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ABSTRACT

In a variety of organisms, including worms, flies, and mammals, glucose homeostasis is maintained by
insulin-like signaling in a robust network of opposing and complementary signaling pathways. The
hexosamine signaling pathway, terminating in Olinked-N-acetylglucosamine (O-GlcNAc) cycling, is a key
sensor of nutrient status and has been genetically linked to the regulation of insulin signaling in Caenorhabditis
elegans. Here we demonstrate that O-GlcNAc cycling and insulin signaling are both essential components of
the C. elegans response to glucose stress. A number of insulin-dependent processes were found to be sensitive
to glucose stress, including fertility, reproductive timing, and dauer formation, yet each of these differed in
their threshold of sensitivity to glucose excess. Our findings suggest that O-GlcNAc cycling and insulin
signaling are both required for a robust and adaptable response to glucose stress, but these two pathways
show complex and interdependent roles in the maintenance of glucose—insulin homeostasis.

LUCOSE homeostasis is crucial for the fundamen-

tal processes of development, fertility, and life

span in organisms as diverse as yeast, nematodes, and
humans. In humans, loss of homeostatic control can
lead to toxic levels of blood glucose and the develop-
ment of obesity and type 2 diabetes, diseases character-
ized by decreased ability to respond to and metabolize
glucose. Twin, family, and epidemiological studies have
demonstrated a significant genetic component for dis-
eases of glucose toxicity (reviewed in VIMALESWARAN
and Loos 2010; WALKER et al. 2010). Genetic back-
ground can be thought of as setting a threshold for
glucose toxicity, and environmental factors such as diet
and physical activity determine whether an individual
crosses that threshold. Sugar consumption has in-
creased by >20% in the past two decades (HALEY
et al. 2005), and it is clear that individuals of many
genetic backgrounds are now crossing the threshold
for glucose toxicity, resulting in a rapidly increasing
burden of glucose toxicity diseases [ CENTERS FOR DISEASE
CONTROL AND PrREVENTION (CDC) 2007]. Glucose tox-
icity and insulin resistance both play a role in the de-
velopment of diabetic complications, including heart
disease, blindness, and stroke (reviewed in ARONSON
2008; BRowNLEE 2001). Understanding which genes
set the glucose toxicity threshold, how these genes work
in combination, and how the threshold level differs for
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different processes or in different stages of life is crucial
to combat the diseases of glucose toxicity.

Mexican-Americans have an increased incidence of type
2 diabetes (HAFFNER ¢l al. 1991), and a single-nucleotide
polymorphism at the OGA-1 locus is correlated with
both the disease and age of onset in this population
(LEHMAN et al. 2005). OGA-1 removes the Olinked-N-
acetylglucosamine (O-GlcNAc) post-translational modi-
fication from proteins, countering the activity of the
O-GlcNAc transferase OGT-1. Several studies have im-
plicated O-GlcNAc cycling in the development of insu-
lin resistance, the hallmark of type 2 diabetes (reviewed
in MONDOUX et al. 2010). Transgenic mice that overex-
press OGT-1 in muscle or liver cells develop insulin re-
sistance, as do mammalian culture cells treated with an
inhibitor of OGA-1 (McCLAIN et al. 2002; VOSSELLER e al.
2002; Arias et al. 2004; AKiMoTO et al. 2007; PARK et al.
2007; YANG et al. 2008). Furthermore, insulin-signaling
components, including the insulin receptor substrate
(IRS-1) and Aktl, are modified by O-GlcNAc in mam-
malian cells, which antagonizes insulin signaling (YANG
et al. 2008). The downstream target of mammalian in-
sulin signaling, FOXO1, is also modified by O-GlcNAc.
Normally suppressed by insulin signaling, FOXO1 is
activated in response to glucose, providing another
mechanism for OGT-1 to counteract the insulin signal
(HousLEY et al. 2008, 2009; Kuo et al. 2008).

The substrate for OGT-1, UDP-GIcNAc, is derived
from glucose, and glucose levels generally correlate
with the level of O-GlcNAc protein modification (YKI-
JARVINEN et al. 1998; L1u et al. 2000), suggesting that
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this hexosamine signaling pathway acts as a nutrient
sensor. Furthermore, OGT-1 interacts with other nutrient-
sensing pathways, including the insulin-signaling, MAP
kinase, mTOR, and AMPK pathways (reviewed in HANOVER
et al. 2010), making OGA-1 and OGT-1 candidates for
genes that contribute to setting the glucose toxicity
threshold.

Glucose toxicity diseases are multifactorial: many
genes in addition to OGA-1 can contribute to the de-
velopment of obesity or type 2 diabetes. Over 125 hu-
man obesity and diabetes susceptibility loci have been
identified by studies of different ethnic groups, candi-
date gene association studies, and genome-wide associ-
ation studies (GWA). Despite these large-scale efforts
(some with sample sizes in the tens of thousands), only
a few candidate genes have been found to be robustly
associated with obesity or type 2 diabetes across mul-
tiple studies (reviewed in VIMALESWARAN and Loos
2010). This is likely due to the small degree of associa-
tion for any individual gene, differing allele frequencies
between populations, the combinatorial effects of dif-
ferent variants, and complex interactions between gene
variants and environmental factors. Furthermore, it is
unclear how or whether these susceptibility genes affect
processes like fertility and aging in the absence of
diabetes.

The multifactorial character of glucose toxicity dis-
eases is just one major roadblock to determining which
genes set the glucose toxicity threshold. In addition, it is
nearly impossible to control for environmental factors
including diet and physical activity in human studies.
Furthermore, many genes known to be important in
responding to glucose and regulating insulin signaling
are essential in mammals, including OGA-1 and OGT-1
(SHAFI et al. 2000; O’DONNELL ¢t al. 2004). OGA-1 and
OGT-1 are highly conserved in Caenorhabditis elegans (68 %
and 88% similarity to the human orthologs, respectively)
(LuBas et al. 1997; FORSYTHE et al. 2006), as is the insulin-
like signaling pathway (reviewed in BROUGHTON and
PARTRIDGE 2009; NARASIMHAN et al. 2009). In this
study, we used C. elegans to model the genetic response
to glucose and the roles of insulin signaling and
O-GlcNAcylation in this process.

MATERIALS AND METHODS

Strains: The following alleles were used in these studies:
wild-type N2 Bristol; the O-GlcNAc transferase deletion strains
ogt-1(ok430), ogt-1(ok1474), and ogt-1(tm1046); the O-GlcNAcase
deletion mutant oga-1(ok1207) (HANOVER et al. 2005; FORSYTHE
et al. 2006; LoVE et al. 2010), the temperature-sensitive insulin-
like receptor mutants daf-2(el1370) and daf-2(e1368), the tem-
perature-sensitive TGF- pathway mutants daf-1(m40) and dajf-7
(e1372), and the guanyl cyclase mutant daf-11(m47). Some nem-
atode strains used in this work were provided by the Caeno-
rhabditis Genetics Center, which is funded by the National
Institutes of Health (NIH) National Center for Research Re-
sources (NCRR).

