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Abstract 

O-GlcNAcylation is a reversible post-translational modification that decorates an O-

linked ß-N-acetylglucosamine (O-GlcNAc) moiety onto the serine/threonine residues of 

target proteins. In mammals, this modification is regulated by only two enzymes: O-

GlcNAc transferase (OGT, the writer) and O-GlcNAcase (OGA, the eraser). Several 

studies have revealed that O-GlcNAcylation can be responsive to metabolic status or 

stress stimulation. However, the specific O-GlcNAc targets in response to various 

nutrient and stress signals are not well defined. We conducted a global transcriptome 

profiling in triple-negative breast cancer cells to search for signaling events that respond 

to O-GlcNAc fluctuation. Unexpectedly, we found that the NRF2-dependent stress 

response positively correlates with lower OGT activity in multiple human tumor gene 

expression datasets. NRF2, a major transcriptional regulator of redox balance, is usually 

activated by oxidative stress but degraded by proteasome under basal conditions via the 

KEAP1-CUL3 ubiquitin ligase-mediated polyubiquitination. Using azidosugar metabolic 

labeling, bioorthogonal chemistry and mass spectrometry, we determined that the NRF2 

negative regulator KEAP1 is O-GlcNAcylated within its BTB and Kelch motifs. KEAP1 

belongs to the Kelch-like (KLHL) adaptor protein family, which was known to regulate 

substrate proteostasis via CUL3-mediated ubiquitination. Of 11 candidate O-GlcNAc 

sites on KEAP1, serine 104 is responsible for regulating NRF2 activity by promoting the 

KEAP1-CUL3 interaction. Interestingly, we found that other KLHL protein, gigaxonin, is 

also O-GlcNAcylated on up to nine candidate sites. Mutation of gigaxonin is known to 
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cause giant axonal neuropathy (GAN), a neurodegenerative disease that is characterized 

by the accumulation of intermediate filaments in axons. We found gigaxonin O-

GlcNAcylation is required for its ability to facilitate the ubiquitination and proteolysis of 

intermediate filaments. Mutation of specific gigaxonin O-GlcNAcylation sites 

compromised its optimal interactions with intermediate filament proteins. This finding 

provides new molecular insight into GAN pathogenesis. The link between proteostasis 

and nutrient-sensing is fundamentally important yet incompletely understood. Together, 

my dissertation work has revealed new connections among nutrient-sensitive 

glycosylation, KLHL protein function, proteostasis and downstream signaling, with 

relevance for human diseases. 
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1. Introduction    

This chapter is adapted from two published articles (Chen, P.H., et al. 2018, Chen, 

P.H., et al. 2017). The authors for the first article (Glycobiology, 2018) are Po-Han Chen, 

Jen-Tsan Chi*, and Michael Boyce*. The authors for the second article (EMBO. J, 2017) 

are Po-Han Chen, Timothy J. Smith, Jianli Wu, Priscila F. Siesser, Brittany J. Bisnett, 

Farhan Khan, Maxwell Hogue, Erik Soderblom, Flora Tang, Jeffrey R. Marks, Michael B. 

Major, Benjamin M. Swarts4, Michael Boyce* and Jen-Tsan Chi* (*co-corresponding 

authors) 

1.1 O-GlcNAc and cellular signaling 

1.1.1 O-GlcNAcylation  

O-linked β-N-acetylglucosamine (O-GlcNAc) is a dynamic post-translational 

modification (PTM) that reversibly decorates serine and threonine residues of thousands 

of nuclear, cytoplasmic and mitochondrial proteins (Bond, M.R. and Hanover, J.A. 2015, 

Hart, G.W., et al. 2011) (Figure 1). As with other intracellular PTMs, dedicated enzymes 

add or remove O-GlcNAc on target proteins to control their functions in response to 

various physiological and metabolic cues. In mammals, O-GlcNAc is added by O-GlcNAc 

transferase (OGT) and removed by O-GlcNAcase (OGA) (Bond, M.R. and Hanover, J.A. 

2015, Hart, G.W., et al. 2011). O-GlcNAcylation of target proteins requires UDP-GlcNAc, 

a nucleotide-sugar derived from glucose and other metabolites via the hexosamine 

biosynthetic pathway (HBP), directly linking nutrient status to O-GlcNAc signaling 

(Bond, M.R. and Hanover, J.A. 2015, Hart, G.W., et al. 2011). The genetic ablation of 
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either OGT or OGA in mice is lethal, highlighting their essential role in embryonic 

development (Keembiyehetty, C., et al. 2015, Shafi, R., et al. 2000, Yang, Y.R., et al. 2012). 

