

hexosamine | insulin signaling | nutrients | obesity

O -linked N-acetylglucosamine (O-GIcNAc) is a dynamic mod-
ification of nuclear pore complexes, transcription complexes,
and kinases (1-4). Because of the diverse targets modified by
O-GlIcNAc, deciphering its role in cell physiology has proven
challenging. Two enzymes regulate the cycling of O-GlcNAc: the
O-linked GIcNAc transferase (OGT) and the glycosidase, O-
GlcNAcase (OGA) (1-4). In mammals, the two enzymes of O-
GIcNAc cycling are products of single genes; alternative splicing
produces isoforms differing in subcellular location and substrate
specificity (1, 5-9). The O-GlcNAc cycling enzymes act like kinases
and phosphatases to modify Ser and Thr residues of target proteins.
In addition, the hexosamine biosynthetic pathway giving rise to the
O-GleNAc donor, UDP-GIeNAc, is highly regulated and responsive
to nutrient availability (4, 10-14).

OGA, originally identified as a meningioma auto antigen and
termed MGEAS (8), is a member of the family 84 glycoside
hydrolase {Carbohydrate-Active Enzymes [CAZy| database [GH
84 (caz, a)]}. OGA is highly conserved in eukaryotic evolution from
Drosophila melanogaster and Caenorhabditis elegans to rodents and
man. In mammals, the MGEAS gene produces at least two isoforms
differing only in whether a histone acetyltransferase domain is
present (9). OGA may be a bifunctional enzyme catalyzing both
O-GlcNAc removal and histone acetylation (15). The N-terminal
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“hyaluronidase” domain has been proposed to be the catalytic site
for OGA glycosidase activity (1) and is likely to conform to the
TIM-barrel fold that typifies this class of glycosylhydrolases (4). The
histone acetyltransferase (HAT) domain contains a zinc finger-like
motif unique to the MYST family of HATs and interacts with
histone tails (16). The gene encoding OGA has not been knocked
out in mice, and no null alleles of OGA have been described.

The pathway terminating in O-GlcNAc addition and removal has
features of a glycan-dependent signaling cascade, and we refer to it
as the hexosamine-signaling pathway (1, 4, 17). The pathway is
highly conserved in plants and animals and plays a key signaling
function in Arabidopsis, where it impacts numerous pathways,
including gibberellin signaling (18—24). We recently showed that the
hexosamine-signaling pathway influences insulin-like signaling in C.
elegans (25, 26) and mice (17). In man, the hexosamine-signaling
pathway has been implicated in both diabetes mellitus and neuro-
degeneration (1, 2, 17, 27). One of the striking features of type 2
diabetes mellitus is insulin resistance. Resistance to insulin is
associated with increased flux through the hexosamine biosynthetic
pathway (28-33) as well as with inhibition of OGA (34-42). The
link between hexosamine signaling and human diabetes mellitus
was more directly shown by the finding that a single nucleotide
polymorphism in the MGEAS gene encoding OGA is associated
with diabetes mellitus and age of onset in the Mexican-American
population (43).

Development of appropriate mouse knockout models of the
enzymes of hexosamine signaling has proven difficult because the
pathway is essential in mammals. Knockouts of OGT are embryonic
and stem cell lethal (44), and conditional knockouts of OGT in
various tissues have not been fully completed (45). Overexpression
of OGA induces a mitotic exit phenotype (46), suggesting that it too
may perform essential functions. We originally identified C. elegans
OGT (25) and have shown that knockouts of ogt-1 in the nematode,
although viable and fertile, have effects on insulin-like signaling (25,
26). Because of the linkage of the human OGA to insulin resistance,
we have now examined the impact of a knockout of the C. elegans
OGA gene, oga-1. The knockout allele oga-1(0k1207) dramatically
alters O-GIcNAc cycling, producing alterations in macronutrient
storage, signaling, and dauer formation.