Glucose treatment and fertility assays: Synchronous em-
bryos were produced by hypochlorite-NaOH treatment of
gravid adults grown on NGM plates. The synchronous
embryos were allowed to develop on NGM or NGM plus
supplemental glucose plates at the indicated temperature
(20°-25°) until the L4 stage (for fertility assays) or for 4-5 days
(for collection for Western blotting and macronutrient analy-
sis). Fertility assays were performed as described (LOVE et al.
2010). N2 strains were grown at the indicated temperature
(20° or 22.5°) throughout the fertility experiments; daf-2
strains were grown at 15° until the L4 stage and then shifted
to 22.5° or 25°. The total number of broods counted at 20°
(control, 50 mm glucose, 125 mMm glucose, 250 mm glucose,
333 mm glucose, and 500 mM glucose) is as follows: N2, 73, 22,
27,59, 41, and 19; oga-1, 50, 15, 15, 32, 15, and 13; ogt-1(0k430),
47,13, 14, 31, 15, and 12; ogt-1(tm1046), 22, ND, ND, 22, 17,
and ND; and ogt-1(ok1474), 38, ND, ND, 31, 15, and ND. The
total number of broods counted at 22.5° (control and 250 mm
glucose) is as follows: N2, 36 and 34; oga-1(0k1207), 35 and 33;
ogt-1(ok1474), 32 and 37; daf-2, 48 and 46; daf-2;0ga-1, 32 and
32; and daf-2 ogt-1, 31 and 32. The total number of broods
counted at 25° (control and 250 mm glucose) is as follows: daf-2,
24 and 24; daf-2;0ga-1, 24 and 24; and daf-2 ogt-1, 24 and 24.

Western blots: Worm lysates and immunoblotting were
conducted as described (FORSYTHE et al. 2006) with some
modifications. Worms were sonicated three times for 30 sec
at medium power (36 W, level 3) and lysates were made from
whole animals dissolved in T-PER tissue protein extraction
reagent (Pierce Chemical, Rockford, IL) supplemented
with complete miniprotease inhibitors (Roche Diagnostics)
and 1 mM PMSF on ice. Insoluble material was removed by
centrifugation at 16,000 X g for 10 min at 4°. Protein concen-
tration was determined using a NanoDrop spectrophotometer
(Thermo Scientific). Twenty-five micrograms of total protein
was added per lane. Immunoblots were imaged using an Od-
yssey imaging system (Li-COR Biosciences). The O-GlcNAc-
specific antibody RL2 (MA1-072) (Affinity Bioreagents) and
secondary infrared 800- and 680-conjugated antibodies (Li-
COR Biosciences) were used for immunoblotting.

Dauer assays: Gravid adults were allowed to lay embryos at
15° overnight. Adults were removed and plates transferred to
experimental temperature (23°-25°) for 2-3 days and the
numbers of dauers and L4/adults were counted. The total
number of daf2(el1370) animals counted (control and 250 mm
glucose) is as follows: OP50, 958 and 918; and HT115, 778
and 822. The total number of daf-2(¢1370) animals counted
(control, 5 mMm glucose, 50 mM glucose, 100 mMm glucose, and
250 mm glucose) is as follows: 23°, 400, 461, 213, 495, and
112; 23.5°, 269, 214, 179, 318, and 103; and 24°, 177, 317,
330, 326, and 72. The total number of animals counted (con-
trol and 250 mm glucose) is as follows: daf-2, 504 and 432;
daf-2;0ga-1, 1224 and 422; and daf-2 ogt-1, 794 and 379. The
total number of animals counted (control and 250 mm glu-
cose, including temperature) is as follows: daf-2(e1370), 985
and 487 (23°), 919 and 503 (23.5°), and 340 and 134 (24°);
daf-2(e1368), 1698 and 1154 (25.5°); daf-11(m47), 1134 and 853
(24°); daf-1(m40), 875 and 435 (23°), 1277 and 662 (23.5°), and
715 and 324 (24°); and daf-7(e1372), 425 and 106 (23°), 664
and 333 (23.5°), and 472 and 105 (24°).

RESULTS

C. elegans as a model for the glucose stress response:
C. elegans grows poorly in carbohydrate-free liquid me-
dium and can utilize glucose as an effective energy
source (Lu and Gorrscu 1993). Therefore, although
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worms are subject to glucose stress, glucose is not gen-
erally toxic. We wanted to determine the threshold for
glucose stress, which we defined as the highest concen-
tration that supported wild-type fertility levels when
added to standard NGM plates. We assayed growth
and fertility on a range of glucose concentrations. A
total of 50-250 mMm supplemental glucose had no signif-
icant effect on wild-type (N2) brood size; however, fer-
tility was significantly decreased in the presence of
333 mm or 500 mMm glucose (~25% and ~60% reduc-
tion in brood size, respectively; Figure 1A). A total of
250 mM supplemental glucose was thus defined as the
threshold for glucose stress for our experiments.

We further characterized the glucose stress response
by examining reproductive timing. On control plates,
wild-type animals lay most of their embryos (~75% of
the total brood) within the first 2 days of adulthood.
This reproductive profile is highly reproducible. How-
ever, in the presence of glucose stress, there was a shift
in the reproductive profile and a reduction in the num-
ber of embryos laid in the first 2 days (~50% of the total
brood; Figure 1B). This shift was seen at glucose con-
centrations of =250 mm (Figure 1B and data not shown),
even though animals were fully fertile at 250 mm glu-
cose, suggesting that reproductive timing is more sensi-
tive to glucose stress than brood size.

We also used pharyngeal pumping as a measure of
health span, to determine whether glucose stress
contributed to age-related decline. Exposure to glucose
stress during development did not affect adult pumping
rates on the first day of adulthood (Figure 1C). As the
animals aged, exposure to glucose concentrations be-
low the toxicity threshold caused no change in pump-
ing rates, whereas concentrations at (250 mM) or above
(333 mM) the threshold caused a slight reduction in
pumping rates (~20% decrease compared to control;
Figure 1C and data not shown). Because glucose stress
leads to shortened life span in C. elegans (SCHULZ et al.
2007; LEE et al. 2009; SCHLOTTERER et al. 2009), this
pumping decline may be a general symptom of sick and
dying animals, consistent with our own observations on
the effects of glucose toxicity on life span.

The O-GIcNAc cycling pathway responds to glucose
stress: Many cellular signaling pathways respond to
glucose and could be required for the glucose stress re-
sponse. One such pathway is the hexosamine-signaling
pathway, as ~2-5% of the total intracellular glucose
is converted to UDP-GIcNAc, the substrate for OGT-1
(Figure 1D) (BoucHE et al. 2004). A consequence of glu-
cose toxicity in mammalian cells is an increase in flux
through the hexosamine signaling pathway, and insu-
lin treatment increases the O-GlcNAcylation of key pro-
teins in the insulin-signaling pathway (WHELAN ef al.
2010).