Moreover, aberrant O-GlcNAcylation is implicated in various human diseases, particularly 

cancer (Bond, M.R. and Hanover, J.A. 2013, Ferrer, C.M. and Reginato, M.J. 2014, Ferrer, 

C.M., et al. 2016, Hart, G.W., et al. 2011, Ma, Z. and Vosseller, K. 2013).  For example, 

numerous oncoproteins (e.g., Myc, Akt) and tumor suppressors (e.g., p53, AMPK) are O-

GlcNAcylated, affecting oncogenic signaling and treatment responses (Chou, T.Y., et al. 

1995, Kang, E.S., et al. 2008, Luo, B., et al. 2007, Ma, Z. and Vosseller, K. 2014, Slawson, 

C. and Hart, G.W. 2011, Yang, W.H., et al. 2006). 
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Consistent with this critical role, O-GlcNAc is thought to participate in a wide 

variety of cellular functions. For example, global O-GlcNAc levels fluctuate in response 

to many noxious stimuli, including heat shock, nutrient depletion, endoplasmic reticulum 

dysfunction and redox imbalance (Bomont, P. and Koenig, M. 2003, Groves, J.A., et al. 

2013, Reeves, R.A., et al. 2014, Zachara, N.E. and Hart, G.W. 2004, Zachara, N.E., et al. 

2004). Moreover, (de)glycosylation of particular substrates governs stress responses 

themselves, pointing to a complex, reciprocal interplay between stress pathways and O-

GlcNAc signaling. However, in most cases, the regulatory mechanisms and most 

important O-GlcNAc substrates remain enigmatic. In the following sections, I review the 

connections between O-GlcNAc, nutrient sensing, or stress response in metazoans as a 

prototypical example of cellular signaling. Understanding this crosstalk is essential for 

building an integrated model of the cellular signaling and also serves as a useful case 

study for elucidating how O-GlcNAcylation participates in a critical aspect of cellular 

homeostasis.  

1.1.2 O-GlcNAc and cellular metabolism 

The OGT substrate, UDP-GlcNAc, is generated during in the hexosamine 

biosynthetic pathways results from multiple nutrients, including glucose, glutamine and 

cysteine. It is perhaps no surprise that O-GlcNAcylation is a nutrient-sensitive 

modification that connects to core cellular metabolism (Figure 1). Many studies have 

shown nutrient deprivation or supplementation can affect global O-GlcNAcylation levels. 

On the other hand, O-GlcNAcylation can also regulate multiple specific enzymes 

Figure 1. O-GlcNAcylation, a form of intracellular glycosylation that decorates protein 
substrates in response to various nutrients and stresses.  



 

 4 

involved in central metabolism. In one key example, Hsieh-Wilson and colleagues 

reported that the glycolytic enzyme phosphofructokinase 1 (PFK1) is an OGT substrate 

(Yi, W., et al. 2012). PFK1 phosphorylates fructose-6- phosphate to generate fructose 

1,6-biphosphate, which is then cleaved by aldolase to produce glyceraldehyde 3-

phosphate for glycolysis. Increased PFK1 activity is associated with higher glycolytic 

flux (Mor, I., et al. 2011, Yalcin, A., et al. 2009) and several studies have shown that 

PFK1 activity is governed in part by various post-translational modifications (PTMs; (Li, 

T.Y., et al. 2016, Smerc, A., et al. 2011, Yi, W., et al. 2012). Extending these 

observations, the Hsieh-Wilson Lab found that OGT overexpression or PUGNAc, a 

hexosaminidase inhibitor, treatment decreased glycolytic rates, lactate production and 

PFK1 activity alike (Yi, W., et al. 2012). In dissecting the mechanism of these 

observations, the authors found that O-GlcNAcylation of PFK1 at Ser529 affects its 

oligomerization and represses PFK1 activity under hypoxic conditions. Interestingly, O-

GlcNAcylation of PFK1 on Ser529 redirects glucose flux from glycolysis to the pentose 

phosphate pathway (PPP), leading to higher levels of NADPH and reduced glutathione 