Results

The OGA gene, oga-1 (also known as T20B5.3), is an X-linked gene
composed of 13 exons producing a transcript encoding an 854-aa
protein (Fig. 14, isoform b). We identified four major transcripts of
oga-1 using RT-PCR that differ at the positions indicated in Fig. 14
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Fig.1. TheC.elegansoga-1gene.(A) Aschematicof the oga-7 gene showing
coding regions shaded light gray and noncoding regions shaded dark gray.
We have confirmed four different splice variants (b—e). Novel sequences have
been assigned the GenBank accession numbers: DQ407521, DQ407522, and
DQ407523. Large bold asterisks indicate use of alternative 3’ splice sites, and
small asterisks indicate in-frame utilization of the entire intron. The nine
clones we isolated all have an insertion of 17 codons at the 3’ end of exon 9
in the coding sequence of presumptive isoform a. This insertion of 17 codons
forms our canonic transcript, oga-1b (5/9 clones). Transcript oga-7c has two
additional codons from exon 11 (2/9 clones). Two novel transcripts, d (1/9
clones) and e (1/9 clones), differ from the canonic oga-1b by inclusion of intron
5 or 9 sequences, respectively. Brackets indicate the oga-1(ok1207) deletion
joining exon 3 with intron 7, producing a 41-aa protein with 13 novel amino
acids. (B) The domain structure of OGA-1 reveals an OGA glycosidase catalytic
domain and a region with homology to acetyltransferases. The truncated
protein produced by the oga-1(ok1207) deletion allele, OGA-1A, lacks both
catalytic domains. (C) Enzyme activity of recombinant C. elegans proteins was
measured by using the OGA activity assay and normalized to equal amounts
of epitope-tagged OGA-1 protein as described in Materials and Methods. The
negative control is the PET43.1 expression vector, with human mOGT as insert.
A positive control (data not shown in the graph) human OGA was found to
release 120, 70, and 27 pmol of GIcNAc per min at 37°C, 25°C, and 16°C,
respectively. (D) The ogt-1(0k430) deletion allele generates a truncated pro-
tein of 465 aa (OGT-1A) that lacks catalytic activity, as described (26).

by asterisks (for details, see the legend to Fig. 1). We failed to detect
the partially confirmed cDNA assigned to oga-I in WormBase
release WS151 (oga-1a). All of our subsequent studies were per-
formed on the cDNA corresponding to the most abundant tran-
script oga-1b.

The OGA-1 protein sequence encoded by oga-1b shows substan-
tial primary sequence similarity (88%) to the human OGA
MGEAS. It also shares the overall domain structure of mammalian
OGA with a hyaluronidase domain and a C-terminal partial histone
acetyltransferase (HAT) domain (Fig. 1B). To ensure that oga-1
encodes C. elegans OGA, we expressed the C. elegans OGA-1
cDNA in Escherichia coli and demonstrated the enzymatic hydro-
lysis of a synthetic OGA substrate (see Materials and Methods). C.
elegans OGA-1was active at all of the temperatures tested. (Fig. 1C)

The oga-1 deletion allele (0k1207) was obtained from the C.
elegans Gene Knockout Consortium as a viable homozygote and
was backcrossed before further study. The oga-1(0k1207) strain
appears phenotypically normal upon simple inspection. Sequencing
genomic DNA from oga-1(0ok1207) animals revealed a 1,443-bp
deletion beginning 10 bases into exon 3 and ending in intron 7 (Fig.
1A). This deletion allele is predicted to encode a truncated OGA-1
protein of 41 aa, the last 13 of which are unrelated to WT OGA-1
(Fig. 1B). The oga-1(0k1207) allele eliminates the entire “hyalu-
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Fig.2. Distribution of O-GIcNAcin WT and mutantembryos. The distribution
of O-GlcNAc was assayed in fixed embryos by using antibodiesRL2and CTD110
that recognize O-GIcNAc modified epitopes. Fixation and antibody staining
was performed as described (26). (A) Staining of 4-cell embryos with RL2
revealed heavy perinuclear staining in WT and oga-1(ok1207) mutant em-
bryos; no staining was detected in ogt-1(0k430) embryos, as reported (26).
(B) Staining of 16- to 48-cell embryos with CTD110 revealed punctate perinu-
clear staining that was faint in WT (N2) embryos and strong in oga-1(ok1207);
no staining was detectable in ogt-1(0k430) or the ogt-1(0k430);0g9a-1(ok1207)
double mutant. For all RL2 and CTD110 panels, the corresponding image for
DNA staining with DAPI is shown immediately below.

ronidase-like” catalytic domain, and the resulting protein product
is predicted to be a null for OGA-1 activity (see Fig. 1B). To test
this prediction directly, the putative product encoded by the oga-
1(0k1207) allele, which we term OGA-1A, was expressed in E. coli
and was enzymatically inactive under conditions in which WT OGA
was active (Fig. 1C). Several hexosaminidases exist in C. elegans,
including hyaluronidases, lysosomal hexosaminidases, and OGA-1,
rendering specific detection of OGA activity difficult in whole
animal lysates. However, the total level of hexosaminidase activity
measured by using a synthetic substrate (47, 48) was reduced by
30% in extracts of oga-1(ok1207) compared with the WT strain,
consistent with total loss of OGA activity (data not shown).