We tested how glucose influenced O-GlcNAc modi-
fication levels in C. elegans and found that increased
glucose caused increased hexosamine flux. The addi-

tion of either 250 mm glucose (glucose stress threshold)
or 333 mm glucose (toxic level of glucose) resulted in a
reproducible increase in the level of O-GlcNAc—-modified
proteins in wild-type animals (3.6-fold increase com-
pared to control, Figure 1, E and F), suggesting that in-
creased O-GlycNacylation is a characteristic of glucose
stress. Like the changes in reproductive profile, the lev-
els of O-GlcNAcylation were similar whether the ani-
mals were grown on 250 mm or 333 mm glucose. This
could be due to feedback inhibition, as UDP-GlcNAc is
an inhibitor of fructose-6-phosphate amidotransferase
(GFAT), the rate-limiting enzyme of the hexosamine
biosynthesis pathway (Figure 1D) (reviewed in BUSE
2006). Alternatively, O-GlcNAc cycling may maintain a
steady-state concentration of O-GlcNAcylated proteins
that does not significantly increase above 250 mm sup-
plemental glucose.

Compared to wild type, oga-1 mutants have increased
levels of O-GlcNAc—modified proteins (FORSYTHE et al.
2006) (Figure 1, E and F). The level of O-GlcNAcylation
was similar in glucose-treated N2 worms compared to
untreated oga-I worms. Combining the oga-/ mutation
with glucose treatment resulted in a greatly elevated
level of protein O-GlcNAcylation (11- to 13-fold in-
crease compared to untreated N2 control; Figure 1, E
and F). As expected, null mutants of ogt-/ are unable to
catalyze the modification and no O-GlcNAc signal was
detected by Western blot for control or glucose-grown
ogt-1 strains (HANOVER et al. 2005; Figure 1D). Taken
together, these findings suggest that O-GlcNAc levels
are glucose responsive and normally limited by active
O-GlcNAc cycling.

Since the hexosamine signaling pathway responded
to glucose, we next tested whether changes in protein
O-GlcNAcylation affected fertility or reproductive tim-
ing. The oga-1 null mutants had significantly elevated
protein O-GlcNAcylation compared to wild type (Figure
1), but this had no effect on brood size, as oga-I mutants
had similar brood sizes compared to N2 at a range of
glucose concentrations (Figure 2A). Furthermore, 333
mM glucose and 500 mm glucose reduced fertility sim-
ilarly in the oga-1 mutant and in wild type (Figure 2A).
This suggests that the toxic effects of 333 mm supple-
mental glucose on N2 and oga-I mutants are indepen-
dent of the increased O-GlcNAcylation level observed
on high glucose.

Since ogt-I null mutants cannot O-GlcNAcylate pro-
teins in response to excess glucose, we hypothesized
that these mutants would be hypersensitive to glucose
toxicity and have a lower threshold for glucose stress.
Although wild-type animals were fully fertile at glucose
concentrations up to 250 mm, the ogt-1(0k430) null mu-
tant was subfertile in the presence of glucose stress.
This reduction in fertility was observed at each con-
centration tested, from 50 to 500 mM supplemental
glucose (Figure 2A). In addition, the magnitude of the
fertility decrease was greater in ogt-1(ok430) at the toxic
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FicUure 1.—Characterization of the glucose stress response. (A) Brood size was determined for wild-type (N2, gray line) animals
at 20° on a range of supplemental glucose concentrations and is expressed as a fraction of brood on control plates. Animals were
fully fertile (=90% of control brood size) at supplemental glucose concentrations up to 250 mm glucose, which we define as the
threshold for glucose stress (dashed line). Glucose toxicity was observed at 333 mm and 500 mm supplemental glucose (25% and
60% reduction in brood size, respectively). Data are presented as the mean from 2-10 independent experiments; error bars
represent standard error of the mean (SEM). (B) Glucose stress affects reproductive timing. Brood size was counted on control
(gray line), 250 mM glucose (orange line), and 333 mm glucose (blue line) plates at 20° and the percentage of embryos laid in each
time frame was calculated. On control plates, wild-type animals laid most of their embryos (~75%) in the first 2 days of adulthood.
At the threshold or toxic levels of glucose stress, reproduction is delayed and fewer embryos (~50%) are laid in days 1 and 2. Data
are presented as the mean from 2-5 independent experiments = SEM. (C) Pharyngeal pumping rates were determined as a
measure of health span for animals reared on control (gray bars), 250 mm (orange bars), or 333 mm (blue bars) supplemental
glucose plates. Unlike brood size and reproductive timing, high concentrations of glucose had no effect on day 1 adult pharyngeal
pumping rates. The slight decline in pumping rate with age was associated with increased mortality of these animals, suggesting
shortened life span is a dominant contributing factor. (D) Simplified schematic showing the role of glucose flux in hexosamine
signaling. Glucose levels influence O-GlcNAcylation, as ~2-5% of intracellular glucose is converted to UDP-GIcNAc, the substrate
for OGT-1. High levels of UDP-GIcNAc can negatively regulate GFAT, the rate-limiting enzyme in the pathway, through a feedback
loop. (E) Extracts of C. elegans wild-type (N2), ogt-1(ok430) (T), ogt-1(tm1046) (Tm), and oga-1 (0k1207) (A) strains grown on control,
250 mM glucose, or 333 mm glucose plates were subjected to Western blotting with the anti-O-GlcNAc antibody RL2. At this
exposure, the visible bands are the highly O-GlcNAcylated nuclear porins (arrows). ogt-I null mutants (0k430 and tm1046) cannot
catalyze the O-GIcNAc modification and have no RL2-positive bands in either condition. Representative blots are shown. (F)
Quantitation of RL2-positive bands. The upper and lower bands (indicated in E with arrows) were quantitated as a measure of
protein O-GlcNAcylation level. Glucose stress of 250 mMm (orange bars) and 333 mwm (blue bars) increased the level of protein
O-GlcNAcylation three- to fourfold in both N2 and oga-I mutant strains compared to control (gray bars).
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concentrations of glucose, 333 mM glucose (94% reduc-
tion in brood size vs. 25% in N2) and 500 mm glucose
(97% reduction vs. 60% in N2). Although 250 mm glu-
cose stress affected fertility differently in ogt-1 compared
to wild-type or oga-1 animals, the effect of glucose stress
on reproductive timing was strain independent, with
a shift in the reproductive profile observed at 250 mm
glucose (Figure 2B).

To ensure that reduced fertility in response to glucose
stress was specific to the absence of OGT-1, we tested
three different null alleles of ogt-1. We observed a 40-
60% reduction in brood size in the presence of glucose
stress in all three null alleles of ogi-I at the glucose stress
threshold (250 mm glucose) and a 70-95% reduction
in brood size in the presence of toxic levels of glucose
(333 mm glucose; Figure 2C). This shift in the glucose
toxicity profile strongly suggests that OGT-1 is necessary
for the wild-type response to glucose stress.

The insulin-signaling pathway responds to glucose
stress: Previous work in our laboratories showed that
one of the key targets of O-GIcNAc cycling is the insulin-
signaling pathway (HANOVER et al. 2005; FORSYTHE et al.
2006; Love et al. 2010). Since insulin signaling responds
to glucose levels in mammalian systems, we tested the
effects of glucose stress on C. elegans insulin signaling
and the role of O-GlcNAc cycling in this response.
Mutations in the C. elegans insulin-like receptor, daf-2,
lead to the alternative dauer larval stage, increased life
span, and decreased fertility (reviewed in LaNDIS and
MurpHY 2010). The level of insulin signaling can be
regulated in a daf2(el1370) mutant by varying the tem-
perature: as temperature increases, insulin signaling
decreases, and the characteristic daf-2 phenotypes be-
come more severe.

