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Abstract: Caenorhabditis elegans is perhaps the best-understood metazoan in terms of cell fate, neural connectivity, nu-
trient sensing, and longevity. The study of this genetically amenable model has greatly accelerated progress in understand-
ing human aging-associated diseases, such as diabetes and neurodegeneration. The nutrient-responsive cycling of O-
GlcNAc on key intracellular targets may play a key, yet unappreciated, role in human disease. Unlike their mammalian 
counterparts, loss-of-function mutants of ogt-1 (O-GlcNAc Transferase) and oga-1 (O-GlcNAcase) are viable in C. ele-
gans, allowing the impact of the loss of O-GlcNAc cycling to be monitored in a living organism. C. elegans forward and 
reverse genetics, coupled with proteomics and chemical genomics, reveal networks of interactions and signaling pathways 
in which O-GlcNAc cycling may participate. The results point to a key regulatory role for O-GlcNAc cycling in cellular 
functions as diverse as nutrient uptake and salvage, cellular signaling, and transcription. The impact of altered O-GlcNAc 
cycling on the organism includes many of the hallmarks of aging-associated diseases: altered metabolism, lifespan, stress 
resistance, and immunity. 

O-GlcNAc: INSULIN RESISTANCE AND BEYOND 

 Type II diabetes mellitus (T2DM) is a metabolic disorder 
characterized by insulin resistance, which prevents the cellu-
lar uptake and utilization of glucose, leading to high blood 
glucose levels. These high serum glucose levels, in turn, lead 
to chronic cellular and tissue damage, a phenomenon termed 
“glucose toxicity”. As a consequence of glucose toxicity, 
patients with diabetes (90% of whom have type II) are at 
elevated risk for heart disease, stroke, blindness, kidney dis-
ease, nervous system disease, and hearing loss, which can all 
contribute to decreased lifespan in diabetic patients. Cur-
rently, T2DM affects over 23 million Americans, and the 
Centers for Disease Control estimates that an additional 57 
million Americans have ‘pre-diabetes’ and have an increased 
risk of developing the disease [1]. In recent years, the preva-
lence of T2DM has markedly increased and the average age 
of onset has rapidly decreased, leading the CDC to character-
ize T2DM as an epidemic.  

 T2DM is associated with several environmental and ge-
netic factors including obesity and physical inactivity [2], as 
well as age. Although T2DM affects men and women of all 
races, several ethnic groups have exceptionally high rates of 
the disease. Epidemiological studies of these groups have 
helped to identify additional genetic risk factors. The identi-
fication of OGA-1 (MGEA5) as a T2DM susceptibility locus 
in the Mexican-American population [3] was gratifying to 
researchers who had been working on this protein and its 
counterpart, OGT-1, as it had been postulated as early as the 
1990s that these enzymes played a role in the disease.  

 OGA-1 is a glucosaminidase that removes the O-GlcNAc 
(O-linked N-acetyl glucosamine) modification from proteins.  
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This post-translational modification is present on over 500 
different proteins in the cell [4]. The action of OGA-1 coun-
teracts the action of OGT-1, the O-GlcNAc transferase, 
which uses UDP-GlcNAc as its substrate. Glucose and glu-
cosamine levels influence the amount of UDP-GlcNAc 
available for OGT-1 transfer [5] and generally correlate with 
the level of O-GlcNAc protein modification [6, 7], suggest-
ing that this hexosamine signaling pathway might act as a 
cellular nutrient sensor. ~2-5% of the total intracellular glu-
cose is converted to UDP-GlcNAc that is utilized by OGT-1 
[8]. 

 Experimental studies that preceded and followed the 
identification of OGA-1 as a human susceptibility locus sup-
port the human genetic link between the hexosamine signal-
ing pathway and T2DM. OGT-1 transcripts and the O-
GlcNAc protein modification are enriched in the insulin-
producing pancreatic β cells in the rat [9], and further en-
riched in pancreatic cells of diabetic rats [10]. In addition, 
transgenic mice that overexpress OGT-1 in muscle [11] or 
liver [12] develop insulin resistance, as do mammalian cells 
or rat muscles in culture treated with an inhibitor of OGA-1 
[13-15]. In addition to its roles in glucose sensing and diabe-
tes, O-GlcNAc cycling plays a role in many fundamental 
cellular processes, including transcription, translation, pro-
tein localization, proteasome activity, and stress response 
[4]. Consequently, O-GlcNAc likely plays a role in some of 
the most pressing health care issues of the 21st century: neu-
rodegenerative diseases, HIV, cardiovascular disease, and 
cancer [16-19]. It is not clear which of these processes are 
directly linked to the insulin signaling functions of O-
GlcNAc (Alzheimer’s disease has been recently called ‘type 
III diabetes’) and which are modulated by O-GlcNAc, but 
are distinct from its role in insulin signaling and resistance.  

 OGT-1 is known to compete with kinases for available 
serine and threonine residues that can be modified by either 
O-GlcNAc or phosphate; however, it is also clear that block-
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ing phosphorylation at particular residues is only one mecha-
nism by which OGT-1 and the O-GlcNAc modification func-
tion [20]. For example, inhibition of the GSK-3 kinase in 
mammalian COS7 cells results in increased O-GlcNAcylation 
of some proteins and decreased O-GlcNAcylation of others 
[21]. Unlike phosphorylation, which is regulated by hun-
dreds of phosphatases and kinases, there is only a single 
OGA enzyme and a single OGT enzyme in metazoa. Given 
that these enzymes are unique and involved in many diverse 
and important cellular processes, it is not surprising that both 
OGA-1 and OGT-1 are essential in mammals [22, 23].  

 The essential nature of OGA-1 and OGT-1 is one of sev-
eral complications limiting the study of this pathway in 
mammals. Increased activity of OGT-1 is often observed in 
mammalian cell culture lines by increasing the glucose or 
glucosamine concentration of the media (which in turn in-
creases the levels of UDP-GlcNAc substrate), by overex-
pressing GFAT (the rate-limiting enzyme of the hexosamine 
biosynthetic pathway; [24]), or by treating the cells with the 
OGA-1 inhibitors like PUGNAc or NAG-thiazoline. All of 
these methods do increase the overall level of cellular protein 
O-GlcNAc modification; however, they may also induce 
other pathways, which make it difficult to determine which 
of the resulting phenotypes can be fully attributed to hexo-
samine activity. Excess glucose likely leads to phenotypes 
that are not dependent on OGT-1, as only 5% or less of the 
intracellular glucose is converted to UDP-GlcNAc. Although 
PUGNAc treatment leads to a global increase in the O-
GlcNAc modification, not all proteins respond identically to 
treatment: the O-GlcNAc modification of some proteins is 
unchanged or even decreased in the presence of PUGNAc 
[25]. Moreover, both PUGNAc and thiazoline inhibit other 
hexosaminidases in addition to OGA-1 [26, 27]. In whole-
organism mouse and rat models, OGT-1 can be upregulated 
in specific tissues, like muscle or liver. However, OGT-1 is 
normally expressed in a larger variety of tissues, including 
the heart and the brain [28]. These mammalian studies have 
provided important molecular and biochemical information 
about the functions of O-GlcNAc, but their interpretation is 
limited by a lack of integrated signals between genetic net-
works, from cell-to-cell, and from tissue-to-tissue. Moreover, 
the interpretation of these studies is based on molecular or 
biochemical changes, as opposed to a functional phenotype 
(e.g., animal behavior or survival).  

 Understanding communication between tissues is funda-
mentally important to understanding the role of O-GlcNAc 
in human disease, since, for example, it is known that cellu-
lar signals between the pancreas, muscle, and fat are neces-
sary for the development of insulin resistance. The homeo-
static mechanisms in metazoa, including the endocrine sys-
tem and anabolic and catabolic metabolism, are robust and 
interconnected. Understanding how signals are integrated 
from different genetic networks is especially important if we 
are to understand how O-GlcNAc regulates diverse cellular 
processes, and which of its phenotypes are connected to, and 
which are independent of, insulin signaling. In order to take 
a genetic, whole-organism approach to studying hexosamine 
signaling and its role in human disease, a model experimen-
tal organism is necessary.  

THE USE OF C. elegans AS A MODEL SYSTEM TO 
STUDY O-GlcNAc 

 The nematode Caenorhabditis elegans is an excellent 
genetic model system to study the mechanism of the O-
GlcNAc modification, its effect on nutrient sensing and insu-
lin resistance, and its genetic connections to other pathways. 
Both the OGA-1 and OGT-1 proteins are unique and highly 
conserved in C. elegans (68% and 88% similarity to the hu-
man orthologs, respectively; [28, 29]). Unlike the mammal-
ian mutants, which are embryonic lethal, catalytically null 
mutants of C. elegans oga-1 and ogt-1 are viable and fertile 
[28-30], allowing easier observation of their phenotypes. 
Multiple null alleles of ogt-1 are available, allowing verifica-
tion of the observed phenotypes and potentially interesting 
allele-specific phenotypes. Viable knockouts allow the con-
sequences of increased O-GlcNAc protein modification to be 
observed without non-specific inhibitors and allow the sepa-
ration of glucose-induced phenotypes that are dependent on 
OGT-1 and those that are not.  

 The simplicity of the nematode system (small size, short 
generation time, and large number of progeny) allows rapid 
and large-scale analysis of genetic questions. Studying hexo-
samine signaling in C. elegans could identify connections 
between the hexosamine pathway and other genetic networks 
via genetic screens for unknown factors that interact with 
OGT-1 and OGA-1 to modify insulin or nutrient signaling. 
In addition, the fate of each of the C. elegans 959 somatic 
cells is known from development through adulthood [31, 
32], and the connections between the 302 neurons in the 
adult have been mapped [33, 34], providing a unique frame-
work for integrating genetic and developmental information.  

 C. elegans homologs have been identified for ~60-80% 
of human genes [35]. The insulin-like signaling pathway is 
well studied in C. elegans and components of the pathway 
are conserved between C. elegans and humans [36]. As in 
humans, insulin signaling in C. elegans has been linked to 
many biological processes, including life span, fat storage, 
reproduction, and the stress response. Because the genetic 
requirements for insulin signaling are known in C. elegans, 
genetic connections between the insulin and other signaling 
pathways can be identified and studied. In mammals, signal-
ing from the insulin receptor negatively regulates the down-
stream FOXO1 transcription factor, which is required for the 
development of insulin resistance in insulin receptor knock-
out mice [37]. Likewise, activation of the C. elegans insulin-
like receptor DAF-2 negatively regulates the downstream 
FOXO homolog DAF-16, which is required for many of the 
phenotypes observed in daf-2 mutants (Fig. 1). The recent 
discovery that mammalian FOXO1 is activated by O-GlcNAc 
modification in response to glucose or glucosamine [38-40] 
provides yet another potential mechanism for O-GlcNAc’s 
modulation of insulin signaling. Because it is known which 
daf-2 phenotypes are DAF-16-dependent or independent, the 
analysis of this well-characterized system makes it straight-
forward to distinguish genetically which effects of OGA-1 
and OGT-1 are FOXO-dependent and which function in 
separate pathways. This is key for identifying other functions 
of hexosamine signaling and determining if any of these ac-
tivities are independent of insulin signaling.  
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 Several experiments have established genetic and protein 
interaction networks in C. elegans [41-43], and this data, in 
addition to traditional genetic assays, can be mined for po-
tential proteins and pathways that interact with OGA-1 and 
OGT-1. To date, genetic or synthetic interactions have been 
identified between OGT-1 and four other C. elegans genes: 
DAF-2, BAR-1, PMK-1, and LET-756. These interactions 
define a role for hexosamine signaling in four genetic net-
works: insulin signaling, Wnt/β-catenin signaling, p38 MAP 
kinase signaling, and FGF signaling, respectively. In this 
review, we will discuss the implications of each of these 
interactions and the potential of the C. elegans system to 
contribute to our understanding of the role of hexosamine 
signaling in diverse cellular processes and human diseases.  