Several methods were used to examine the effects of the oga-
1(ok1207) mutant allele on O-GIcNAc abundance in the homozy-
gous deletion strain. Levels of O-GlcNAc in oga-1(0k1207) animals
were compared with WT and with ogt-1(0k430), encoding OGT-1A
(Fig. 1D) (26). The levels of O-GIcNAc on nuclear pore proteins
were assessed by immunofluorescence by using the O-GlcNAc-
specific RL2 antibody (Fig. 24). The ogt-1(0k430) mutant lacked
any detectable level of O-GIcNAc on nuclear pores, whereas the
oga-1(ok1207) mutant was slightly higher than WT. The monoclo-
nal antibody CTD110 revealed more dramatic changes in the
O-GIcNAc levels between WT and oga-1(ok1207) and recognized
nothing in the ogt-1(ok430) mutants (Fig. 2B). Staining with
CTD110, when detectable, was observed in a punctate pattern at
the nuclear periphery in all tissues throughout development.

To determine whether the altered levels of O-GlcNAc modifi-
cations in the mutant strains interfered with nuclear transport, we
assayed the distribution of three transcription factors (HLH-1,
HLH-2, and LIN-26) that have different temporal and spatial
distribution patterns during embryogenesis. No difference in the
nuclear accumulation of these transcription factors was observed
between WT and oga-1(0k1207) or ogt-1(0k430) embryos (data not
shown and ref. 26).
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Fig.3. Altered levels of O-GIcNAc correlate with changes in phosphoprotein
profiles. Shown is a comparison of lysates from WT (N2), oga-1(ok1207), and
ogt-1(ok430) animals. Samples were resolved by SDS/PAGE and examined by
Western blot analysis. (A) Blots were probed with a monoclonal antibody
specific for O-GIcNAc-modified nucleoporins (RL2) and a monoclonal antibody
specific for nucleoporins (RL1). Molecular mass standards are shown on the
left. Altered migration because of the absence of O-GIcNAc on p82 s indicated
by the arrowhead. (B) Phospho-serine (Anti-P-Ser) and phospho-threonine
(Anti-P-Thr) antibodies were also used to detect differences in phosphoryla-
tion between the strains. Asterisks show migration of three proteins (p60, p12,
and p6) with changes in apparent phosphorylation levels. In control experi-
ments, phosphatase treatment reduced the observed levels of Ser- and Thr-
phosphorylation by 70% and 66%, respectively. (C) Elevation of GSK protein
(Left) and phospho-GSK (Right) levels in the mutant strains are shown. Data
are representative of three separate experiments.

The levels of O-GIcNAc in each strain were quantified by
immunoblotting by using a fluorescence-based detector as de-
scribed in Materials and Methods. As shown in Fig. 34 Left,
O-GIcNAc levels were significantly higher in the oga-1(0k1207)
mutant strain than in the WT strain. The two major bands detected
by RL2 were between 4.4- and 6.4-fold higher in the oga-1(ok1207)
mutant strain as compared with WT. As previously reported, no
O-GIcNAc was detectable in the ogt-1(0k430) strain (26). Quanti-
tatively similar results were obtained with CTD110 (data not
shown). As a loading control, blots were probed with RLI1, an
anti-nucleoporin antibody, and similar levels of nucleoporins were
detected (Fig. 34 Right). The 82-kDa band detected by RL1 only in
the ogt-1(0k430) mutant likely represents a nucleoporin whose
mobility has shifted because of a lack of O-GlcNAc. The increased
intensity of some of the lower molecular weight bands in the
oga-1(ok1207) and ogt-1(0k430) mutants could be due to altered
protein expression, stability or proteolysis (1, 2).