We first assayed how glucose stress influenced pro-
tein O-GlcNAcylation in the presence of reduced in-
sulin signaling. We tested these effects at two levels of
insulin-like signaling in daf-2 mutants: at 20°, when daf-2
insulin signaling is intermediate to high (few, if any
dauers are formed), and at 25°, when daf-2 insulin sig-
naling is very low (essentially all animals enter dauer).
Twenty degrees was selected as the intermediate signal-
ing condition for this experiment because at temper-
atures between 20° and 23.5°, oga-1 and ogt-1 regulate
daf-2 dauer entry (HANOVER et al. 2005; FORSYTHE et al.
2006) (Figure 5C). Similar to the effects in a wild-type
background, threshold levels of glucose stress caused
an increase in protein O-GlcNAcylation in the daf-2
mutant, independent of the level of insulin signaling
(~2- to 2.4fold increase compared to control; Figure 3).
However, the loss of oga-1 had dramatic effects on pro-
tein O-GlcNAcylation levels when insulin signaling was
reduced. In dauer animals, protein O-GlcNAcylation
was increased >40-fold in daf-2;0ga-1 mutants compared
to daf-2 mutants (Figure 3). This is consistent with re-
ports that daumone treatment increases protein O-
GlcNAcylation (LEE ef al. 2010) and may reflect reduced
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FiGure 2—OGT-1 is required for the glucose stress re-
sponse. (A) Brood size was determined for wild type (N2, gray
line), oga-1(ok1207) (black line), and ogt-1(0k430) (red line) at
20° and is expressed as a fraction of the N2 brood on control
plates. oga-1 mutant animals were fully fertile at supplemental
glucose concentrations up to 250 mm but were subject to
glucose toxicity at 333 mm and 500 mM supplemental glucose
(30% and 60% reduction in brood size). ogt-1(ok430)
exhibited a lower threshold for glucose stress, as each supple-
mental glucose concentration tested (50-500 mm glucose) re-
duced fertility. At toxic glucose levels, brood size was more
severely affected in ogt-I mutants (70-98% reduction in brood
size) compared to N2 or oga-I mutants. Data are presented as
mean from two to seven independent experiments * SEM.
(B) The glucose effect on reproductive timing is strain inde-
pendent. Brood size was counted on control (solid lines) and
250 mm glucose plates (dashed lines) at 22.5° and the per-
centage of embryos laid in each time frame was calculated. On
control plates, all three strains lay most of their embryos (75—
80%) in the first 2 days of adulthood in a highly reproducible
manner. At the threshold for glucose stress, reproduction is
delayed and fewer embryos (40-50%) are laid in days 1 and 2.
Data are presented as the mean from four independent ex-
periments = SEM. (C) Fertility was reduced at the glucose
stress threshold (250 mm glucose, orange bars) and in the
presence of toxic glucose levels (333 mm glucose, blue bars)
in three different null alleles of ogt-1. A total of 250 mm supple-
mental glucose reduced brood size in ogt-1 mutants 40-70%
and 333 mm glucose reduced brood size 70-95%, indicating
that OGT-1 is required for fertility in the presence of glucose
stress. Data are presented as the mean from two to four in-
dependent experiments = SEM.
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FIGURE 3.—O-GlcNAcylation is responsive to glucose stress and insulin signaling. (A) Extracts of C. elegans daf-2(e1370), daf-2;
oga-1, and daf-2 ogt-1(ok1474) strains grown on control or 250 mM glucose plates at high to intermediate (20°, nondauers) or low
(25°, dauers) levels of insulin signaling were subjected to Western blotting with the anti-O-GlcNAc antibody RL2. daf-2 ogt-1 mu-

tants cannot catalyze the O-GlcNAc modification and have no

RL2-positive bands; daf-2;0ga-1 mutants cannot remove the modi-

fication enzymatically and exhibit high levels of O-GlcNAcylation, which were not greatly enhanced by glucose stress. Representative
blots are shown. (B) Quantitation of RL2-positive bands. Bar graph of integrated intensity was measured for each lane and nor-

malized to control (daf-2, NGM) at each temperature (20° and

protein turnover rates in dauer animals (BURNELL et al.
2005; JonEs et al. 2010). Interestingly, although glucose
stress resulted in a slight increase in O-GlcNAcylation
in the daf-2;0ga-1 background, the magnitude was much
less than that observed in the wild-type background
(compare Figure 1F to Figure 3B), which may suggest
an altered steady state in the absence of insulin
signaling.

We tested the effect of glucose stress on daf-2 fertility
at two different levels of insulin signaling (intermediate,
22.5°% and very low, 25°) and found that daf-2 mutants are

925°).

sensitized to glucose stress (Figure 4A). Although oga-I
mutants are not sensitive to 250 mM glucose stress in
a wild-type background (Figure 2A), in the daf-2 back-
ground, oga-I mutants had reduced fertility at both the
semipermissive (~40% reduction in brood size) and re-
strictive (~70% reduction) temperatures (Figure 4A).
Likewise, the fertility decrease observed for ogl-I mutants
in the presence of glucose stress (~60%; Figure 2C) was
exacerbated when insulin signaling was decreased in
the daf-2 background (80-95% reduction in brood size
in daf-2 ogi-1 mutants; Figure 4A).

FIGURE 4.—daf-2 is a sensitized back-
B Control

ground for glucose stress. (A) Brood size

0250 mM Glucose  was counted on control (gray bars) and

250 mm supplemental glucose (orange

bars) plates for daf2(el370), daf-2
(e1370);0ga-1(ok1207), and daf-2(e1370)

ogl-1(0k430) strains at 22.5° (semipermis-

sive temperature for insulin signaling)
and 25° (restrictive temperature for in-

sulin signaling). The response to glu-

cose was variable for daf2 mutants:
although brood size tended to be lower
in daf-2 mutants on glucose plates, the
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difference was not statistically significant
(P> 0.06 by Student’s ttest). Brood size
in daf-2;0ga-1 mutants was reduced 50%
at the semipermissive temperature and
70% at the restrictive temperature on
glucose compared to control (P <
0.03). In the daf2 ogt-1 mutant, brood
size was reduced by 80% (semipermis-
sive) and 95% (restrictive) on glucose
compared to control (P < 0.02). For
both O-GIcNAc cycling mutants, the
magnitude of the response to glucose
stress was greater when insulin signaling
was compromised (compare to Fig. 2A).