C. elegans AS A MODEL FOR THE ROLE OF 
HEXOSAMINE SIGNALING IN INSULIN SIGNAL-
ING AND INSULIN RESISTANCE: OGT-1 AND 
OGA-1 INTERACT GENETICALLY WITH  
DAF-2 
 In humans, signaling through the insulin receptor triggers 
a cascade that results in the repression of FOXO transcrip-
tion factor activity. Similarly, signaling through the C. ele-
gans insulin-like receptor DAF-2 initiates a cascade that 
ends in the down-regulation of the FOXO transcription fac-
tor DAF-16 by its retention in the cytoplasm (Fig. 1). Loss-
of-function mutations in daf-2 result in a variety of pheno-
types, including altered metabolism, an alternative larval 
stage termed dauer, extended lifespan, and increased stress 
and pathogen resistance [44]. Many of the phenotypes of 
daf-2 mutants are dependent upon DAF-16/FOXO. DAF-16 
directly or indirectly regulates over 700 target genes in C. 
elegans [45-47] that in turn regulate these varied cellular 
processes.  

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Role of O-GlcNAc in Insulin Signaling. The DAF-2 in-
sulin-like signaling cascade leads to the cytoplasmic retention of the 
DAF-16/FOXO transcription factor. In the absence of insulin sig-
naling, the active transcription factor translocates to the nucleus 
(gray arrow), modulating expression of target genes. OGT-1 attenu-
ates the signal at multiple points in the pathway. Known O-
GlcNacylated targets are shown as filled symbols. In this simplified 
schematic, factors described in the text are shown with both the 
mammalian and C. elegans protein names. 

 In mammalian cells, the O-GlcNAc protein modification 
interacts molecularly with insulin receptor substrates as well 
as the downstream FOXO transcription factor. Exposure of 
adipocytes to the OGA-1 inhibitor PUGNAc enhances phos-
phorylation of the insulin receptor substrate IRS1 (Fig. 1). In 
contrast, high glucose or PUGNAc exposure inhibits the 
phosphorylation of Akt in response to insulin, which in turn 
inhibits its kinase activity [12]. Both IRS1 and Akt are modi-
fied by O-GlcNAc [12], suggesting that this response is di-
rect. Although the O-GlcNAc modification has an opposite 
effect on the phosphorylation of these two proteins, the end 
result is the same: the attenuation of insulin signaling.  

 In diabetic patients, changes in carbohydrate and fat me-
tabolism accompany insulin resistance. Likewise, insulin 
signaling also regulates fat storage in C. elegans, as daf-2 
insulin receptor mutants have increased fat stores [48]. ogt-1 
mutants also exhibit changes in fat metabolism; however, the 
effect is opposite that of daf-2 mutations. Levels of triacyl-
glycerol and sterol esters are reduced ~70% in ogt-1 mutants 
compared to wild type [29, 30], and a reduction in fat accu-
mulation has also been observed in an ogt-1 RNAi knock-
down experiment by Nile Red staining [41]. Interestingly, 
oga-1 mutants also have decreased fat stores, as triacylglyc-
erol and sterol esters are reduced ~40% in oga-1 mutants 
[29, 30]. This decrease in fat storage is accompanied by an 
increase in carbohydrate storage. Disaccharide trehalose and 
glycogen levels are increased in both ogt-1 (~2-3 fold in-
creased compared to wild type) and oga-1 mutants (~1.6 fold 
increased) [29, 30]. These data indicate that OGA-1 and 
OGT-1 are both necessary for proper carbohydrate and fat 
metabolism, and may also suggest that the dynamic cycling 
of the O-GlcNAc modification is important in this process. 

 Proper energy metabolism is important for many proc-
esses, including fertility. Obese and diabetic women have 
reduced fertility rates [49]. Several lines of evidence suggest 
that proper energy metabolism is also necessary for fertility 
in C. elegans. Mutations in the daf-2 insulin-like receptor 
[50], high media concentrations of glucose [51], or mutations 
that reduce desaturation of fatty acids (fat-6; fat-7; [52]) all 
inhibit C. elegans fertility. Measuring fertility rates in C. 
elegans oga-1 and ogt-1 mutants (either alone or in combina-
tion with daf-2 mutations or nutrient stress) is simple and 
illustrates the utility of genetic model systems elucidate the 
role of O-GlcNAc in complex phenotypes.  

 The altered fat metabolism observed in C. elegans daf-2 
mutants is dependent on DAF-16 [53]. It is not known how 
DAF-16 integrates varied environmental and genetic signals 
to differentially regulate its target genes. If, like its mammal-
ian homolog FOXO1, DAF-16 is modified by O-GlcNAc, 
this modification might provide target gene specificity. For 
example, the fatty acid desaturases FAT-5, FAT-6, and FAT-
7 are required for proper fat storage and are targets of DAF-
16 [48]. Since O-GlcNAc is involved in responding to nutri-
ent levels, insulin signaling, and fat storage, it could be the 
connection between FOXO1 and these phenotypes. Simple 
genetic assays in C. elegans will allow the determination of 
which phenotypes/target genes require the O-GlcNAc modi-
fication of FOXO1 (DAF-16 and OGT-1 dependent) and 
which do not (DAF-16 dependent; OGT-1 independent). 
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 In C. elegans, environmental cues (e.g., nutrient or tem-
perature stress) or mutations in daf-2 can lead to an alterna-
tive larval stage known as dauer. The dauer stage provides a 
convenient assay for assessing insulin signaling. A daf-2 
temperature-sensitive mutant will produce dauer larvae at 
temperatures above 16°C, with the percentage of dauers in-
creasing as temperature increases, even in the absence of 
nutrient stress (Fig. 2). Dauers form constitutively in tem-
perature-sensitive daf-2 mutants at 25°C. ogt-1 and oga-1 
single mutants do not form dauer larvae in the absence of 
nutrient stress [29, 30]. In daf-2 ogt-1 double mutants, the 
number of dauers produced is reduced over three fold com-
pared to the daf-2 mutant alone, indicating that these worms 

are insulin hypersensitive [29, 30]. Experiments at low tem-
perature (21-22°C) suggest that daf-2;oga-1 double mutants 
produce increased dauers compared to daf-2 single mutants, 
indicating insulin resistance [29]. However, this is not ob-
served at higher temperatures (23-25°C; MA Mondoux, JA 
Hanover, and MW Krause, unpublished data). Because dauer 
formation in daf-2 mutants is known to be DAF-16 depend-
ent [54], it is important to determine whether dauer forma-
tion in daf-2 ogt-1 and daf-2;oga-1 double mutants is DAF-
16 dependent. Dependence of the dauer phenotype on DAF-
16 would establish that this modulation of dauer formation is 
specific to the insulin-signaling pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Common C. elegans Genetic Assays. (A) Dauer Assay. In a daf-2 temperature-sensitive mutant, more dauer larvae are formed as 
temperature increases. Mutations that partially suppress dauer formation, like ogt-1, produce fewer dauer larvae in the daf-2 background at 
semi-permissive temperatures. (Adapted from [29]; photos from CA Wolkow). (B) Lifespan Assay. Adults are monitored for survival, often 
in the presence of 5’flurodeoxyuridine (FUDR) to prevent progeny growth from complicating the analysis. Mean lifespan is defined as the 
day at which 50% of the population is alive. Some mutations shorten lifespan; others, like daf-2, extend lifespan. (Adapted from [139]; pho-
tos from CT Murhpy). (C) Pathogen Killing Assay. Similar to the lifespan assay, L4 larvae or adults are exposed to a pathogen and then as-
sayed for survival, with mean survival defined as the time at which 50% of the population is alive. Some mutations increase pathogen resis-
tance, and others, like bar-1, are more susceptible to killing by the pathogen. (Adapted from [82]; photo JJ Ewbank and C Couillault). 
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 In addition to the insulin-signaling pathway, the TGF-β 
and guanylyl cyclase pathways can also contribute to dauer 
formation in C. elegans [55]. Just as O-GlcNAc modulates 
insulin signaling, it likely plays a role in the TGF-β signaling 
pathway, which is also responsive to glucose and plays a role 
in the development of diabetes [56]. Increasing O-GlcNAc 
levels via high glucose concentrations, overexpression of 
GFAT, or use of the OGA-1 inhibitor streptozotocin all lead 
to increased transcription and DNA binding of the upstream 
stimulatory factors (USF) at the TGF-β promoter in mam-
malian cells [57]. The USF proteins themselves are not 
modified by O-GlcNAc [57], suggesting that O-GlcNAc 
controls this pathway via transcriptional or post-translational 
regulation of some other factor(s). Investigating the genetic 
interactions between OGT/OGA and the TGF-β pathway in 
C. elegans could provide new insights into the role of O-
GlcNAc in this pathway and will help to distinguish how O-
GlcNAc contributes to T2DM via insulin signaling, TGF-β 
signaling, and the interactions between these networks. 

 In both mammals and C. elegans, insulin signaling plays 
a role in varied processes including fat metabolism and fer-
tility. The insulin genetic network is connected to many dif-
ferent networks (including the TGF-β signaling pathway and 
others to be discussed in this review). Studying O-GlcNAc’s 
role in the insulin-signaling network in C. elegans allows the 
observation of its effects on multiple pathways and on multi-

ple phenotypes. Because O-GlcNAc modifies so many pro-
teins, understanding the integrated effect of O-GlcNAc 
modification on multiple genetic networks will be crucial for 
therapeutic development. 