Many kinases are modified by O-GIcNAc, and we sought to
determine the impact of blocked O-GlcNAc cycling on Ser- or
Thr-phosphorylation profiles (1, 2). As shown by quantitative
immunoblotting in Fig. 3B, the loss of either oga-I or ogt-1 in C.
elegans resulted in changes in Ser- and Thr-phosphorylation pro-
files. Phosphatase treatment reduced immunoreactivity, confirm-
ing the specificity of the phospho-antibodies. The apparent abun-
dance of three phosphoprotein bands (p60, p12, and p6) was
elevated between 1.4- and 9-fold with the loss of ogt-1. Interestingly,
these bands were reduced and nearly undetectable in oga-
1(ok1207). The observed changes in phosphoprotein profiles in the
mutant strains may reflect different amounts of the target protein
and/or their levels of phosphorylation. Intriguingly, these phos-
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Fig. 4. Macronutrient storage in WT and O-GIcNAc cycling mutant strains. (A)
Levels of the circulating disaccharide trehalose and glycogen were analyzed in
WT and mutant strains as described in Materials and Methods. The results
represent the averages of three separate experiments. For trehalose, the values
(in nmol/mg dry weight) were as follows: 7 nmol/mg (SD = 1.6), 12 nmol/mg
(SD = 2.1), and 17 nmol/mg (SD = 2.4) for N2, oga-1(ok1207), and ogt-1(ok430),
respectively. For glycogen, the values (in nmol/mg dry weight) were: 27 nmol/mg
(SD = 3.2), 44 nmol/mg (SD = 4.1), and 66 nmol/mg (SD = 4.8) for N2, oga-
1(0k1207), and ogt-1(ok430), respectively. The ogt-1(0k430);09a-1(ok1207) dou-
ble was nearly identical to ogt-1(0k430) in these assays. (B) Carminic acid was
detected by fluorescence microscopy and was predominantly found in the intes-
tine of the animal. The carminic acid-positive structures (red) are a distinct subset
of granules in the intestinal cells in N2 (Upper Left, x40 objective; Upper Right,
X100 objective), ogt-1(ok430) (Lower Left, X100 objective), and oga-1(ok1207)
(Lower Right, X100 objective). Composites of fluorescence and Nomarski images
are shown. (C) The levels of triacylglycerol and sterol ester in WT and mutant
strains were assayed as described in Materials and Methods. Presented are
average values from duplicate determinations that differed by no more than 4%
of the total lipid mass. The ogt-1(0k430);0ga-1(ok1207) double mutant was very
similar to ogt-1(ok430). (D) Nile red was used to label lipid droplets of the
intestinal cells. A composite of fluorescent and Nomarski image is shown for N2
(Upper Left, x40 objective; Upper Right, X100 objective), ogt-1(0k430) (Lower
Left, X100 objective), and oga-1(ok1207) (Lower Right, X100 objective).

phoproteins do not correspond to RL2-positive proteins, suggesting
that the altered phosphorylation is not simply explained by O-
GlcNAc occupancy of available sites. We also observed a dramatic
change in the levels of one of the key targets of insulin signaling,
glycogen synthase kinase 3 (GSK-3) (Fig. 3C). With GSK-3, both
protein and phosphoprotein levels were increased by 2.2-fold in
ogt-1(0k430) and 1.3-fold in oga-1(0k1207).

We demonstrated an alteration in the levels of macronutrients
stored in the ogt-1(0k430) knockout (26). As shown in Fig. 4, the
OGA knockout oga-1(ok1207) also alters the levels of several
macronutrients. Interestingly, the levels of both trehalose and
glycogen were elevated in oga-1(ok1207) but were still lower than
the very high levels observed in ogt-1(0k430) (Fig. 4A4). The
elevated storage of glycogen occurred in a subset of gut granules in
N2, oga-1(0k1207), and ogt-1(0k430) that were readily detected by
using carminic acid, a fluorescent reporter we have adapted for use
in C. elegans (Fig. 4B) (26).

The storage of neutral lipids was also examined in strains with
defects in O-GIcNAc cycling. Compared with N2, the levels of
neutral lipids were decreased ~40% in oga-1(ok1207) and 70% in
ogt-1(0k430) (Fig. 4C). Although reduced in amount, compared
with N2, the storage of neutral lipids by oga-1(ok1207) and ogt-
1(0k430) was readily detected in a subset of gut granules by using
Nile red, a fluorescent reporter of lipid droplets (Fig. 4D).