(B) Glucose stress and O-GlcNAc cycling do not affect daf-2 reproductive timing. On control plates (gray bars), all three strains lay
40-50% of their brood in the first 2 days of adulthood and ~40% of the brood in days 3 and 4 when insulin signaling is
compromised (22.5°). Glucose had little to no effect on this profile. Data are presented as the mean from three to six independent

experiments * standard deviation (SD).
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F1Gure 5.—Glucose stress suppresses dajf-2 dauer formation
in a food source-, concentration-, insulin signaling-, and
O-GlcNAc-dependent manner. (A) 250 mm glucose stress (or-
ange bars) reduced dauer formation in the daf-2(e1370) mu-
tant by >80% at 23.5° with E. coli OP50 as the food source
(P < 0.001). daf-2 dauer formation is also reduced with E. coli
HT115 as the food source (~40% reduction on glucose com-
pared to control; P < 0.05), but the suppression was threefold
stronger on OP50 compared to HT115 (P < 0.04). Data are
presented as the mean of four independent experiments *
SEM. (B) Glucose suppression of dauer formation is depen-
dent on the level of insulin signaling (temperature) and glu-
cose concentration. At 23°, daf-2(e1370) dauer formation was
suppressed ~40% by 5-50 mm glucose. The reduction in
dauer formation generally correlated with concentration for
100 mm and 250 mm glucose. As the level of insulin signaling
goes down with increasing temperature, only 250 mm glucose
reduces dauer formation. Data are presented as the mean of
two independent experiments = SEM. (C) Lack of O-GlcNAc
blunts insulin signaling in the presence of glucose stress. A
total of 250 mm glucose (orange bars) suppressed dauer for-
mation equally in daf-2(e1370) mutants and daf-2(e1370);0ga-1
(0k1207) mutants (~70% reduced compared to control) at
23.5°. The level of glucose suppression was decreased in daf-2
(e1370) ogt-1(ok430) double mutants (~30% reduction in
dauer formation; P < 0.03 compared to daf-2). Data are pre-
sented as the mean of four independent experiments = SEM.

Reproductive timing is delayed in daf2 mutants
(LARSEN et al. 1995; GEMS et al. 1998), so we tested
whether O-GlcNAc cycling or glucose stress affected the
reproductive profile. On control plates, ~40-50% of the
brood is laid in the first 2 days of adulthood in a daf-2

mutant, compared to ~75% in N2 (compare Figure 4B
to Figure 2B). O-GlcNAc cycling and glucose stress had
little to no effect on reproductive timing when insulin
signaling was compromised in the daf-2 background
(Figure 4B).

Although decreased fertility and increased dauer for-
mation are characteristic phenotypes of decreased in-
sulin signaling in daf-2 mutants, these phenotypes are
separable (GEMS et al. 1998; TisSENBAUM and RUVKUN
1998). Nutrient availability is a key factor in the dauer
entry decision, so we tested how nutrient availability af-
fected daf-2 dauer formation. In the presence of 250 mm
glucose stress, daf-2 dauer formation was greatly sup-
pressed (~80% reduction in dauer formation; Figure
bA). C. elegans diet and metabolism can be regulated
by bacterial food source. The two most common Escher-
ichia coli strains used for C. elegans feeding, the B-derived
strain OP50 and the Kl2-derived strain HT115, are
known to have variations in nutrient composition (BROOKs
et al. 2009; REINKE et al. 2010). Glucose stress had a
much greater effect on dauer formation with OP50 as
the food source compared to HT115 (~80% wvs. 40%
decrease in dauer formation; Figure 5A), indicating
that both the amount of available nutrients and the
relative composition of the diet affect insulin signaling.
Combining an HT115 food source with glucose stress
did not produce a change in fertility, reproductive tim-
ing, or pharyngeal pumping rates compared to an OP50
food source in wild-type animals (data not shown),
which suggests that dauer formation is more sensitive to
nutrient composition.

To characterize the role of glucose stress on dauer
formation, we tested a range of glucose concentrations
from 0 to 250 mm glucose. Just as the effects of glu-
cose stress on fertility varied with dose, the effect of glu-
cose on dauer formation was also dose dependent;
however, dauer formation was much more sensitive to
glucose stress. At 23°, concentrations of glucose as low
as 5-50 mM suppressed daf-2 dauer formation (~40%
decrease compared to control), and the dauer suppres-
sion effect generally correlated with concentration for
100 mMm (67% decrease) and 250 mwm glucose (87% de-
crease; Figure 5B). However, just as the effects of glucose
stress on fertility varied with the level of insulin signaling
(Figure 4A), glucose stress suppressed daf-2dauer forma-
tion in a temperature-dependent manner. At lower levels
of insulin signaling (23.5°-24°), concentrations of glu-
cose below the threshold for fertility stress had little to
no effect on dauer formation (Figure 5B), and at restric-
tive temperatures (=25°), 250 mm glucose had no effect
on dauer formation (data not shown). While this study
was in progress, LEE et al. reported independently that
111 mm glucose suppressed dauer formation in daf-2
mutants at a semipermissive temperature (22.5°; LEE
et al. 2009). Taken together, these data show that daf-2
dauer formation in C. elegans responds to nutrient stress
and that this response is dependent on both nutrient
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F1GUure 6.—Glucose stress is not a general
suppressor of dauer formation. (A) Simpli-
fied schematic showing parallel pathways to
dauer formation. In addition to the insulin-
signaling pathway, guanyl cyclase and
TGF-B activity regulate dauer formation in
C. elegans. The guanyl cyclase pathway also
intersects with the insulin-signaling pathway
via regulation of the expression of one of
the insulin-like peptides, daf28, and with
the TGF-B pathway via regulation of the
ligand daf-7. (B) Glucose stress is not a gen-
eral suppressor of dauer formation. Glucose
stress of 250 mM (orange bars) suppressed
dauer formation compared to control (gray
bars) in two different insulin-like receptor
mutants, the class I daf2(el1370) mutant
(20-80% reduction from 24° to 23°) and
the weaker class II ¢/368 mutant (86% re-
duction at 25.5°). Glucose stress had no sig-
nificant effect on dauer formation in daf11
(m47) guanyl cyclase mutants assayed at 24°.
Although there is no overall change in daf
11 dauer formation in glucose stress com-
pared to control, the trend varied between
experiments. Glucose stress enhanced dauer
formation in the daf1(m40) TGF- receptor
mutant at 23° and 23.5° (3.5- and 2.2-fold
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enhancement; P < 0.02) but had no significant effect at 24° or in daf-7(e1372) TGF- ligand mutants. Data are presented as the

mean of two to five independent experiments = SEM.

availability (glucose concentration and bacterial food
source) and the level of insulin signaling.

The daf2 response to glucose stress depends on
O-GlcNAc cycling: Since glucose stress (Figure bHA)
and O-GlcNAc cycling (HANOVER et al. 2005; FORSYTHE
et al. 2006) each affect dauer formation, we tested the
effect of combining glucose stress with null mutants of
oga-1 or ogl-1 at an intermediate level of insulin signal-
ing (23.5°). Combining glucose stress and increased
O-GlcNAcylation had no effect on dauer formation: glu-
cose stress suppressed dauer formation in daf-2 single
mutants and dajf-2;0ga-1 double mutants equally (~80%
decrease compared to control; Figure 5C), despite the
higher level of protein O-GlcNAcylation in the daf-2;0ga-1
animals (Figure 3). In contrast, glucose stress only weakly
suppressed dauer formation when O-GlcNAcylation
was lacking in daf-2 ogt-1 double mutants (~30% de-
crease; Figure 5C), suggesting that insulin signaling does
not respond properly to glucose signals in the absence
of O-GlcNAcylation. Other nutrient sensing pathways
may also be altered in these mutants, as O-GlcNAc cycling
and insulin signaling also interact with mTOR, AMPK,
and other nutrient sensors (reviewed in HANOVER et al.
2010; MoNDOUX et al. 2010).