A ROLE FOR HEXOSAMINE SIGNALING IN THE 
Wnt/β-CATENIN SIGNALING PATHWAY: OGT-1 
INTERACTS SYNTHETICALLY WITH BAR-1 IN  
C. elegans 

 Just as signaling through the mammalian insulin receptor 
regulates the nuclear localization of the downstream tran-
scription factor FOXO, Wnt signaling regulates the nuclear 
localization of β-catenin (BAR-1 in C. elegans; Fig. 3). In 
the nucleus, β-catenin complexes with TCF family transcrip-
tion factors to regulate the expression of at least 100 target 
genes that regulate cellular proliferation, differentiation, 
transformation, migration, and adhesion [58]. Given its role 
in these processes, it is not surprising that mutated β-catenin 
has been found in many human cancers, including colorectal 
cancer and melanoma [59].  
 β-catenin is modified by O-GlcNAc in mammalian cells 
[13, 60], and this modification seems to play a role in its 
nuclear localization. Modification by O-GlcNAc regulates 
the binding of β-catenin to its nuclear binding partner TCF-
4, but not to the APC tumor suppressor protein [61], which 
functions in the nuclear export of β-catenin [62, 63]. Moreo-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Role of O-GlcNAc in β-catenin Signaling. The Wnt signaling cascade leads to β-catenin’s translocation to the nucleus (gray ar-
row), where it can bind the transcription factors TCF-4 or FOXO to regulate gene expression. In the absence of Wnt ligand, GSK-3 phos-
phorylation of β-catenin results in its retention in the cytoplasm and its eventual degradation by the proteasome. The insulin-signaling path-
way (blue) converges on the Wnt/β-catenin network (yellow). OGT-1 modifies multiple factors in the pathway (filled symbols) and nega-
tively regulates β-catenin’s nuclear localization. 
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ver, treatment of human prostate and breast cancer cell lines 
with the OGA-1 inhibitor PUGNAc results in decreased nu-
clear localization of β-catenin [61]. This decreased nuclear 
localization is accompanied by decreased transcription of β-
catenin targets [61]. Defects in the O-GlcNAc modification 
of β-catenin may be another path to oncogenesis: prostate 
cancer cells lines have low levels of O-GlcNAcylated β-
catenin [61], suggesting that the increased nuclear localiza-
tion of unmodified β-catenin and subsequent transcriptional 
changes could contribute to transformation in these cells. 
TGF-β1 can also induce nuclear localization of β-catenin in 
human mesenchymal stem cells [64], although the role of the 
O-GlcNAc modification in this process has not been exam-
ined.  

 In addition to its connections to the hexosamine and 
TGF-β networks, the Wnt/β-catenin signaling pathway is 
connected to the insulin-signaling pathway. β-catenin and 
FOXO physically interact in mammalian cells, as do het-
erologously expressed BAR-1 and DAF-16 [65, 66]. β-
catenin enhances FOXO transcriptional activity [65, 66]. In 
addition to this positive role for β-catenin in FOXO tran-
scriptional activation, FOXO negatively regulates β-catenin/ 
TCF transcriptional activity and reduces binding of β-catenin 
to TCF-4 [66, 67]. FOXO and TCF bind to the same region 
of the β-catenin protein [65]. Furthermore, the interactions 
between β-catenin/FOXO and BAR-1/DAF-16 are increased 
in response to oxidative stress [65, 66], and the interaction 
between β-catenin and TCF-4 is decreased in response to 
oxidative stress [67]. Together, these data suggest that 
FOXO and TCF compete for β-catenin binding to control the 
transcriptional response to Wnt signaling, insulin signaling, 
and stress.  

 Since β-catenin and FOXO are both modified by O-
GlcNAc, the modification of one or both of these proteins 
could affect their interaction, activity, and/or nuclear local-
ization, and may influence whether FOXO or TCF ‘wins’ the 
competition for β-catenin binding. The β-catenin/TCF com-
plex is known to interact with c-Jun [68], which is also 
modified by O-GlcNAc [69], raising the possibility that O-
GlcNAc modification could be a general mechanism control-
ling the selection of β-catenin’s binding partners and there-
fore its transcriptional activation program. The c-Jun N-
terminal kinases (JNKs) are known to be involved in the 
progression of type II diabetes [70], and it is possible that c-
Jun’s interaction with β-catenin and/or its O-GlcNAc modi-
fication influences its availability for phosphorylation by 
JNK. In C. elegans, JNK can directly phosphorylate DAF-16 
[71], suggesting another connection point in the OGT-1, in-
sulin signaling, and β-catenin genetic networks.  

 In addition to its regulation by O-GlcNAc, β-catenin is 
regulated via phosphorylation by the cytoplasmic kinase 
GSK-3 [72, 73], which leads to β-catenin’s subsequent ubiq-
uitination and degradation by the proteasome [74] (Fig. 3). 
GSK-3 modifies a wide range of substrates, including many 
targets of OGT-1. Also, like OGT-1, GSK-3 is thought to 
play a crucial role in diabetes, Alzheimer’s disease, and can-
cer [75-77]. Inhibition of GSK-3 by lithium treatment in-
creases the levels of O-GlcNAcylated β-catenin [78], and 
changes the O-GlcNAc modification state of at least 45 addi-

tional proteins, with increases in O-GlcNAcylation observed 
for some proteins and decreases observed for others [21].  

 GSK-3 itself is modified by O-GlcNAc [79], suggesting 
that O-GlcNAc could potentially negatively regulate β-
catenin activity through at least two mechanisms: first, by 
maintaining β-catenin in the cytoplasm via O-GlcNAc modi-
fication, and second, by promoting the degradation of β-
catenin via O-GlcNAc modification of GSK-3 or a GSK-3 
regulator (for example, Akt). Phosphorylation of GSK-3 Ser-
9 contributes to its inactivation [80], and is used as a marker 
for GSK-3 activity. In C. elegans, both GSK-3 and GSK-3-
phospho-Ser-9 protein levels are increased in ogt-1 (2.2 fold 
increased compared to wild type) and oga-1 (1.3 fold in-
creased) mutants [29]. In contrast, treating adipocytes with 
insulin and the OGA-1 inhibitor PUGNAc has no discern-
able effect on GSK-3 levels but decreases GSK-3-phospho-
Ser-9 levels [13]. These results may indicate a difference in 
the O-GlcNAc regulation of GSK-3 between mammals and 
C. elegans, or they may highlight the caveats of extrapolat-
ing function and phenotype from cell culture experiments 
that rely on chemical inhibitors and lack integration of cell-
to-cell and tissue-to-tissue signals.  

 Because the Wnt/β-catenin signaling pathway has com-
plex interactions with a variety of genetic networks, C. ele-
gans is an excellent system to study the role of O-GlcNAc in 
β-catenin signaling. β-catenin/bar-1 was used as a ‘query’ 
gene in a systematic genetic interaction analysis (SGI) in C. 
elegans, and OGT-1 was identified as a BAR-1 genetic in-
teractor based on a slow growth phenotype in bar-1 mutant 
ogt-1 RNAi lines [41]. As suggested by the interactions be-
tween β-catenin/FOXO and BAR-1/DAF-16 [65, 66], the β-
catenin pathway interacts with the DAF-2 insulin-like signal-
ing pathway in C. elegans. Similar to daf-2 ogt-1 double 
mutants [29, 30], daf-2;bar-1 double mutants form fewer 
dauer larvae compared to daf-2 single mutants [65]. Fur-
thermore, a bar-1 RNAi knockdown results in an ~50% re-
duction of fat stores [41], which is similar to the defect in fat 
metabolism observed in ogt-1 mutants [29, 30] and opposite 
to the increase in fat stores observed in daf-2 mutants [81]. 
bar-1 mutants also have decreased lifespan and increased 
sensitivity to oxidative stress, similar to the observed 
lifespan and stress resistance defects in daf-16 mutants [65]. 
BAR-1 is required for full expression of the DAF-16 target 
gene sod-3 in response to oxidative stress in C. elegans [65, 
66], although there is no change in basal sod-3 levels in bar-
1 mutants [82]. These data suggest that β-catenin could 
modulate dauer formation, lifespan, and stress response 
through its interaction with DAF-16/FOXO.  

 In addition to its roles in fat metabolism, insulin signal-
ing, and the oxidative stress response, BAR-1 also plays a 
role in the C. elegans response to the opportunistic human 
pathogen Staphylococcus aureus. bar-1 mutants fail to in-
duce expression of several genes up-regulated in the wild-
type response to S. aureus and are more sensitive to killing 
by the pathogen [82]. BAR-1’s role in the response to patho-
gen stress could be related to its role in the insulin-signaling 
network. daf-2 mutants are resistant to several pathogens, 
and this response is DAF-16 dependent [83]. bar-1 RNAi 
suppresses the daf-2 resistance to S. aureus [82]. This low 
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level of resistance is similar to the sensitivity observed in 
bar-1 RNAi alone and is more severe than daf-16;daf-2 mu-
tants, which have a wild-type level of pathogen sensitivity 
[82, 83], suggesting that BAR-1’s role in the pathogenesis 
response is at least partially distinct from DAF-16/FOXO. It 
is important to determine how and if ogt-1 mutations affect 
pathogenesis, as we know that β-catenin and FOXO, key 
factors in the pathogen response network, are modified by O-
GlcNAc. 

 The discovery of a genetic interaction between ogt-1 and 
bar-1 in C. elegans complements the biochemical and mo-
lecular data implicating O-GlcNAc in the regulation of β-
catenin in mammalian cells. In addition, the known functions 
of bar-1 in C. elegans lifespan regulation, stress response, 
and pathogen resistance suggest new roles for OGT-1 and O-
GlcNAc. In the next section, we will discuss how this pro-
posed role for OGT-1 in the C. elegans innate immune re-
sponse is reinforced by a physical interaction with a p38 
MAP kinase. 

HEXOSAMINE SIGNALING AND THE MAP KINASE 
NETWORK: C. elegans OGT-1 INTERACTS PHYSI-
CALLY WITH PMK-1 

 Like the insulin, TGF-β, and β-catenin signaling net-
works, the p38 mitogen-activatived protein (MAP) kinase 
pathway responds to extracellular signals and transduces the 
signal to regulate gene expression. The p38 MAP kinase 
pathway regulates genes that play roles in apoptosis, cell 
cycle, differentiation, development, and inflammation [84]. 
The p38 MAP kinase network is also connected to the hexo-
samine-signaling network. In mammalian cells, p38 MAP 
kinase physically interacts with the C-terminus of OGT-1 
[85]. Phosphorylation and activation of p38 by the upstream 
MAP kinase kinase MKK3 are required for its binding to 
OGT-1 (Fig. 4; [85]). p38 and OGT-1 interact in cells trans-
fected with wild-type or constitutively active MKK3, but not 
in cells transfected with a dominant negative MKK3 [85]. 
Reciprocally, increasing O-GlcNAc levels (via high glucose 
or overexpressing GFAT) increases the level of phosphory-
lated p38 in mammalian cells [86]. In addition to their physi-
cal interaction, OGT-1 and the p38 MAP kinase share sev-
eral target substrates, including the neurofilament peptide 
NF-H [87, 88]. Under glucose deprivation conditions,  
p38 inhibition does not affect the interaction between OGT-1 
and NF-H; however, p38 inhibition abolishes the O-
GlcNAcylation of NF-H, suggesting that p38 modulates 
OGT-1’s catalytic activity, but not its recruitment to sub-
strates [85].  