Forsythe et al.
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Fig. 5. Loss of O-GIcNAc cycling leads to altered dauer formation in O-GIcNAc
cycling mutant strains. (A) Key components of the insulin-like signaling pathway
regulating dauer formation in C. elegans are shown. Insulin-like ligands bind to
DAF2 (insulin-like receptor) activating a series of kinases culminating in suppres-
sion of the DAF-16 transcription factor. DAF-16 regulates a variety of target genes
including oga-7 and genes involved in the stress response, energy storage, lon-
gevity, and dauer formation. (B) Functional deletion of either of the O-GIcNAc
cycling enzymes alters dauer formation in the temperature-sensitive daf-
2(e1370) genetic background. The six strains, as indicated above each line, were
examined at several temperatures that are semipermissive for the constitutive
dauer mutant allele daf-2(e1370) (dotted line with squares). The daf-
2(e1370);09a-1(ok1207) double mutation is shown to enhance dauer formation
(dashed line with circles), and the daf-2(e1370) ogt-1(0k430) double mutation
suppresses dauer formation (dashed-dotted line with triangles). Under condi-
tions where daf-2(e1370) produced 82% dauer, both daf-2(e1370) ogt-1(ok430)
and daf-2(e1370) ogt-1(o0k430);0ga-1(ok1207) produced ~30% dauer (data not
shown). Thus, ogt-1(ok430) appears epistatic to oga-1(1207) in its influence on
dauer. Dauer formation was not detected in WT (N2), ogt-1(0k430), or oga-
1(ok1207) alone (solid line with squares).

We examined the impact of inhibition of O-GlcNAc cycling on
levels of UDP-GIcNAc. The amounts of UDP-HexNAc in the three
strains were 0.5, 0.8, and 0.42 (nmol/mg dry weight) in WT,
ogt-1(0k430), and oga-1(0k1207), respectively. The UDP-HexNAc
pool consisted of a fixed ratio of UDP-GIcNAc to UDP-GalNAc of
~2.1 in all strains. UDP-GIcNAc pools were elevated 30-40% in
the ogt-1(0k430) mutant compared with WT and oga-1(ok1207),
indicating that blocked UDP-GIcNAc utilization by ogt-1(0k430)
produces a buildup of UDP-HexNAc.

In C. elegans, insulin-like signaling modulates the storage of
macronutrients in gut granules and other tissues (49-56) and
regulates dauer larvae development (51, 54). This pathway is also
linked to lifespan extension and stress responses (57-59). Insulin-
like signaling functions through DAF-16, a homolog of the mam-
malian transcription factor Foxol, which acts on many targets (Fig.
5A). Reduction in insulin-like signaling activates DAF-16, inducing
dauer development and changes in macronutrient storage. The
daf-2(e1370) temperature-sensitive constitutive dauer allele of the
insulin-like receptor was used to modulate insulin-like signaling
(60). We used the daf-2(e1370) allele, either alone or in combina-
tion with the oga-1 and ogt-1 mutant alleles, to provide a sensitive
assay for perturbations of the signaling pathway regulating dauer
formation. In the semipermissive range, the effects of disrupted
O-GIcNAc cycling could be assayed by measuring the percentage of
animals that became dauers (Fig. 5B). Over the range of temper-
atures tested, no dauers were formed in WT, oga-1(0k1207), and
ogt-1(0k430) animals. However, the daf-2(e1370) strain produced
an increasing percentage of dauer larvae at elevated temperatures,
as expected (26). In the daf-2(e1370);08a-1(ok1207) double mutant

Forsythe et al.

background, dauer formation was significantly enhanced at each
temperature compared with daf-2(e1370) alone. This result suggests
that the oga-1(ok1207)-null allele blunts signaling pathways nor-
mally inhibiting DAF-16 activity. As we previously reported, the
daf-2(e1370) ogt-1(0k430) double mutant significantly lowered
dauer formation at each temperature compared with daf-2(e1370)
alone (26). The ogt-1(0k430)-null is, therefore, hypersensitive to
signaling that normally inhibits DAF-16 activity. These findings
show that both of the enzymes of O-GIcNAc cycling contribute to
the regulation of dauer formation in C. elegans.