(GSH). Moreover, the authors also showed that OGT-overexpressing H1299 cells 

exhibited both lower ROS upon treatment with the oxidizing agent diamide and 

resistance to hydrogen peroxide-induced cell death. This mode of metabolic regulation 

may contribute to cancer cell growth and proliferation because the authors showed that 

ablation of PFK1 Ser529 glycosylation inhibited cancer cell division in vitro and tumor 

formation in vivo.  
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In another example of crosstalk, one group (Rao, X., et al. 2015) reported that 

glucose-6-phosphate dehydrogenase (G6PD) activity and oligomerization are also 

regulated by O-GlcNAc cycling. G6PD is the rate-limiting enzyme of the PPP, catalyzing 

the conversion of glucose-6-phosphate to 6-phosphogluconate. Therefore, G6PD 

contributes to the regeneration of NADPH, a major ROS (reactive oxygen species) 

scavenger. The authors found that OGT glycosylates G6PD at Ser84 and showed that 

A549 cells expressing a S84V G6PD mutant (compared with WT control) exhibited 

lower PPP metabolite levels (e.g., 6-phosphogluconate), without affecting TCA or 

glycolytic metabolites. Overexpression of OGT in cells expressing WT G6PD increased 

the relative amounts of NADPH and GSH but failed to do so in S84V G6PD-expressing 

cells. Consistently, A549 cells expressing a S84V G6PD mutant were sensitized to 

hydrogen peroxide, hypoxia and diamide, relative to WT-expressing controls. 

Importantly, the authors provided in vivo evidence that O-GlcNAcylation of G6PD is 

increased in human lung malignancies, suggesting that these observations, like those with 

PFK1 glycosylation, may have direct relevance to oncogenesis or cancer treatment.  

1.1.3 O-GlcNAc and stress responses (oxidative stress as an example) 

In aerobic environments, cells frequently encounter stress caused by excessive 

oxidants, most prominently ROS, including the superoxide anion, hydroxyl radicals and 

hydrogen peroxide (Schieber, M. and Chandel, N.S. 2014). Indeed, various species of 

ROS are generated by mitochondrial respiration, central metabolism and environmental 

stimuli (Holmstrom, K.M. and Finkel, T. 2014). ROS can act not only as signal 

transduction molecules, but can also damage proteins, nucleic acids and lipids, resulting 
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in stress (Circu, M.L. and Aw, T.Y. 2010, Panieri, E. and Santoro, M.M. 2016). The 

accumulation of oxidative damage and the resulting dysregulation of cellular processes 

increase the danger of genome instability, cell death and tumorigenesis (Costa, A., et al. 

2014, Cui, X. 2012, Sies, H., et al. 2017).  

Animal cells have evolved several well-known mechanisms for defending against 

oxidative damage, including redox buffering by GSH and NADP/NADPH, the 

regeneration of thioredoxin, the action of ROS-detoxifying enzymes, and the 

sequestration of iron, an essential redox-active metal (Gorrini, C., et al. 2013, Panieri, E. 

and Santoro, M.M. 2016). Interestingly, the level of O-GlcNAcylation also responds to 

oxidative stress. For example, Hart and colleagues reported that treatment of COS7 cells 

or mouse embryonic fibroblasts (MEFs) with hydrogen peroxide or arsenite enhanced 

global O-GlcNAcylation (Zachara, N.E. and Hart, G.W. 2004, Zachara, N.E., et al. 2004). 

Extending these observations to intact tissues, (Peternelj, T.T., et al. 2015) subsequently 

found that global O-GlcNAcylation is induced in rat white gastrocnemius muscle after 

exercise and recovery in the presence of diethyl maleate, which raises ROS levels by 

depleting glutathione. Moreover, the authors observed that exercise and recovery 

triggered fluctuations in the mRNA levels of OGT, OGA and isoforms of 

glutamine:fructose-6-phosphate amidotransferase (GFAT), the rate-limiting enzyme in 

the hexosamine biosynthetic pathway (HBP), though the mechanistic underpinnings of 

this relationship remain unclear (Peternelj, T.T., et al. 2015). Conversely, manipulating 

O-GlcNAcylation can also alter intracellular ROS levels. For instance, (Goldberg, H., et 

al. 2011) showed that knockdown of OGT lowers hyperglycemia-triggered ROS in 
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murine glomerular mesangial cells, perhaps in part through the modulation of the stress-

induced MAP kinase p38. As these examples illustrate, the crosstalk between O-

GlcNAcylation and oxidative stress signaling is complex and reciprocal. In the following 

sections, I discuss how O-GlcNAc responds to different oxidative stress stimuli and how 

O-GlcNAcylation impacts on phenotypic outcomes under oxidative stress conditions.  