 Another shared substrate is the transcriptional co-
activator PGC-1α (PPAR-γ-coactivator 1α), which is modi-
fied by O-GlcNAc [39], p38 MAP kinase [89], and GSK-3 
[90]. PGC-1α binds to OGT-1 and targets OGT-1 to FOXO, 
increasing its O-GlcNAcylation and activity [39]. PGC-1α 
acts as a co-activator for many different proteins, including 
the PPARs (α, β, and γ), which are members of the nuclear 
hormone receptor (NHR) family. The NHR family regulates 
fat and glucose metabolism in mammals. PPARα is modified 
by both p38 MAP kinase and GSK-3 [91]. PPAR γ has been 
implicated in diabetes: it is expressed in adipocytes and in 
the liver of obese patients, and several anti-diabetic drugs act 

as PPARγ ligands [92]. Mammalian FOXO1 interacts with 
PPARγ in a two-hybrid assay, and the two proteins antago-
nize each other in reporter gene assays [93]. Together, these 
data demonstrate that PGC-1α is a possible connection point 
between multiple signaling networks. Increased O-GlcNAc 
levels improve cellular stress response in mammalian cardiac 
tissue, and this seems to be mediated by p38 MAP kinase 
[94]. Furthermore, the induced transcription of the TGF-β1 
gene observed in the presence of increased O-GlcNAc via 
high glucose or overexpression of GFAT is dependent on 
p38 MAP kinase [86], suggesting a link between the OGT-1, 
TGF-β, and p38 genetic networks (Fig. 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (4). Role of O-GlcNAc in the p38 MAP Kinase Signaling 
Network. Stress, including pathogen infection, induces the p38 
MAP kinase-signaling cascade. p38 physically interacts with OGT-1 
and the two proteins regulate each other’s activity. p38 MAP kinase, 
GSK-3, and OGT-1 (filled symbols) modify several common cyto-
plasmic and nuclear substrates, including multiple transcription 
factors and co-factors. The insulin signaling network (blue) and 
Wnt/β-catenin signaling network (yellow) are both connected to the 
p38 MAP kinase network. 
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 The physical interaction between p38 and OGT-1 is evo-
lutionarily conserved, as the C. elegans p38 homolog PMK-1 
was identified as a physical interactor of OGT-1 in a high-
throughput yeast two-hybrid screen [43]. The PPAR nuclear 
hormone receptors, which are direct targets of p38 and GSK-
3 and indirect targets of OGT-1 in mammals, are also evolu-
tionarily conserved. The C. elegans genome encodes a large 
number of NHRs, and although it is not clear by sequence 
which are the orthologs of the PPARs, functional conserva-
tion suggests that C. elegans NHR-49 is similar to PPARα 
[48]. NHR-49 is important for expression of the fatty acid 
desaturases FAT-5 and FAT-7, and mutations in these genes 
lead to altered fat storage and fertility defects [95, 96]. NHR-
49 and FAT-7 are also necessary for wild-type lifespan [96]. 
O-GlcNAc may regulate this arm of the fat metabolism 
pathway, as it is known to directly target some mammalian 
NHRs [97, 98]. For example, increased O-GlcNAc levels 
inhibit the estrogen and progesterone NHRs directly by de-
creasing their transcription and increasing transcription of 

co-repressors [99]. Since OGA-1 and OGT-1 are both re-
quired for maintaining proper fat metabolism is C. elegans 
[29, 30], it will be interesting to see whether this phenotype 
is dependent on NHRs, and/or whether nhr-49 fat metabo-
lism and lifespan phenotypes are dependent on hexosamine 
signaling.  

 The C. elegans NHR DAF-12 is a candidate for the func-
tional ortholog of PPARγ, as it interacts with DAF-16 and 
with mammalian FOXO1 [93]. The role of O-GlcNAc in 
DAF-12 regulation is not known; however, both the insulin 
signaling and TGF-β signaling pathways converge upon 
DAF-12 in dauer formation [100]. Therefore, O-GlcNAc 
could potentially modulate this NHR signaling network via 
the modification of FOXO or other insulin signaling factors, 
and/or via modulation of TGF-β transcription.  

 Like the β-catenin and insulin signaling pathways, the 
p38 MAP kinase pathway responds to several different kinds 
of stress in C. elegans, including heat, osmotic, and pathogen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). O-GlcNAc is a connection point between multiple Signaling Networks. The insulin, Wnt/β-catenin, p38 MAP kinase, and TGF-
β signaling networks control a wide range of processes in both mammals and C. elegans, including lifespan, fertility, metabolism, and stress 
and pathogen response. O-GlcNAc cycling in response to nutrients is implicated in all of these pathways. Because OGT-1 has targets in mul-
tiple networks (filled symbols), model organism studies in C. elegans are crucial to our understanding of the integrated response to O-
GlcNAc modulation. 
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stress. PMK-1 was identified in a screen for C. elegans mu-
tants with enhanced susceptibility to the nematode and hu-
man pathogen Pseudomonas aeruginosa [101]. Other com-
ponents of the p38 MAP kinase signaling pathway were also 
identified in this screen, including SEK-1 (C. elegans 
ortholog of MKK3) and NSY-1 (C. elegans ortholog of 
ASK1) [101]. The role of the p38 MAP kinase pathway in 
pathogen response is conserved from C. elegans to mam-
mals, as ASK1 is also required for the innate immune re-
sponse in mice [102].  

 A connection between the p38 MAP kinase pathway and 
the insulin signaling pathway in the pathogen response is 
suggested by the biochemical interactions between OGT-1, 
PGC1-α, and FOXO. In C. elegans, genetic evidence con-
nects the p38 MAP kinase-signaling pathway to the DAF-
2/DAF-16 insulin-signaling network. Loss of PMK-1 or 
SEK-1 eliminates the daf-2 mutant resistance to P. aerugi-
nosa [103], just as loss of BAR-1 eliminates the daf-2 mu-
tant resistance to S. aureus [82]. PMK-1 seems to act in par-
allel to BAR-1 in the C. elegans immune response. pmk-
1;bar-1 double mutants are more susceptible to killing by S. 
aureus than either single mutant alone [82]. Furthermore, 
loss of bar-1 does not affect the induction of PMK-1-
dependent genes in response to P. aeruginosa; nor does loss 
of pmk-1 affect the induction of BAR-1-dependent genes in 
response to S. aureus. Interestingly, bar-1 mutants seem to 
be more susceptible to S. aureus, and pmk-1 mutants are 
more susceptible to P. aeruginosa [82], suggesting that C. 
elegans has pathogen-specific response programs [104]. 

 How do the insulin, β-catenin, and p38 MAP kinase 
pathways contribute to the innate immune response? DAF-
16, BAR-1, and PMK-1 are all necessary for the pathogen 
resistance observed in daf-2 insulin-like receptor mutants 
[82, 83, 103]. However, daf-2;bar-1 and daf-2;pmk-double 
mutants are more sensitive to killing by P. aeruginosa than 
daf-16;daf-2 double mutants [82, 103]. These data suggest 
that both BAR-1 and PMK-1 are necessary for the increased 
pathogen resistance observed in daf-2 mutants, but that both 
pathways also function in parallel to insulin signaling.  

 As expected for parallel pathways, daf-16;pmk-1 double 
mutants are more sensitive to P. aeruginosa than either sin-
gle mutant alone [103]. Furthermore, there is very little over-
lap between genes up-regulated by PMK-1 and genes up-
regulated by DAF-16 [45, 46, 103]. PMK-1 and DAF-16 do 
share some common targets, however: several genes that are 
upregulated by PMK-1 are downregulated by DAF-16, in-
cluding C-type lectins [103]. C-type lectins can act as patho-
gen recognition receptors in a variety of organisms, includ-
ing mammals. The C-type lectin domain was originally de-
scribed as a carbohydrate-recognition motif, though not all 
C-type lectins bind carbohydrates [105]. The C. elegans ge-
nome contains nearly 300 genes thought to encode for C-
type lectins, and different subsets of these genes are induced 
in the wild-type response to the C. elegans pathogens P. 
aeruginosa [103], Serratia marcescens [106], and Microbac-
terium nematophilum [107].  

 The C-type lectins are just one example of a large class 
of genes that are a common part of the immune response but 
show pathogen-specific expression patterns. In addition to 

pathogen specificity, there is also pathway specificity, as the 
p38 MAP kinase pathway and insulin signaling pathway 
(and presumably the β-catenin pathway) regulate overlap-
ping but distinct sets of target genes in response to pathogen 
stress [108]. The TGF-β signaling pathway [106] and the 
JNK signaling pathway [109] are also involved in the C. 
elegans innate immune response, which could implicate O-
GlcNAc in at least five different genetic networks that regu-
late the pathogen response. Since O-GlcNAc and OGT-1 
modulate the insulin, β-catenin, p38 MAP kinase, and TGF-
β signaling networks (Fig. 5), it is important to analyze the 
pathogen response in ogt-1 mutants (alone or in combination 
with bar-1, pmk-1, daf-2, etc.). We can then begin to under-
stand how the O-GlcNAc modification influences innate 
immunity in both general and pathogen-specific pathways.  

A NOVEL CONNECTION TO THE FGF NETWORK: 
OGT-1 INTERACTS SYNTHETICALLY WITH  

LET-756 

 The same C. elegans SGI analysis that identified BAR-1 
as a synthetic interactor of OGT-1 also identified LET-756 
[41]. LET-756 is an FGF–like ligand. Unlike β-catenin and 
p38, there is no biochemical or molecular evidence in mam-
malian cells that links OGT-1 or O-GlcNAc with the closest 
LET-756 mammalian ortholog, the fibroblast growth factor 
FGF-20. This highlights the usefulness of the C. elegans 
model system to identify novel interactions and connections 
to the hexosamine-signaling network. 

 The FGFs respond to extracellular cues in the regulation 
of varied developmental processes, including cell prolifera-
tion and migration, organ and limb formation, and neural 
development [110]. LET-756 is necessary for early devel-
opment in C. elegans: complete loss of function results in a 
larval lethal arrest [111]. There are 22 FGFs in mammalian 
cells and only two in C. elegans (LET-756 and EGL-17), 
simplifying the analysis of FGF function. Phylogenetic and 
functional analyses suggest that LET-756 is most similar to 
the FGF-9 superfamily, which also includes FGF-16 and 
FGF-20 [112].  