Discussion

0GA-1 Modulates Signaling and Macronutrient Storage. The identi-
fication of a viable and fertile C. elegans OGA knockout provides
a means of directly assessing the roles of this glycosidase in
metabolism and animal physiology. The C. elegans oga-
1(0ok1207) mutant exhibits increased levels of O-GIcNAc on
nuclear pores and other cellular targets and alterations in
macronutrient storage and intracellular signaling. In mammals,
reduction of O-GIcNAcase activity produces insulin resistance in
tissue culture and isolated tissues (39, 40, 61). These findings,
coupled with our previous findings that OGT overexpression
produces insulin resistance in mice (17), demonstrate a role for
O-GIcNACc cycling in metabolism and insulin signaling. Consis-
tent with these findings, the human O-GIcNAcase gene,
MGEAS, was shown to be a type 2 diabetes susceptibility locus
in the Mexican-American population (43).

Many kinases are O-GlcNAc-modified, and an interrelationship
between O-GIcNAc modification and phosphorylation of target
proteins has been suggested (1, 62, 63). The C. elegans OGT-1 and
OGA-1 knockouts allow a global analysis of changes in phosphor-
ylation accompanying loss of O-GIcNAc turnover. We detected
significant changes in only a few phosphoproteins that were not
themselves heavily O-GIlcNAc-modified. The subtle changes in
phosphoprotein profiles accompanying the dramatic loss of O-
GIlcNAc cycling in ogt-1(0k430) and oga-1(ok1207) argue that only
a small subset of kinases and/or their targets are normally modified
by O-GlcNAc in C. elegans. One kinase that we have shown to be
O-GleNAc-modified is GSK-3 (64). Using anti-GSK-3 antibodies,
we found that both the ogt-1(0k430) and oga-1(0ok1207) mutations
led to an elevation of the levels of GSK-3. In mammals, GSK-38 is
both glycosylated (64) and phosphorylated. Insulin action stimu-
lates the phosphatidylinositol 3-kinase (PI3-kinase) pathway, re-
sulting in Akt activation that phosphorylates and inactivates
GSK-3B (65, 66). Glycogen synthase, a key target of GSK-3p, is
activated by dephosphorylation to increase glycogen synthesis
(65-68). The observed increases in phosphorylated GSK-3 may be
causally linked to the higher glycogen levels in the ogt-1(0k430) and
oga-1(ok1207) mutant strains. Alternatively, the elevation in GSK-3
may be a compensatory response to the elevated glycogen in those
strains. Intriguingly, GSK-3 has also been linked to the oxidative
stress response in C. elegans (69).

The circulating disaccharide trehalose accumulated to signifi-
cantly higher levels in both the ogt-1(0k430) and oga-1(ok1207)
mutant strains compared with WT. In C. elegans, trehalose func-
tions in sugar transport, energy storage, and protection from
environmental stress (70). Transcriptional regulation through
daf-16 is one of the mechanisms by which trehalose and glycogen
synthesis are regulated in C. elegans (59, 71). However, both
ogt-1(0k430) and oga-1(ok1207) strains modulate trehalose and
glycogen levels under conditions where dauer larvae formation
does not occur, suggesting a more complex regulation of trehalose
levels in response to disruption of O-GIcNAc cycling.

Neutral lipid stores were significantly reduced in both
ogt-1(0k430) and oga-1(ok1207) strains. Enzymes of lipid storage
are transcriptionally responsive to insulin-like signaling in C. el-
egans, and fat stores increase in dauer larvae (72-76). Our findings
suggest that active cycling of O-GIlcNAc by both OGT-1 and OGA-1

PNAS | August8,2006 | vol. 103 | no.32 | 11955

CELL BIOLOGY



Lo L

P

1\

BN AS DN AS P

are required to maintain normal fat stores in the worm. However,
it is not yet clear whether the reduced storage seen in the mutant
strains is due to decreased fat synthesis or increased lipolysis. In
human type 2 diabetes, elevated plasma fatty acid levels result from
enhanced lypolysis in adipocytes (77-79). The availability of C.
elegans strains defective in O-GIcNAc cycling may allow a further
examination of the complex metabolic changes associated with fat
storage during normal and dauer development.