Glucose is not a general suppressor of dauer forma-
tion: Although daf-2 mutant worms can enter dauer in
replete nutrient conditions, wild-type C. elegans enter
dauer in response to limited environmental nutrients.
Therefore, one model consistent with our data would
be that nutrient excess is not conducive to dauer entry.
In addition to the insulin-signaling pathway, defects in

the guanyl cyclase and TGF-$ signaling pathways also
lead to abnormal dauer formation (Figure 6A) (reviewed
in FIELENBACH and ANTEBI 2008). To determine whether
the high glucose suppression of dauer was specific to the
insulin-signaling pathway, we tested dauer formation in
an additional insulin-like receptor mutant, daf-2(e1368),
the guanyl cyclase mutant daf-11(m47), the TGF- re-
ceptor mutant dajf-1(m40), and the TGF-3 ligand mutant
daf-7(el1372).

The daf-2(e1368) allele has a mutation in the extra-
cellular domain of the protein and is weaker than the
el370allele, which has an intracellular mutation (PATEL
et al. 2008). A total of 250 mm glucose stress suppressed
dauer formation in both the daf-2 insulin-like receptor
alleles (Figure 6B). However, there was no change in
daf-11 dauer formation in the presence of glucose stress
(Figure 6B). Furthermore, glucose stress did not reduce
dauer formation in the TGF-$ mutants. Dauer forma-
tion was enhanced in the presence of glucose stress in
the TGF-B receptor mutant daf-1 (Figure 6B). Because
this mutant forms fewer dauers than daf2(el370)
mutants over the same temperature range (17-60%
dauer formation compared to 95-100% dauer forma-
tion), we also tested an additional TGF-§ pathway mu-
tant, daf-7. Although daf7 mutants have a rate of dauer
formation that is similar to that of daf-2(e1370) (85-95%
dauer formation; Figure 6B), glucose had no significant
effect on dauer formation and there was a slight trend
toward enhancement (94-100% dauer formation; Fig-
ure 6B). Therefore, glucose stress is not a general sup-
pressor of dauer formation and may be specific to the
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greatly increases glucose (4.1-fold
increase) storage in daf-2 ogt-1 mu-
tants. At 25° (low insulin signal-

ing), overall carbohydrate storage is reduced in daf-2 mutants (2-fold decrease compared to 20°). Loss of O-GlcNAc cycling did
not affect carbohydrate storage in dauers. Glucose stress had modest effects on carbohydrate storage in daf-2 and daf-2 ogt-1
mutants (1.5-fold increase compared to control), but had no effect on carbohydrate storage in the daf-2;0ga-1 mutant. Data are
presented as the mean of two independent experiments = SEM. (C) Neutral lipid content (ug/mg dry weight) was measured in
the indicated strains grown in the presence (orange bars) or the absence (gray bars) of glucose stress. At 20° (intermediate to high
insulin signaling), glucose stress, oga-1 mutations, and ogt-I mutations each result in a decrease in daf-2lipid storage (~1.3- to 2-fold
decrease compared to daf-2 control). Glucose stress has no additional effect on daf-2 ogt-1 mutants. At 25° (low insulin signaling),
overall lipid storage was reduced in daf-2 mutants (1.8-fold decrease compared to 20°). Loss of O-GlcNAc cycling and glucose stress

did not affect lipid storage in dauers.

insulin-signaling pathway. Taken together, these data
suggest that glucose stress, O-GlcNAc cycling, and insulin
signaling act in the same pathway to regulate dauer
formation.

O-GIcNAc cycling and insulin signaling regulate
macronutrient storage in response to glucose stress:
Changes in a variety of nutrientsensing pathways,
including O-GIcNAc cycling, regulate macronutrient
storage in C. elegans (HANOVER et al. 2005; FORSYTHE
et al. 2006). We tested whether the glucose stress re-
sponse was characterized by changes in macronutrient
storage. In wild-type animals, threshold levels of glucose
stress (250 mM glucose) resulted in an accumulation of
both trehalose and glucose (Figure 7A and data not

shown). Similar to the effects seen with reproductive
timing and protein O-GlcNAcylation, increased glucose
concentration (333 mwm) did not correlate with in-
creased carbohydrate storage. A lack of O-GlcNAc cy-
cling also resulted in an accumulation of both trehalose
and glucose (~1.5- to 2-fold increase compared to N2
control; Figure 7A) (HANOVER et al. 2005; FORSYTHE
et al. 2006; and data not shown). Glucose stress further
increased carbohydrate storage when O-GlcNAc cycling
was disrupted, especially in the og- mutant (~7-fold
more glucose compared to N2 control; Figure 7A).
We next tested how carbohydrate and lipid metabo-
lism in the daf2 mutant was affected by O-GlcNAc cycling
and glucose stress at different levels of insulin signaling.
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Similar to the effects in a wild-type background, when
insulin signaling was intermediate to high, a lack of
O-GIcNAc cycling or the presence of glucose stress
resulted in an accumulation of both trehalose and glu-
cose (Figure 7B and data not shown). Just as we observed
in the dauer assay (Figure 5C), glucose stress had sim-
ilar effects on carbohydrate metabolism in the daf-2 and
daf-2;0ga-1 mutants (~1.5-fold increase in trehalose and
2-fold increase in glucose compared to daf-2 control).
However, in the daf-2 ogt-1 mutant, glucose stress had
a more dramatic effect on carbohydrate metabolism,
resulting in an ~3- to 4-fold increase in both trehalose
and glucose (Figure 7B).

In contrast to its effects on carbohydrate storage,
disrupting O-GlcNAc cycling decreases neutral lipid
stores in a wild-type background [1.3- to 2-fold decrease
compared to N2 (HANOVER et al. 2005; FORSYTHE el al.
2006)]. Similarly, at high to intermediate levels of in-
sulin signaling, a lack of O-GIcNAc cycling or the pres-
ence of glucose stress resulted in a reduction in neutral
lipid stores (1.3- to 2-fold decrease compared to daf-2;
Figure 7C). Glucose stress had a similar effect on lipid
storage in daf-2 and daf-2;0ga-1 mutants (1.3-fold reduc-
tion compared to daf-2 control), but had no additional
effect on daf-2 ogt-1 mutants (Figure 7C).