 How and why are the LET-756 and OGT-1 genetic net-
works connected? In mammals, FGF-9 is expressed in the 
proliferative cells of the pancreas [113], and OGT-1 is en-
riched in pancreatic β-cells [9]. One possibility for the inter-
action between LET-756 and OGT-1 is that this interaction 
is indirect via interaction of LET-756 with O-GlcNAc-
modified protein(s). A C. elegans yeast two-hybrid screen 
for physical interactors of LET-756 identified DAF-21 and 
an uncharacterized gene, AD-F35A5.4 [114]. DAF-21 is a 
member of the Hsp90 family of molecular chaperones, 
which are O-GlcNAc modified in mammalian cells [115]. 
Similarly, AD-F35A5.4 encodes a protein most similar to 
human keratin-associated protein 10-4, and the intermediate 
keratins 1, 8, and 18 are O-GlcNAc modified [116, 117]. A 
human cDNA library yeast two-hybrid screen for physical 
interactors of C. elegans LET-756 identified human 14-3-3β, 
and this interaction was confirmed by co-immuno-
precipitation [114]. 14-3-3 proteins are modified by O-
GlcNAc in mammalian cells, suggesting another potential 
link between LET-756 and OGT-1. Moreover, the insulin 
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signaling components PDK1 and IRS1 are substrates for 
both 14-3-3 [118, 119] and OGT-1 [12].  

 In C. elegans, a genetic interaction has been identified 
between the fibroblast growth factor LET-756 and OGT-1 
and a physical interaction has been identified between LET-
756 and 14-3-3. In mammalian cells, biochemical and mo-
lecular interactions have been identified between 14-3-3 and 
OGT-1. However, the mechanism and function of OGT-1’s 
interaction with FGFs remains elusive. C. elegans is an ex-
cellent model system to address this question. The FGFs and 
14-3-3 proteins are well conserved from C. elegans to 
mammals, but there are fewer FGF and 14-3-3 isoforms in 
the worm (two FGFs and two 14-3-3s in C. elegans vs. 22 
and seven, respectively, in mammals) and potentially less 
redundancy to complicate the analysis. In addition, RNAi 
can be used to knockdown these genes in adult animals, 
which allows a whole-organism approach to be used even 
when the genes are essential for embryonic development. 
With this simple system and proper genetic tools, C. elegans 
may provide great insight into the novel role of O-GlcNAc in 
the FGF network.  

TARGETED AND DISCOVERY-DRIVEN AP-
PROACHES TO ELUCIDATE THE ROLES OF O-
GlcNAc: FUTURE DIRECTIONS  

 The interactions between OGT-1 and the insulin signal-
ing, β-catenin, p38 MAP kinase, and FGF genetic networks 
in C. elegans were identified by both targeted and discovery-
driven approaches. These approaches were combined in the 
SGI screen that identified OGT-1 interactions with BAR-1 
and LET-756. RNAi knockdown of 486 genes from linkage 
group III (discovery-driven) and 372 genes implicated in 
signal transduction (targeted) was carried out in the context 
of 11 different C. elegans ‘query gene’ mutants chosen to 
represent different pathways [41]. The daf-2 query, unlike 
the bar-1 and let-756 queries, did not identify ogt-1 as a ge-
netic interactor [41], as there was no slow growth phenotype 
observed in ogt-1 RNAi in a daf-2 mutant. However, a tar-
geted test had previously demonstrated that ogt-1 and daf-2 
genetically interact in the dauer assay [29, 30]. These data 
suggest that ogt-1 affects dauer formation, but not fertility, in 
daf-2 mutants. The data also underscore that both discovery-
driven and targeted approaches, and varied phenotypic out-
puts, will be necessary to elucidate the diverse functions of 
O-GlcNAc. In addition to dauer, lifespan, and fertility, there 
are C. elegans assays to evaluate a variety of behaviors, in-
cluding mating, feeding, learning and memory, locomotion, 
and chemo- and mechanosensation [120]. Given O-GlcNAc’s 
modification of many proteins in diverse genetic networks, it 
seems likely that ogt-1 and oga-1 mutations will affect sev-
eral of these processes. The ease of doing these experiments 
in C. elegans makes a variety of approaches feasible. 

 Quantitative proteomics is one discovery-driven ap-
proach that will be useful for understanding the O-GlcNAc 
post-translational modification and its role in post-
transcriptional regulation. This approach has been used to 
identify insulin-signaling targets in C. elegans. Using 15N-
labeled (heavy isotope) wild-type protein as a reference, 
quantitative mass spectrometry identified 86 proteins that 
were differentially expressed in daf-2 mutant worms com-

pared to wild type [121]. This study identified some previ-
ously identified DAF-16 targets, like SOD-3, but 51 of the 
differentially expressed proteins are novel targets of the insu-
lin signaling pathway [121]. In mammalian cells, the quanti-
tative isotope technique has been used in combination with a 
chemoenzymatic tagging strategy that specifically modifies 
proteins containing a terminal GlcNAc (QUIC-Tag; [25]). 
The QUIC-Tag method provides two important sets of data: 
the identity of O-GlcNAc-modified proteins and their rela-
tive abundance in the light vs. heavy samples. Applying the 
QUIC-Tag method to C. elegans would allow the compari-
son of the O-GlcNAc modification in a variety of genetic 
backgrounds and environmental conditions [e.g., nutrient 
stress), and could provide important insights into how this 
post-translational modification modulates multiple signaling 
networks.  

 Chemical genomics using C. elegans as a target has also 
proven to be a useful pathway of discovery for complex sig-
naling cascades. Chemical genetic screens can identify mu-
tants that are hypersensitive or resistant to different com-
pounds [35]. For example, a recent C. elegans chemical ge-
netics screen assayed for RNAi clones with increased resis-
tance to the drug paraquat, which generates reactive oxygen 
species (ROS). Positive RNAi clones were then tested for 
effects on lifespan [122]. This screen identified genes and 
genetic networks previously implicated in the response to 
ROS (e.g., daf-2 and other insulin signaling components) as 
well as novel genes in the TOR (target of rapamycin) nutri-
ent sensing pathway [122], which had not been previously 
implicated in lifespan regulation. C. elegans high-throughput 
chemical genetic screens are especially useful in determining 
the mechanism of drug action for drugs with multiple targets. 
This will be a useful approach for the hexosamine signaling 
pathway as therapeutics that target OGA-1, OGT-1, or O-
GlcNAc-modified proteins must be carefully evaluated to 
define both the drug target(s) and potential off-target effects. 

 In addition to discovery-driven approaches, several ge-
netic networks have tantalizing potential roles for O-GlcNAc 
regulation and are worth pursuing in a targeted approach. 
Like the hexosamine signaling pathway, the TOR pathway 
senses nutrients and regulates the insulin-signaling pathway. 
There are two distinct TOR complexes, TORC1 and TORC2. 
Akt phosphorylation and activation, which is countered by 
O-GlcNAc modification [12], activates TORC1 [123]. 
TORC2, in turn, phosphorylates Akt [124], creating a feed-
back loop between the insulin signaling and TOR signaling 
pathways. It will be interesting to see whether O-GlcNAc 
modification of insulin signaling pathway components af-
fects their ability to activate TORC1 and/or be modified by 
TORC2.  

 In C. elegans, TORC1 and TORC2, like the hexosamine 
signaling pathway, are implicated in insulin signaling and 
metabolism. Mutation of the C. elegans TOR homolog let-
363 leads to a dauer-like arrest and an increase in fat stores 
[125]. Similarly, mutations in the TORC2 component rict-
1/Rictor lead to increased fat storage and extended lifespan 
[126, 127]. These phenotypes are similar to those observed 
in daf-2 mutants and opposite to the effects of ogt-1 mutants. 
In addition, DAF-16 regulates the transcription of the 
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TORC1 component daf-15/Raptor [125], further connecting 
insulin and TOR signaling. With the availability of genetic 
tools and phenotypic assays that integrate TOR’s effects on 
multiple pathways, C. elegans will be a useful model system 
for dissecting the role of O-GlcNAc and OGT-1 in TOR’s 
regulation of metabolism.  

 In addition to its connection to insulin signaling and role 
in metabolism, TOR is also connected to the 14-3-3 network. 
The 14-3-3 proteins act as molecular chaperones by inducing 
conformational changes, sequestering proteins in the cyto-
plasm, or acting as a scaffold to bring protein complexes 
together [128]. One of the proteins that mammalian 14-3-3 
sequesters in the cytoplasm in mammalian cells is CRTC2/ 
TORC2, a central factor in the glucagon expression pathway. 
CRTC2 is O-GlcNacylated upon glucose stimulation, which 
results in a disruption of its binding to 14-3-3 [129]. Once 
unbound from 14-3-3, CRTC2 translocates to the nucleus 
and binds to promoters of gluconeogenic genes [129]. 14-3-3 
also binds β-catenin and FOXO to sequester these proteins in 
the cytoplasm [130, 131], and the C. elegans 14-3-3 ho-
molog FTT-2 can bind DAF-16 [132]. It is tempting to 
speculate that, as is the case for CRTC2, O-GlcNAc modifi-
cation of β-catenin and/or FOXO could influence their bind-
ing to 14-3-3 and therefore their nuclear localization and 
transcriptional programs. 

 C. elegans will be a useful model system for studying the 
role of O-GlcNAc modification and 14-3-3 proteins. There 
are seven 14-3-3 isoforms in mammals but only two (FTT-
1/PAR-5 and FTT-2) in C. elegans, simplifying the analysis 
of this pathway. 14-3-3 proteins are known to be involved in 
fat metabolism, dauer formation, and the stress response in 
C. elegans. Like bar-1 and ogt-1 mutants, ftt-2 RNAi re-
duces fat storage in a Nile Red staining assay [133]. ftt-2 
RNAi enhances dauer formation in a daf-2 mutant [132, 
133], which is the opposite of the daf-2 ogt-1 and daf-2;bar-
1 phenotypes. ftt-2 RNAi induces the expression of stress 
response genes, including the DAF-16 dependent sod-3 
gene, even in the absence of stress [133]. Similar to a C. ele-
gans daf-2 mutant [134], ftt-2 RNAi knockdown [132, 135] 
causes DAF-16 to preferentially localize to the nucleus, and 
the expression of DAF-16 targets are upregulated. These 
data suggest that FTT-2 sequesters DAF-16 in the cytoplasm 
but that this interaction is weakened or eliminated when in-
sulin signaling is disrupted. If O-GlcNAc generally modu-
lates transcription factor binding to 14-3-3, we would expect 
ogt-1 mutants, like ftt-2 RNAi, to have severe stress response 
phenotypes.  

 In addition to binding FOXO, β-catenin, and the TOR-
regulator TSC2, 14-3-3 also binds to the deacetylase SIR-2.1 
in C. elegans [135]. sir-2.1 is a deacetylase that contributes 
to lifespan regulation in worms, yeast, flies, and mammals, 
and it is connected to insulin signaling via its interaction 
with DAF-16/FOXO [136]. The mammalian homolog of 
SIR-2.1, SirT1, also interacts with FOXO [137, 138]. In C. 
elegans, 14-3-3 proteins are required for SIR-2.1’s binding 
to DAF-16 and the lifespan extension and DAF-16 target 
gene expression observed when sir-2.1 is overexpressed 
[135, 136]. It is also not yet known whether the O-GlcNAc 
modification of 14-3-3 or FOXO influences the SIR-FOXO 

interaction. Because the OGA-1 protein contains an acetyl-
transferase domain, one possible model is that acetyltrans-
ferase activity of OGA-1 counteracts the deacetylase activity 
of SIR-2.1, resulting in a dynamic cycling of acetylation and 
O-GlcNAc in the FOXO complex. A targeted approach to 
elucidate the role (if any) of O-GlcNAc in SIR-2.1 regulation 
could provide important insight into the mechanism of aging.  