Enzymes of 0-GlcNAc Cycling and Cellular Signaling Cascades Influ-
encing Dauer. The ability of both the oga-1(oki1207) and ogt-
1(0k430) mutations to modulate dauer formation in C. elegans
argues that active cycling of O-GlcNAc functions in the regulatory
program leading to dauer formation. The oga-1(ok1207) mutation
enhanced dauer formation in the sensitized daf-2 mutant back-
ground. This resistance to insulin-like signaling in the OGA-1
knockout is highly reminiscent of studies in mammalian cells where
enhanced O-GIcNAc levels induced by OGT overexpression (17) or
treatment with OGA inhibitors produce insulin resistance (17, 39,
40, 61, 80). In contrast, the ogt-1(0k430) mutation displayed hyper-
sensitivity to insulin-like signaling in the dauer assay, suggesting that
OGT-1 normally acts to blunt insulin-like signaling (26). OGT is the
terminal step in the nutrient-sensing hexosamine-signaling pathway
(4). Because UDP-GIcNAc synthesis is driven by nutrient availabil-
ity, the pathway acts as a cellular detector of nutrient status. In the
worm, food availability triggers insulin-like ligand release and
activation of a signaling cascade producing normal lifespan and
reproduction. With restricted food availability, insulin signaling is
depressed, resulting in transcriptional activation of sets of genes
involved in lifetime extension and inhibition of reproduction. Our
findings suggest an intersection between the hexosamine- and
insulin-mediated nutrient-sensing systems in the nematode. The
enzymes of O-GlcNAc cycling act by “fine-tuning” the insulin-like
signaling cascade, providing an additional level of metabolic control
in response to nutrient availability. This fine-tuning mechanism is
likely to apply to other proposed functions of O-GIcNAc cycling in
the nematode, which include lifespan control, response to environ-
mental stress, proteasomal regulation and transcription/
translational control (4, 26). The C. elegans mutants in O-GlcNAc
cycling may allow an examination of the potential role of the
hexosamine-signaling pathway in mediating the well established
link between nutrient deprivation and lifespan extension that has
been observed from nematodes to mammals.

A Genetic Model of Insulin Resistance and Type 2 Diabetes Mellitus.
Recent findings suggest that the OGA locus (MGEAS) is a diabetes
susceptibility locus in man. A single nucleotide polymorphism in
intron 10 of the MGEAS gene is associated with type 2 diabetes and
age of onset in the Mexican-American population. This polymor-
phism may interfere with OGA activity in the susceptible popula-
tion (43). This important finding links the human disease to a large
body of literature implicating the hexosamine-signaling pathway
and O-GIcNAc cycling to insulin resistance and diabetes mellitus
(reviewed in refs. 1, 4, and 63). The knockout of OGA-1 in C.
elegans produces a phenotype with striking parallels to human type
2 diabetes. The knockout has higher circulating levels of trehalose,
higher levels of glycogen, and decreased fat stores. In addition, it
exhibits resistance to the insulin-like signaling pathway. No other
animal knockout of OGA has been reported, making C. elegans the
first organism in which a knockout allele of OGA can be analyzed.
The extensive genetic analysis previously carried out on the insulin-
like signaling cascade in the nematode offers clear advantages for
understanding how interference with O-GlcNAc cycling may im-
pact cellular physiology.

Materials and Methods

Strains. The following strains were used in this study: WT N2
Bristol; RB1169 [oga-1(0k1207)] and RB653 [ogt-1(0k430)] gener-
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ated and kindly provided by the C. elegans Gene Knockout Con-
sortium (Oklahoma Medical Research Foundation, Oklahoma
City, OK); KM395 oga-1(0k1207) backcrossed five times [referred
to as oga-1(ok1207)]; KM258 ogt-1(0k430) backcrossed four times
[referred to as ogt-1(0k430)]; and KM396, a product of crossing
KM395 to KM258 [referred to as ogt-1(0k430);0ga-1(0k1207)].
KM396 was phenotypically similar to KM258 (see legends to Figs.
2, 4, and 5). KM258, KM395, and KM396 were each crossed to
daf-2(e1370) and are referred to as daf-2(el1370) ogt-1(0k430),
daf-2(e1370),0ga-1(0k1207), and daf-2(e1370) ogt-1(0k430);0ga-
1(0k1207), respectively.

To generate these double and triple mutant strains, the presence
of the oga-1(0k1207) and ogt-1(ok430) allele was verified by using
nested PCR primers as described by the C. elegans Gene Knockout
Consortium. Primers MF26 (ATCTCTACGCACCCAAAGATG)
and MF14 (AACGTCGGAACCGCTCGTGAC) were used to
identify animals that are heterozygous for the oga-1(ok1207) allele.
The ogt-1(0k430) allele primer sets have been described (26) and
MWK454 (GGGTGACACCTCGGCAGCAATCGCATG) was
used to distinguish heterozygotes. Homozygosity of the daf-
2(e1370) allele was confirmed by assaying dauers at restrictive
temperature.