At low insulin signaling (25°), all of the daf-2 mutant
animals enter dauer. Overall carbohydrate storage and
neutral lipid storage in the daf-2 dauers was lower
compared to those in intermediate signaling (~2-fold
reduction in both soluble glucose and lipids in daf-2
mutants at 25° compared to 20°; Figure 7). O-GlcNAc
cycling did not regulate carbohydrate or lipid storage
when insulin signaling was low: there was little to no
difference in soluble glucose or neutral lipids between
daf-2 and daf-2;0ga-1 or daf-2 ogt-I mutant strains. Fur-
thermore, glucose stress had no effect on trehalose stor-
age or lipid storage in any of the three strains. Glucose
stress also had no effect on glucose storage in the daf-2;
oga-1 mutant, and we observed only modest effects on
glucose storage in the daf2 and daf-2 ogt-I mutant
strains (=1.5-fold accumulation of glucose compared
to daf-2 control; Figure 7B). Together, these data indi-
cate that glucose stress and O-GlcNAc cycling regulate
macronutrient storage in a manner dependent on in-
sulin signaling levels.

DISCUSSION

In diabetic patients, insulin resistance prevents the
cellular utilization of glucose, leading to glucose toxic-
ity, which is characterized by chronic cellular and tissue
damage. In addition, the frequency of infertility, de-
velopmental defects, pregnancy complications, and
perinatal mortality is higher in obese and diabetic
patients (reviewed in Tsor et al. 2010; VIMALESWARAN
and Loos 2010). Like mammals, C. elegans is subject

to glucose toxicity, as high levels of glucose lead to
reductions in fertility (Lu and Gorrscu 1993; Lkk
et al. 2009) (Figure 1) and life span (ScHuLrz et al.
2007; LEE et al. 2009; SCHLOTTERER ¢t al. 2009). The
conservation of glucose-responsive pathways, including
the insulin-like signaling pathway and the hexosamine
signaling pathway, coupled with the ability to control
diet and genetic background, make C. elegans an excel-
lent model system for studying the glucose stress re-
sponse and the genes that determine the threshold
for glucose toxicity.

O-GIcNAc cycling is essential for metabolic tolerance
to fluctuations in glucose availability: As our first marker
for glucose stress, we chose to assay fertility, which has
a large energy cost and is under genetic selection. At
the glucose toxicity threshold (250 mm), animals were
fully fertile but had a delay in reproductive timing, an
increase in protein O-GlcNAcylation, and an increase in
carbohydrate storage. That fertility was robust over such
a wide range of glucose concentrations indicates that
C. elegans has a well-buffered metabolic system for deal-
ing with glucose stress. The buffered glucose stress re-
sponse requires the O-GlcNAc transferase OGT-1. Animals
lacking ogt-1 were subfertile below the threshold con-
centration of glucose and more adversely affected by
the toxic concentrations of glucose compared to wild
type, demonstrated by greatly reduced fertility and
greatly increased carbohydrate storage. The decrease
in fertility is closely correlated to glucose concentration,
suggesting that OGT-1 is acting as a nutrient sensor.
O-GIcNAc cycling has also been implicated in the re-
sponse to starvation, as OGT expression increases and
OGA expression decreases in response to glucose dep-
rivation (KREPPEL et al. 1997; WHISENHUNT et al. 2006),
indicating that this pathway is finely tuned to maintain
homeostasis.

A complex interplay exists between nutrient-driven
O-GIcNAc cycling and insulin signaling: O-GlcNAc
cycling is a regulator of insulin signaling phenotypes
(HANOVER et al. 2005; FORSYTHE et al. 2006; LOVE et al.
2010), and our results demonstrate that insulin signal-
ing also responds to glucose stress. When insulin signal-
ing was compromised in daf-2 mutants, a role for the
O-GlcNAcase OGA-1, which normally has a wild-type
glucose toxicity profile, is uncovered, as both oga-I
and ogt-I mutants are more sensitive to glucose in the
daf-2 background. Furthermore, this sensitivity increases
as the level of insulin signaling decreases. Similarly, an
oga-I mutation has no effect on dauer formation in
a wild-type background but increases dauer formation
when insulin signaling is compromised (FORSYTHE
et al. 2006). A role for OGA-1 in life span regulation is
also uncovered when insulin signaling is compromised,
as oga-I mutants have a small but significant decrease in
life span in a wild-type background, but an increased
life span when insulin signaling is compromised (LovE
et al. 2010). Together with recent data from mammalian
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cells (MAcAULEY et al. 2010), these data indicate that
increased protein O-GlcNAcylation contributes to insu-
lin resistance but is not the only determinant and
that levels of insulin signaling influence the role of
O-GlcNAc cycling and vice versa. RAHMAN el al
(2010) also reported that OGA-1 has a role in regulat-
ing C. elegans life span dependent on insulin signaling
levels. However, they observed that an oga-I mutation
increases life span in a wild-type background, but
has no effect when insulin signaling is compromised
(RAHMAN et al. 2010). We have demonstrated here that
O-GlcNAc cycling phenotypes are exquisitely sensitive
to both the level of insulin signaling and nutrient com-
position, small fluctuations in either temperature or
feeding conditions could account for these different
results.

Several macromolecular changes accompany altera-
tions in O-GlcNAc cycling or exposure to glucose stress,
and these changes are also dependent on the level of
insulin signaling. When insulin signaling is high (as in
wild-type animals), defects in O-GlcNAc cycling result in
increased carbohydrate storage, decreased lipid stor-
age, and deregulation of genes necessary for carbohy-
drate and lipid metabolism (HANOVER et al. 2005;
FORSYTHE et al. 2006; LoVE et al. 2010). As the level of
insulin signaling decreases, glucose stress severely af-
fects ogt-1 animals, resulting in increased carbohydrate
storage and dauer formation and decreased fertility,
consistent with a key role for OGT-1 as a nutrient
sensor.

Macronutrient availability and insulin signaling are
just two of the multiple input pathways that regulate the
dauer entry decision. Defects in the TGF-3 pathway,
which is also nutrient responsive, can lead to dauer
formation in the presence of food (Figure 6A)
(reviewed in FiELENBACH and ANTEBI 2008). Glucose
seems to specifically enhance insulin signaling, as we
found that dauer formation was suppressed in daf-2
mutants but unaffected or even enhanced in TGF-
mutants. Although mutations in both the insulin signal-
ing and the TGF- pathways can lead to dauer entry,
these pathways are known to have overlapping but dis-
tinct regulatory roles. For example, recovery from
dauer seems to require insulin signaling but not TGF-3
signaling (TisSENBAUM et al. 2000). In humans, both
insulin signaling and the TGF-B signaling pathways re-
spond to glucose and are implicated in diseases of glu-
cose toxicity, like diabetes (reviewed in ZHU et al. 2007).
Our data demonstrate that these signaling pathways re-
spond differently to nutrient flux, even though both
pathways contribute to the same developmental pro-
cesses (e.g., dauer entry), underscoring the need to model
these metabolic processes in genetically tractable sys-
tems that allow us to consider the effects of different
pathways in combination.