SUMMARY AND CONCLUSION 

 O-GlcNAc modifies hundreds of proteins and is impli-
cated in key cellular processes and human diseases. OGT-1 
and OGA-1, the enzymes that modulate O-GlcNAcylation, 
are essential in mammals and well conserved, but non-
essential, in the nematode C. elegans, making the worm a 
good model system for studying the modification and its 
functions. Synthetic, physical, and genetic interactions be-
tween OGT-1 and the insulin, β-catenin, and p38 MAP 
kinase networks in C. elegans confirm the connections sug-
gested by biochemical and molecular interactions between 
the networks in mammalian cells. Furthermore, the known 
functions of DAF-2, BAR-1, and PMK-1 in C. elegans sug-
gest new roles for OGT-1 and O-GlcNAc in carbohydrate 
and fat metabolism, fertility, lifespan, the stress response, 
and pathogen resistance. The genetic interaction between C. 
elegans OGT-1 and LET-756 suggests a novel role for O-
GlcNAc in the FGF pathway. Importantly, studying the 
modification in the context of a whole organism allows the 
observation of the consequences of altered O-GlcNAcylation 
on multiple, connected genetic networks. This integrated 
view of signaling networks is essential if we want to under-
stand the role of OGT-1 and O-GlcNAc in human disease.  

REFERENCES 
[1] CDC, Centers for Disease Control and Prevention. National diabe-

tes fact sheet: general information and national estimates on diabe-
tes in the United States. Atlanta, GA: U.S. Department of Health 
and Human Services, Centers for Disease Control and Prevention; 
2007. 

[2] Anderson JW, Kendall CW, Jenkins DJ. Importance of weight 
management in type 2 diabetes: review with meta-analysis of clini-
cal studies. J Am Coll Nutr 2003; 22: 331-9. 

[3] Lehman DM, Fu DJ, Freeman AB, et al. A single nucleotide poly-
morphism in MGEA5 encoding O-GlcNAc-selective N-acetyl-
beta-D glucosaminidase is associated with type 2 diabetes in Mexi-
can Americans. Diabetes 2005; 54: 1214-21. 

[4] Love DC, Hanover JA. The hexosamine signaling pathway: deci-
phering the "O-GlcNAc code". Sci STKE 2005; 2005: re13. 

[5] Hawkins M, Angelov I, Liu R, Barzilai N, Rossetti L. The tissue 
concentration of UDP-N-acetylglucosamine modulates the stimula-
tory effect of insulin on skeletal muscle glucose uptake. J Biol 
Chem 1997; 272: 4889-95. 

[6] Liu K, Paterson AJ, Chin E, Kudlow JE. Glucose stimulates protein 
modification by O-linked GlcNAc in pancreatic beta cells: linkage 
of O-linked GlcNAc to beta cell death. Proc Natl Acad Sci USA 
2000; 97: 2820-5. 

[7] Yki-Jarvinen H, Virkamaki A, Daniels MC, McClain D, Gottschalk 
WK. Insulin and glucosamine infusions increase O-linked N-
acetyl-glucosamine in skeletal muscle proteins in vivo. Metabolism 
1998; 47: 449-55. 

[8] Bouche C, Serdy S, Kahn CR, Goldfine AB. The cellular fate of 
glucose and its relevance in type 2 diabetes. Endocr Rev 2004; 25: 
807-30. 

[9] Hanover JA, Lai Z, Lee G, Lubas WA, Sato SM. Elevated O-linked 
N-acetylglucosamine metabolism in pancreatic beta-cells. Arch 
Biochem Biophys 1999; 362: 38-45. 

[10] Akimoto Y, Hart GW, Wells L, et al. Elevation of the post-
translational modification of proteins by O-linked N-



12  Current Signal Transduction Therapy, 2010, Vol. 5, No. 1 Mondoux et al. 

acetylglucosamine leads to deterioration of the glucose-stimulated 
insulin secretion in the pancreas of diabetic Goto-Kakizaki rats. 
Glycobiology 2007; 17: 127-40. 

[11] McClain DA, Lubas WA, Cooksey RC, et al. Altered glycan-
dependent signaling induces insulin resistance and hyperleptine-
mia. Proc Natl Acad Sci USA 2002; 99:10695-9. 

[12] Yang X, Ongusaha PP, Miles PD, et al. Phosphoinositide signalling 
links O-GlcNAc transferase to insulin resistance. Nature 2008; 451: 
964-9. 

[13] Vosseller K, Wells L, Lane MD, Hart GW. Elevated nucleocyto-
plasmic glycosylation by O-GlcNAc results in insulin resistance as-
sociated with defects in Akt activation in 3T3-L1 adipocytes. Proc 
Natl Acad Sci USA 2002; 99: 5313-8. 

[14] Arias EB, Kim J, Cartee GD. Prolonged incubation in PUGNAc 
results in increased protein O-Linked glycosylation and insulin re-
sistance in rat skeletal muscle. Diabetes 2004; 53: 921-30. 

[15] Park SY, Ryu J, Lee W. O-GlcNAc modification on IRS-1 and 
Akt2 by PUGNAc inhibits their phosphorylation and induces insu-
lin resistance in rat primary adipocytes. Exp Mol Med 2005; 37: 
220-9. 

[16] Arnold CS, Johnson GV, Cole RN, Dong DL, Lee M, Hart GW. 
The microtubule-associated protein tau is extensively modified 
with O-linked N-acetylglucosamine. J Biol Chem 1996; 271: 
28741-4. 

[17] Graham DR, Mitsak MJ, Elliott ST, et al. Two-dimensional gel-
based approaches for the assessment of N-Linked and O-GlcNAc 
glycosylation in human and simian immunodeficiency viruses. Pro-
teomics 2008; 8: 4919-30. 

[18] Clark RJ, McDonough PM, Swanson E, et al. Diabetes and the 
accompanying hyperglycemia impairs cardiomyocyte calcium cy-
cling through increased nuclear O-GlcNAcylation. J Biol Chem 
2003; 278: 44230-7. 

[19] Shaw P, Freeman J, Bovey R, Iggo R. Regulation of specific DNA 
binding by p53: evidence for a role for O-glycosylation and 
charged residues at the carboxy-terminus. Oncogene 1996; 12: 921-
30. 

[20] Copeland RJ, Bullen JW, Hart GW. Cross-talk between GlcNAcy-
lation and phosphorylation: roles in insulin resistance and glucose 
toxicity. Am J Physiol Endocrinol Metab 2008; 295: E17-28. 

[21] Wang Z, Pandey A, Hart GW. Dynamic interplay between O-
linked N-acetylglucosaminylation and glycogen synthase kinase-3-
dependent phosphorylation. Mol Cell Proteomics 2007; 6:1365-79. 

[22] Shafi R, Iyer SP, Ellies LG, et al. The O-GlcNAc transferase gene 
resides on the X chromosome and is essential for embryonic stem 
cell viability and mouse ontogeny. Proc Natl Acad Sci USA 2000; 
97: 5735-9. 

[23] O'Donnell N, Zachara NE, Hart GW, Marth JD. Ogt-dependent X-
chromosome-linked protein glycosylation is a requisite modifica-
tion in somatic cell function and embryo viability. Mol Cell Biol 
2004; 24: 1680-90. 

[24] McKnight GL, Mudri SL, Mathewes SL, et al. Molecular cloning, 
cDNA sequence, and bacterial expression of human glu-
tamine:fructose-6-phosphate amidotransferase. J Biol Chem 1992; 
267: 25208-12. 

[25] Khidekel N, Ficarro SB, Clark PM, et al. Probing the dynamics of 
O-GlcNAc glycosylation in the brain using quantitative proteomics. 
Nat Chem Biol 2007; 3: 339-48. 

[26] Horsch M, Hoesch L, Vasella A, Rast DM. N-
acetylglucosaminono-1,5-lactone oxime and the corresponding 
(phenylcarbamoyl)oxime. Novel and potent inhibitors of beta-N-
acetylglucosaminidase. Eur J Biochem 1991; 197: 815-8. 

[27] Whitworth GE, Macauley MS, Stubbs KA, et al. Analysis of 
PUGNAc and NAG-thiazoline as transition state analogues for hu-
man O-GlcNAcase: mechanistic and structural insights into inhibi-
tor selectivity and transition state poise. J Am Chem Soc 2007; 
129: 635-44. 

[28] Lubas WA, Frank DW, Krause M, Hanover JA. O-Linked GlcNAc 
transferase is a conserved nucleocytoplasmic protein containing 
tetratricopeptide repeats. J Biol Chem 1997; 272: 9316-24. 

[29] Forsythe ME, Love DC, Lazarus BD, et al. Caenorhabditis elegans 
ortholog of a diabetes susceptibility locus: oga-1 (O-GlcNAcase) 
knockout impacts O-GlcNAc cycling, metabolism, and dauer. Proc 
Natl Acad Sci USA 2006; 103: 11952-7. 

[30] Hanover JA, Forsythe ME, Hennessey PT, et al. A Caenorhabditis 
elegans model of insulin resistance: altered macronutrient storage 

and dauer formation in an OGT-1 knockout. Proc Natl Acad Sci 
USA 2005; 102: 11266-71. 

[31] Sulston JE. Neuronal cell lineages in the nematode Caenorhabditis 
elegans. Cold Spring Harb Symp Quant Biol 1983; 48 Pt 2: 443-52. 

[32] Sulston JE, Schierenberg E, White JG, Thomson JN. The embry-
onic cell lineage of the nematode Caenorhabditis elegans. Dev Biol 
1983; 100: 64-119. 

[33] White JG, Southgate E, Thomson JN, Brenner S. Factors that de-
termine connectivity in the nervous system of Caenorhabditis ele-
gans. Cold Spring Harb Symp Quant Biol 1983; 48 Pt 2:633-40. 

[34] Chalfie M, Sulston JE, White JG, Southgate E, Thomson JN, Bren-
ner S. The neural circuit for touch sensitivity in Caenorhabditis 
elegans. J Neurosci 1985; 5: 956-64. 

[35] Kaletta T, Hengartner MO. Finding function in novel targets: C. 
elegans as a model organism. Nat Rev Drug Discov 2006; 5: 387-
98. 

[36] Taguchi A, White MF. Insulin-like signaling, nutrient homeostasis, 
and life span. Annu Rev Physiol 2008; 70:191-212. 

[37] Nakae J, Biggs WH 3rd, Kitamura T, et al. Regulation of insulin 
action and pancreatic beta-cell function by mutated alleles of the 
gene encoding forkhead transcription factor Foxo1. Nat Genet 
2002; 32: 245-53. 