Characterization of oga-1 Transcripts. Independent cDNA clones of
oga-1 were generated by using SuperScript I1I First-Strand Synthe-
sis System for RT-PCR (Invitrogen, Carlsbad, CA), followed by
amplification with primers MFO01 (cgagatcta ATGGAGCAAACA-
GAAAGC) and MFO02 (ctagatcttCACTCTGAAGTAGAAGQG).
Resulting cDNAs were subcloned into the pCR 2.1-TOPO vector
(Invitrogen) and sequenced.

Bacterial Expression and O-GlcNAcase Assays. Human OGA, C.
elegans isoform b (See Fig. 1) of OGA-1, and the predicted deletion
OGA-1A were each cloned into the PET43.1(EK/LIC) expression
system by using the following PCR primers: sense, 5'-GACGAC-
GACAAGATCGAGCAAACAGAAAGCTTCGATCGGC-
GAAAGGCTGTGCAAAAC-3'; antisense, 5'-GAGGAGAAG-
CCCGGTGCCTCAATTTGAATTTCTCTTTAACGGTT-
GAAAAAACAATCCTAGTCCGTAGAAGCCTTCAAC-3'.
The C. elegans OGA-1, OGA-1A, and human OGA expression
vectors were transformed into BL21(DE3) cells (Novagen, San
Diego, CA). Bacterial extracts were prepared as described (7). The
amounts of expressed protein used in the activity assay were
normalized to the OGA-1 protein level measured by immunoblot-
ting with anti-His-6 antibody (as described below). Assays were
performed in 100 mM citrate phosphate (pH 6.5) and 10 uM
FD-GIcNAc (fluorescein di-N-acetyl-B-D-glucosaminide) (47, 48)
in a total volume of 100 ul. Samples were incubated at room
temperature for 1 h and quenched with 900 ul of 0.5 M NaCOs.
Fluorescence was measured on 200 ul (excitation, 485 nm; emis-
sion, 535 nm) by using a Victor 96 multiwell fluorescence reader
(PerkinElmer, Wellesley, MA).

Immunoblotting and Immunofluorescence Microscopy. Immunoblot-
ting was carried out as described (26). Blots were imaged and
quantitated by using the Odyssey Infrared Imaging System (LI-
COR Biosciences, Lincoln, NE) according to the manufacturer’s
instruction. Antibodies used were RL1 and RL2 (Affinity Bio-
Reagents, Golden, CO), CTD110 (CTD110.6; Covance Research
Products, Denver, PA), rabbit polyclonal antibodies specific for
phospho-serine and phospho-threonine (Research Diagnostics
Inc., Flanders, NJ), and rabbit polyclonal antibodies directed
against GSKB and GSKp (ser9) (Cell Signaling Technology, Dan-
vers, MA). The 680-nm-conjugated secondary antibodies (Invitro-
gen) and the 800-nm-conjugated secondary antibodies (Rockland,
Gilbertsville, PA) were diluted 1 in 10,000. Protein blots were
dephosphorylated by treating with 1,000 units of calf intestinal
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phosphatase (New England Biolabs, Ipswich, MA) overnight with
gentle shaking at 37°C.

Macronutrient Measurements. Levels of trehalose and glycogen
were measured as described (26). Carminic acid staining of
glycogen and Nile red staining of neutral lipid containing
gut-granules were carried out by feeding as described (26).
Levels of neutral lipids were determined as described (26). Sugar
nucleotide levels were measured after extraction of lyophilized
worm pellets with 0.75 ml of cold 0.5 M perchloric acid followed
by microcentrifugation at maximum speed for 10 min. After
charcoal adsorption, eluted sugar nucleotides were made in 0.1
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M HCI and heated to 95°C for 10 min. Released monosaccha-
rides were assayed as described (26).

Dauer Assay. Embryos from 20 to 30 gravid adults laid at 16°C
overnight were incubated at the indicated temperatures and scored
for dauer phenotype up to 5 days later. Incubation and accurate
temperature monitoring was as described (26).
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