Assessing the levels of macronutrient stores provides
a mechanism for integrating the effects of glucose flux

and O-GlcNAc cycling on multiple nutrient sensing
pathways. In the presence of glucose stress, daf-2 mu-
tants accumulate more carbohydrates and fewer lipids
compared to growth on control plates, and dauer for-
mation is suppressed. Animals lacking ogt-I also accu-
mulate carbohydrates and have reduced lipid stores and
reduced dauer formation (Figures 5 and 7) (HANOVER
et al. 2005; FORSYTHE et al. 2006). However, there is not
a simple relationship between macronutrient levels
and dauer entry. First, daf-2;0ga-1 mutants also store
more carbohydrates and fewer lipids compared to daf
2 animals, but these double mutants form either the
same number or a higher number of dauers compared
to daf-2, depending on the level of insulin signaling
(this study and FORSYTHE et al. 2006). Second, combin-
ing glucose stress with an ogt-I mutation had an additive
effect on carbohydrate storage, but did not further re-
duce dauer formation. Rather, an increase in dauer
formation was observed when an ogi-/ mutation and
glucose stress were combined. Third, animals fed with
the E. coli strain HT115 have distinct metabolic profiles
compared to OP50-fed animals, including an increase
in glucose storage and a reduction in lipid storage
(BROOKS et al. 2009; REINKE ef al. 2010). Similar to an
ogt-1 mutation, however, combining HT115 feeding
with glucose stress resulted in an increase in daf-2 dauer
formation compared to that in OP50-fed animals. This
result suggests that in addition to the amount of avail-
able nutrients, the composition of the diet influences
levels of insulin signaling and mutant insulin-signaling
phenotypes in C. elegans. A relationship between diet
composition and insulin signaling was recently demon-
strated in Drosophila, as amino acid balance was shown
to be crucial for optimization of both life span and fecun-
dity independent of overall nutrient levels (GRANDISON
et al. 2009). Together, these data indicate that macronu-
trient storage levels may influence the insulin-mediated
dauer entry decision, but there is not a linear relationship
between glucose storage and dauer entry. Rather, there
seems to be a robust range of glucose storage levels that
are permissive for reproductive growth, and both low
levels of carbohydrate storage (e.g., when insulin signaling
is very low) and high levels of carbohydrate storage (e.g.,
in the presence of glucose stress and the absence of
O-GlcNAcylation) can increase dauer formation and de-
crease fertility.

Macronutrient storage has been implicated in a vari-
ety of developmental processes and stress responses in
C. elegans, including life span shortening and extension,
thermotolerance, osmotic stress resistance, and oxygen
sensitivity. Several laboratories have demonstrated that
supplemental glucose shortens C. elegans life span, at
both high and low levels of insulin signaling (ScHuLZ
et al. 2007; LEE el al. 2009; SCHLOTTERER el al. 2009).
Recently, the glucose disaccharide trehalose, which is
elevated in daf2 and age-I mutants (LAMITINA and
STRANGE 2005; HONDA et al. 2010), has been shown to
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extend C. elegans life span in a DAF-2-dependent man-
ner (HoNDA et al. 2010). Trehalose increases thermotol-
erance and osmotic stress resistance (LAMITINA et al.
2004; LamiTiNA and STRANGE 2005; LAMITINA et al
2006; Frazier and RotH 2009; HONDA ef al. 2010),
leading to the hypothesis that this insulin-regulated
molecule retards aging by protecting against stress.
ogl-1 mutants have increased trehalose storage at both
low and high levels of insulin signaling (this study;
HANOVER et al. 2005; FORSYTHE et al. 2006). However,
ogl-1 mutants have shortened life spans and decreased
resistance to UV stress compared to wild type (LOVE
et al. 2010), indicating that increased trehalose storage
does not slow aging in the absence of O-GlcNAcylation.
This fits well with recent data demonstrating that nutri-
ent sensing pathways can regulate macronutrient stor-
age differently under different conditions. For example,
alterations in sugar homeostasis regulate C. elegans sur-
vival in hyperosmotic and anoxic conditions; however,
opposing macronutrient profiles are associated with
distinct stress resistance phenotypes (FrRAz1ER and RoTH
2009). Furthermore, AMPK activation can either pro-
mote or prevent the depletion of fat stores (NARBONNE
and Roy 2009). Together, these results demonstrate that
energy homeostasis is a complex process whereby dif-
ferent storage molecules—even those commonly de-
rived from glucose—have distinct roles in development,
fertility, aging, and the response to various types of stress.

Life span, dauer, and fertility show differing sen-
sitivities to glucose excess: We defined the threshold
for glucose toxicity in wild-type worms by assaying fer-
tility; interestingly, life span seems to be less adaptable
to changes in glucose concentration. First, the thresh-
old for glucose toxicity in life span assays is 2.8 mm
supplemental glucose (LEE et al. 2009), nearly 100-fold
less than the threshold for glucose toxicity in the fertil-
ity assay. Second, life span does not seem to respond to
dose in the way that fertility and dauer formation do,
as concentrations of glucose ranging from 2.8 mMm to
111 mm glucose reduce mean life span ~15-25% with-
out correlation to dose (LEE et al. 2009). These data
suggest that nutrient buffering systems allow robust fer-
tility over a range of glucose concentrations, where-
as those same glucose levels result in a sharp decline
in life span. This could occur in several ways. Different
tissues may have different sensitivities to nutrient flux.
Insulin signaling is implicated in both fertility and life
span, but fertility is regulated by insulin-like activity in
the germline (MICHAELSON et al. 2010) whereas life span
is regulated by activity in neurons and intestine (APFELD
and KeEnNvoN 1998; WorLkow et al. 2000; reviewed in
FieLENBACH and ANTEBI 2008). Alternatively, or in com-
bination, nutrient buffering systems may be active in
young adults but lacking or overwhelmed in older
animals.

Homeostatic adaptations to nutrient excess and de-
regulation in diseases of aging: Disrupting O-GIcNAc

cycling leads to changes in insulin signaling and gene
expression associated with the regulation of longevity
(HANOVER et al. 2005; FORSYTHE et al. 2006; LOVE et al.
2010). Here we have extended these findings to include
a role for hexosamine signaling and insulin signaling
in the response to glucose excess. These findings in
C. elegans may have important implications for the dis-
eases associated with human aging. As humans age, ho-
meostatic control breaks down, and glucose tolerance
and insulin responsiveness decrease. During reproduc-
tive years, diabetes negatively affects both male and
female fertility, as well as prenatal development. As glu-
cose consumption has increased across all stages of life
in the human population, it is important to understand
which genes and pathways respond to nutrients and
how those pathways regulate different processes at dif-
ferent stages.

Different systems share common biochemical path-
ways that sense and respond to nutrients, but that
response may vary with tissue, developmental stage, or
genetic background. In C. elegans, we observed that glu-
cose stress had opposing effects on dauer formation in
insulin-like signaling mutants and TGF-3 signaling
mutants. In mammals, two key regulators of glucose
homeostasis, AMPK and mTOR, also have different spe-
cificities. AMPK activation regulates glucose homeosta-
sis in the liver and disrupts the energy balance in the
brain, whereas mTOR activation disrupts homeostasis in
the liver and favors homeostasis in the brain (reviewed
in Lam 2010). All of these nutrient-responsive pathways
are connected to the O-GlcNAc cycling pathway (re-
viewed in HANOVER et al. 2010; MoNDOUX et al. 2010).
Understanding which genes and pathways respond to
nutrients; how they distinctly regulate growth, fertility,
and aging; and how these are influenced by genetic
background will be necessary if we are to develop ap-
propriate strategies and therapeutics to deal with the
pressures of nutrient stress.
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