[38] Housley MP, Rodgers JT, Udeshi ND, et al. O-GlcNAc regulates 
FoxO activation in response to glucose. J Biol Chem 2008; 283: 
16283-92. 

[39] Housley MP, Udeshi ND, Rodgers JT, et al. A PGC-1{alpha}-O-
GlcNAc transferase complex regulates FoxO transcription factor 
activity in response to glucose. J Biol Chem 2009; 284: 5148-57. 

[40] Kuo M, Zilberfarb V, Gangneux N, Christeff N, Issad T. O-
glycosylation of FoxO1 increases its transcriptional activity to-
wards the glucose 6-phosphatase gene. FEBS Lett 2008; 582: 829-
34. 

[41] Byrne AB, Weirauch MT, Wong V, et al. A global analysis of 
genetic interactions in Caenorhabditis elegans. J Biol 2007; 6: 8. 

[42] Lehner B, Crombie C, Tischler J, Fortunato A, Fraser AG. System-
atic mapping of genetic interactions in Caenorhabditis elegans 
identifies common modifiers of diverse signaling pathways. Nat 
Genet 2006; 38: 896-903. 

[43] Li S, Armstrong CM, Bertin N, et al. A map of the interactome 
network of the metazoan C. elegans. Science 2004; 303: 540-3. 

[44] Mukhopadhyay A, Oh SW, Tissenbaum HA. Worming pathways to 
and from DAF-16/FOXO. Exp Gerontol 2006; 41: 928-34. 

[45] Murphy CT, McCarroll SA, Bargmann CI, et al. Genes that act 
downstream of DAF-16 to influence the lifespan of Caenorhabditis 
elegans. Nature 2003; 424: 277-83. 

[46] McElwee J, Bubb K, Thomas JH. Transcriptional outputs of the 
Caenorhabditis elegans forkhead protein DAF-16. Aging Cell 
2003; 2: 111-21. 

[47] Lee SS, Kennedy S, Tolonen AC, Ruvkun G. DAF-16 target genes 
that control C. elegans life-span and metabolism. Science 2003; 
300: 644-7. 

[48] Watts JL. Fat synthesis and adiposity regulation in Caenorhabditis 
elegans. Trends Endocrinol Metab 2009; 20: 58-65. 

[49] Norman RJ, Clark AM. Obesity and reproductive disorders: a re-
view. Reprod Fertil Dev 1998; 10: 55-63. 

[50] Tissenbaum HA, Ruvkun G. An insulin-like signaling pathway 
affects both longevity and reproduction in Caenorhabditis elegans. 
Genetics 1998; 148: 703-17. 

[51] Lu NC, Goetsch KM. Carbohydrate Requirement of Caenorhabdi-
tis elegans and the Final Development of a Chemically Defined 
Medium. Nematologica 1993; 39: 303-311. 

[52] Brock TJ, Browse J, Watts JL. Fatty acid desaturation and the regu-
lation of adiposity in Caenorhabditis elegans. Genetics 2007; 176: 
865-75. 

[53] Ogg S, Paradis S, Gottlieb S, et al. The Fork head transcription 
factor DAF-16 transduces insulin-like metabolic and longevity sig-
nals in C. elegans. Nature 1997; 389:994-9. 

[54] Gottlieb S, Ruvkun G. daf-2, daf-16 and daf-23: genetically inter-
acting genes controlling Dauer formation in Caenorhabditis ele-
gans. Genetics 1994; 137: 107-20. 

[55] Hu PJ. Dauer. In: WormBook; 2007. 
[56] Zhu Y, Usui HK, Sharma K. Regulation of transforming growth 

factor beta in diabetic nephropathy: implications for treatment. 
Semin Nephrol 2007; 27: 153-60. 



C. elegans Genetic Networks Predict Roles Current Signal Transduction Therapy, 2010, Vol. 5, No. 1  13 

[57] Weigert C, Brodbeck K, Sawadogo M, Haring HU, Schleicher ED. 
Upstream stimulatory factor (USF) proteins induce human TGF-
beta1 gene activation via the glucose-response element-1013/-1002 
in mesangial cells: up-regulation of USF activity by the hexosa-
mine biosynthetic pathway. J Biol Chem 2004; 279: 15908-15. 

[58] Chien AJ, Conrad WH, Moon RT. A Wnt Survival Guide: From 
Flies to Human Disease. J Invest Dermatol 2009. 

[59] Morin PJ, Sparks AB, Korinek V, et al. Activation of beta-catenin-
Tcf signaling in colon cancer by mutations in beta-catenin or APC. 
Science 1997; 275: 1787-90. 

[60] Zhu W, Leber B, Andrews DW. Cytoplasmic O-glycosylation 
prevents cell surface transport of E-cadherin during apoptosis. 
EMBO J 2001; 20: 5999-6007. 

[61] Sayat R, Leber B, Grubac V, Wiltshire L, Persad S. O-GlcNAc-
glycosylation of beta-catenin regulates its nuclear localization and 
transcriptional activity. Exp Cell Res 2008; 314: 2774-87. 

[62] Rosin-Arbesfeld R, Townsley F, Bienz M. The APC tumour sup-
pressor has a nuclear export function. Nature 2000; 406: 1009-12. 

[63] Henderson BR. Nuclear-cytoplasmic shuttling of APC regulates 
beta-catenin subcellular localization and turnover. Nat Cell Biol 
2000; 2: 653-60. 

[64] Jian H, Shen X, Liu I, Semenov M, He X, Wang XF. Smad3-
dependent nuclear translocation of beta-catenin is required for 
TGF-beta1-induced proliferation of bone marrow-derived adult 
human mesenchymal stem cells. Genes Dev 2006; 20: 666-74. 

[65] Essers MA, de Vries-Smits LM, Barker N, Polderman PE, Burger-
ing BM, Korswagen HC. Functional interaction between beta-
catenin and FOXO in oxidative stress signaling. Science 2005; 308: 
1181-4. 

[66] Almeida M, Han L, Martin-Millan M, O'Brien CA, Manolagas SC. 
Oxidative stress antagonizes Wnt signaling in osteoblast precursors 
by diverting beta-catenin from T cell factor- to forkhead box O-
mediated transcription. J Biol Chem 2007; 282: 27298-305. 

[67] Hoogeboom D, Essers MA, Polderman PE, Voets E, Smits LM, 
Burgering BM. Interaction of FOXO with beta-catenin inhibits 
beta-catenin/T cell factor activity. J Biol Chem 2008; 283: 9224-
30. 

[68] Nateri AS, Spencer-Dene B, Behrens A. Interaction of phosphory-
lated c-Jun with TCF4 regulates intestinal cancer development. Na-
ture 2005; 437: 281-5. 

[69] Tai HC, Khidekel N, Ficarro SB, Peters EC, Hsieh-Wilson LC. 
Parallel identification of O-GlcNAc-modified proteins from cell 
lysates. J Am Chem Soc 2004; 126: 10500-1. 

[70] Yang R, Trevillyan JM. c-Jun N-terminal kinase pathways in dia-
betes. Int J Biochem Cell Biol 2008; 40: 2702-6. 

[71] Oh SW, Mukhopadhyay A, Svrzikapa N, Jiang F, Davis RJ, Tis-
senbaum HA. JNK regulates lifespan in Caenorhabditis elegans by 
modulating nuclear translocation of forkhead transcription fac-
tor/DAF-16. Proc Natl Acad Sci USA 2005; 102:4494-9. 

[72] Behrens J, Jerchow BA, Wurtele M, et al. Functional interaction of 
an axin homolog, conductin, with beta-catenin, APC, and 
GSK3beta. Science 1998; 280: 596-9. 

[73] Ikeda S, Kishida S, Yamamoto H, Murai H, Koyama S, Kikuchi A. 
Axin, a negative regulator of the Wnt signaling pathway, forms a 
complex with GSK-3beta and beta-catenin and promotes GSK-
3beta-dependent phosphorylation of beta-catenin. EMBO J 1998; 
17: 1371-84. 

[74] Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. beta-catenin is 
a target for the ubiquitin-proteasome pathway. EMBO J 1997; 16: 
3797-804. 

[75] Hernandez F, Avila J. The role of glycogen synthase kinase 3 in the 
early stages of Alzheimers' disease. FEBS Lett 2008; 582: 3848-54. 

[76] MacAulay K, Woodgett JR. Targeting glycogen synthase kinase-3 
(GSK-3) in the treatment of Type 2 diabetes. Expert Opin Ther 
Targets 2008; 12: 1265-74. 

[77] Luo J. Glycogen synthase kinase 3beta (GSK3beta) in tumorigene-
sis and cancer chemotherapy. Cancer Lett 2009; 273: 194-200. 

[78] Lefebvre T, Baert F, Bodart JF, Flament S, Michalski JC, Vilain 
JP. Modulation of O-GlcNAc glycosylation during Xenopus oocyte 
maturation. J Cell Biochem 2004; 93: 999-1010. 

[79] Lubas WA, Hanover JA. Functional expression of O-linked 
GlcNAc transferase. Domain structure and substrate specificity. J 
Biol Chem 2000; 275: 10983-8. 

[80] Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA. 
Inhibition of glycogen synthase kinase-3 by insulin mediated by 
protein kinase B. Nature 1995; 378: 785-9. 

[81] Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G. daf-2, an insulin 
receptor-like gene that regulates longevity and diapause in 
Caenorhabditis elegans. Science 1997; 277: 942-6. 

[82] Irazoqui JE, Ng A, Xavier RJ, Ausubel FM. Role for beta-catenin 
and HOX transcription factors in Caenorhabditis elegans and 
mammalian host epithelial-pathogen interactions. Proc Natl Acad 
Sci USA 2008; 105:17469-74. 

[83] Garsin DA, Villanueva JM, Begun J, et al. Long-lived C. elegans 
daf-2 mutants are resistant to bacterial pathogens. Science 2003; 
300: 1921. 

[84] Zarubin T, Han J. Activation and signaling of the p38 MAP kinase 
pathway. Cell Res 2005; 15: 11-8. 

[85] Cheung WD, Hart GW. AMP-activated protein kinase and p38 
MAPK activate O-GlcNAcylation of neuronal proteins during glu-
cose deprivation. J Biol Chem 2008; 283: 13009-20. 

[86] Burt DJ, Gruden G, Thomas SM, et al. P38 mitogen-activated 
protein kinase mediates hexosamine-induced TGFbeta1 mRNA ex-
pression in human mesangial cells. Diabetologia 2003; 46: 531-7. 

[87] Dong DL, Xu ZS, Hart GW, Cleveland DW. Cytoplasmic O-
GlcNAc modification of the head domain and the KSP repeat motif 
of the neurofilament protein neurofilament-H. J Biol Chem 1996; 
271: 20845-52. 

[88] Ackerley S, Grierson AJ, Banner S, et al. p38alpha stress-activated 
protein kinase phosphorylates neurofilaments and is associated 
with neurofilament pathology in amyotrophic lateral sclerosis. Mol 
Cell Neurosci 2004; 26: 354-64. 

[89] Puigserver P, Rhee J, Lin J, et al. Cytokine stimulation of energy 
expenditure through p38 MAP kinase activation of PPARgamma 
coactivator-1. Mol Cell 2001; 8: 971-82. 

[90] Olson BL, Hock MB, Ekholm-Reed S, et al. SCFCdc4 acts antago-
nistically to the PGC-1alpha transcriptional coactivator by targeting 
it for ubiquitin-mediated proteolysis. Genes Dev 2008; 22: 252-64. 

[91] Burns KA, Vanden Heuvel JP. Modulation of PPAR activity via 
phosphorylation. Biochim Biophys Acta 2007; 1771: 952-60. 

[92] Yang J, Zhang D, Li J, Zhang X, Fan F, Guan Y. Role of PPAR-
gamma in renoprotection in Type 2 diabetes: molecular mecha-
nisms and therapeutic potential. Clin Sci (Lond) 2009; 116: 17-26. 

[93] Dowell P, Otto TC, Adi S, Lane MD. Convergence of peroxisome 
proliferator-activated receptor gamma and Foxo1 signaling path-
ways. J Biol Chem 2003; 278: 45485-91. 

[94] Fulop N, Zhang Z, Marchase RB, Chatham JC. Glucosamine car-
dioprotection in perfused rat hearts associated with increased O-
linked N-acetylglucosamine protein modification and altered p38 
activation. Am J Physiol Heart Circ Physiol 2007; 292: H2227-36. 

[95] Brock TJ, Browse J, Watts JL. Genetic regulation of unsaturated 
fatty acid composition in C. elegans. PLoS Genet 2006; 2: e108. 

[96] Van Gilst MR, Hadjivassiliou H, Jolly A, Yamamoto KR. Nuclear 
hormone receptor NHR-49 controls fat consumption and fatty acid 
composition in C. elegans. PLoS Biol 2005; 3: e53. 

[97] Cheng X, Cole RN, Zaia J, Hart GW. Alternative O-
glycosylation/O-phosphorylation of the murine estrogen receptor 
beta. Biochemistry 2000; 39: 11609-20. 

[98] Jiang MS, Hart GW. A subpopulation of estrogen receptors are 
modified by O-linked N-acetylglucosamine. J Biol Chem 1997; 
272: 2421-8. 

[99] Bowe DB, Sadlonova A, Toleman CA, et al. O-GlcNAc integrates 
the proteasome and transcriptome to regulate nuclear hormone re-
ceptors. Mol Cell Biol 2006; 26: 8539-50. 

[100] Rottiers V, Antebi A. Control of Caenorhabditis elegans life history 
by nuclear receptor signal transduction. Exp Gerontol 2006; 41: 
904-9. 

[101] Kim DH, Feinbaum R, Alloing G, et al. A conserved p38 MAP 
kinase pathway in Caenorhabditis elegans innate immunity. Sci-
ence 2002; 297: 623-6. 

[102] Matsuzawa A, Saegusa K, Noguchi T, et al. ROS-dependent acti-
vation of the TRAF6-ASK1-p38 pathway is selectively required for 
TLR4-mediated innate immunity. Nat Immunol 2005; 6: 587-92. 

[103] Troemel ER, Chu SW, Reinke V, Lee SS, Ausubel FM, Kim DH. 
p38 MAPK regulates expression of immune response genes and 
contributes to longevity in C. elegans. PLoS Genet 2006; 2: e183. 



14  Current Signal Transduction Therapy, 2010, Vol. 5, No. 1 Mondoux et al. 

[104] Shivers RP, Youngman MJ, Kim DH. Transcriptional responses to 
pathogens in Caenorhabditis elegans. Curr Opin Microbiol 2008; 
11: 251-6. 

[105] Robinson MJ, Sancho D, Slack EC, LeibundGut-Landmann S, Reis 
e Sousa C. Myeloid C-type lectins in innate immunity. Nat Immu-
nol 2006; 7: 1258-65. 

[106] Mallo GV, Kurz CL, Couillault C, et al. Inducible antibacterial 
defense system in C. elegans. Curr Biol 2002; 12: 1209-14. 

[107] O'Rourke D, Baban D, Demidova M, Mott R, Hodgkin J. Genomic 
clusters, putative pathogen recognition molecules, and antimicro-
bial genes are induced by infection of C. elegans with M. nemato-
philum. Genome Res 2006; 16: 1005-16. 

[108] Alper S, McBride SJ, Lackford B, Freedman JH, Schwartz DA. 
Specificity and complexity of the Caenorhabditis elegans innate 
immune response. Mol Cell Biol 2007; 27: 5544-53. 

[109] Young JA, Dillin A. MAPping innate immunity. Proc Natl Acad 
Sci USA 2004; 101: 12781-2. 

[110] Huang P, Stern MJ. FGF signaling in flies and worms: more and 
more relevant to vertebrate biology. Cytokine Growth Factor Rev 
2005; 16: 151-8. 

[111] Roubin R, Naert K, Popovici C, et al. let-756, a C. elegans fgf 
essential for worm development. Oncogene 1999; 18: 6741-7. 

[112] Birnbaum D, Popovici C, Roubin R. A pair as a minimum: the two 
fibroblast growth factors of the nematode Caenorhabditis elegans. 
Dev Dyn 2005; 232: 247-55. 

[113] Arnaud-Dabernat S, Kritzik M, Kayali AG, et al. FGFR3 is a nega-
tive regulator of the expansion of pancreatic epithelial cells. Diabe-
tes 2007; 56: 96-106. 

[114] Popovici C, Berda Y, Conchonaud F, Harbis A, Birnbaum D, Rou-
bin R. Direct and heterologous approaches to identify the LET-
756/FGF interactome. BMC Genomics 2006; 7: 105. 

[115] Wells L, Vosseller K, Cole RN, Cronshaw JM, Matunis MJ, Hart 
GW. Mapping sites of O-GlcNAc modification using affinity tags 
for serine and threonine post-translational modifications. Mol Cell 
Proteomics 2002; 1: 791-804. 

[116] King IA, Hounsell EF. Cytokeratin 13 contains O-glycosidically 
linked N-acetylglucosamine residues. J Biol Chem 1989; 264: 
14022-8. 

[117] Ku NO, Omary MB. Expression, glycosylation, and phosphoryla-
tion of human keratins 8 and 18 in insect cells. Exp Cell Res 1994; 
211: 24-35. 

[118] Sato S, Fujita N, Tsuruo T. Regulation of kinase activity of 3-
phosphoinositide-dependent protein kinase-1 by binding to 14-3-3. 
J Biol Chem 2002; 277: 39360-7. 

[119] Craparo A, Freund R, Gustafson TA. 14-3-3 (epsilon) interacts 
with the insulin-like growth factor I receptor and insulin receptor 
substrate I in a phosphoserine-dependent manner. J Biol Chem 
1997; 272: 11663-9. 

[120] Hart AC, ed. Behavior. In; 2006. 
[121] Dong MQ, Venable JD, Au N, et al. Quantitative mass spectrome-

try identifies insulin signaling targets in C. elegans. Science 2007; 
317: 660-3. 

[122] Kim Y, Sun H. Functional genomic approach to identify novel 
genes involved in the regulation of oxidative stress resistance and 
animal lifespan. Aging Cell 2007; 6: 489-503. 

[123] Arsham AM, Neufeld TP. Thinking globally and acting locally 
with TOR. Curr Opin Cell Biol 2006; 18: 589-97. 

[124] Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation 
and regulation of Akt/PKB by the rictor-mTOR complex. Science 
2005; 307: 1098-101. 

[125] Jia K, Chen D, Riddle DL. The TOR pathway interacts with the 
insulin signaling pathway to regulate C. elegans larval develop-
ment, metabolism and life span. Development 2004; 131: 3897-
906. 

[126] Jones KT, Greer ER, Pearce D, Ashrafi K. Rictor/TORC2 regulates 
caenorhabditis elegans fat storage, body size, and development 
through sgk-1. PLoS Biol 2009; 7: e60. 

[127] Soukas AA, Kane EA, Carr CE, Melo JA, Ruvkun G. Ric-
tor/TORC2 regulates fat metabolism, feeding, growth, and life span 
in Caenorhabditis elegans. Genes Dev 2009; 23: 496-511. 

[128] Obsilova V, Silhan J, Boura E, Teisinger J, Obsil T. 14-3-3 pro-
teins: a family of versatile molecular regulators. Physiol Res 2008; 
57 Suppl 3:S11-21. 

[129] Dentin R, Hedrick S, Xie J, Yates J, 3rd, Montminy M. Hepatic 
glucose sensing via the CREB coactivator CRTC2. Science 2008; 
319: 1402-5. 

[130] Brunet A, Bonni A, Zigmond MJ, et al. Akt promotes cell survival 
by phosphorylating and inhibiting a Forkhead transcription factor. 
Cell 1999; 96: 857-68. 

[131] Tian Q, Feetham MC, Tao WA, et al. Proteomic analysis identifies 
that 14-3-3zeta interacts with beta-catenin and facilitates its activa-
tion by Akt. Proc Natl Acad Sci USA 2004; 101: 15370-5. 

[132] Li J, Tewari M, Vidal M, Lee SS. The 14-3-3 protein FTT-2 regu-
lates DAF-16 in Caenorhabditis elegans. Dev Biol 2007; 301: 82-
91. 

[133] Araiz C, Chateau MT, Galas S. 14-3-3 regulates life span by both 
DAF-16-dependent and -independent mechanisms in Caenorhabdi-
tis elegans. Exp Gerontol 2008; 43: 505-19. 

[134] Lin K, Hsin H, Libina N, Kenyon C. Regulation of the Caenorhab-
ditis elegans longevity protein DAF-16 by insulin/IGF-1 and germ-
line signaling. Nat Genet 2001; 28: 139-45. 

[135] Berdichevsky A, Viswanathan M, Horvitz HR, Guarente L. C. 
elegans SIR-2.1 interacts with 14-3-3 proteins to activate DAF-16 
and extend life span. Cell 2006; 125: 1165-77. 

[136] Berdichevsky A, Guarente L. A stress response pathway involving 
sirtuins, forkheads and 14-3-3 proteins. Cell Cycle 2006; 5: 2588-91. 

[137] Brunet A, Sweeney LB, Sturgill JF, et al. Stress-dependent regula-
tion of FOXO transcription factors by the SIRT1 deacetylase. Sci-
ence 2004; 303: 2011-5. 

[138] Motta MC, Divecha N, Lemieux M, et al. Mammalian SIRT1 re-
presses forkhead transcription factors. Cell 2004; 116: 551-63. 

[139] Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. A C. ele-
gans mutant that lives twice as long as wild type. Nature 1993; 366: 
461-4. 

 
 