1.1.3.1 O-GlcNAc and hydrogen peroxide  

In 2016, the Zachara group performed quantitative, proteome-wide profiling of 

hydrogen peroxide-induced changes in O-GlcNAc in MEFs (Lee, A., et al. 2016). 

Importantly, O-GlcNAcylated proteins were affinity-enriched by a ‘G5 Lectibody’ 

approach, using a combination of O-GlcNAc-binding lectins and monoclonal antibodies 

to purify proteins of interest. In this work, hydrogen peroxide treatment increased the 

enrichment of ~26% of identified proteins, whereas 11% or 17% of identified proteins 

were depleted at 1- and 2-h time-points, respectively. In parallel, the authors showed that 

2-h hydrogen peroxide increased the O-GlcNAcylation of high molecular weight proteins 

(>72 kDa). The differentially O-GlcNAcylated proteins identified by the authors 

participate in a range of cellular processes, including chromatin remodeling 

(SWItch/sucrose non fermenting complex), transcriptional control (mediator complex), 

RNA and stress granule biogenesis and post-translational signaling (14-3-3 family).  

In recent complementary work, the same group used quantitative proteomics and 

a proximity biotinylation strategy to analyze the oxidative stress-dependent OGA 

interactome (Groves, J.A., et al. 2017). Consistent with their prior study, the authors 

found that hydrogen peroxide treatment increased global O-GlcNAcylation in human 
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U2OS osteosarcoma cells. Surprisingly, however, there was also an overall increase in 

the total OGA protein levels and activity, which is expected to reduce O-GlcNAcylation. 

A possible explanation for this apparent paradox was provided by the discovery that 

hydrogen peroxide treatment promoted the interaction between OGA and the metabolic 

enzyme fatty acid synthase (FAS), reducing OGA activity by ~85%. These results 

suggest that hydrogen peroxide may downregulate global OGA activity through its 

sequestration by FAS. Indeed, the authors found that FAS overexpression further 

augments global hydrogen peroxide-induced O-GlcNAc levels. However, the 

biochemical details of OGA/FAS interaction, as well as the functional significance of 

most other hydrogen peroxide-induced changes to the OGA interactome, remain to be 

characterized.  

Other groups have made analogous observations in complementary experimental 

systems. For example, Nagy and colleagues reported that a 2-h treatment of hydrogen 

peroxide modestly induced global O- GlcNAc levels and GFAT mRNA in SH-SY5Y 

neuroblastoma cells, suggesting that this response is conserved across multiple cell types 

(Katai, E., et al. 2016). On the other hand, in retinal ganglion cells, a 1-h hydrogen 

peroxide treatment reduced global O-GlcNAcylation, but supplementation with 

glucosamine (which promotes UDP-GlcNAc biosynthesis and O-GlcNAcylation) 

reduced hydrogen peroxide-induced cell death, suggesting that the protective effects of 

O-GlcNAc may be more universal than the ability to regulate O-GlcNAc in response to 

this particular stimulus (Chen, Y.J., et al. 2015).  
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Given the pleiotropic effects of hydrogen peroxide, more work will be required to 

dissect the kinetics, dose-response relationship, cell type specific events and key 

glycoprotein substrates that trigger protective, stress-induced increases in O-GlcNAc. 

However, one recent study provided a potentially important clue to this mode of signaling 

(Han, C., et al. 2017). They demonstrated that hydrogen peroxide treatment (as well as 

genotoxic or nutrient stress) induced the O-GlcNAcylation of the SIRT1 sirtuin 

deacetylase on Ser549. Interestingly, SIRT1 glycosylation potentiated its deacetylase 

activity and enhanced cellular stress resistance, at least in part by promoting the 

deacetylation of the tumor suppressor protein p53. While SIRT1 Ser549 glycosylation 

was essential for these effects, the authors found evidence of additional, as yet 

unidentified O-GlcNAcylation sites on SIRT1 as well, suggesting that other stimuli or 

stresses may influence SIRT1 activity through glycosylation at distinct sites. Clearly, we 

have more to learn about the role of O-GlcNAcylation in hydrogen peroxide stress, with 

respect to both SIRT1 in particular and other, uncharacterized glycosylation changes in 

additional signaling pathways.  

1.1.3.2 O-GlcNAc, hypoxia and ischemia  

In any pathological condition of vascular insufficiency, including most solid 

tumors (Dewhirst, M.W. and Chi, J.T. 2013), hypoxia and ischemia are prominent 

features. After a hypoxic or ischemic event, tissue reperfusion and re-oxygenation 

increase oxidative stress, a disease-relevant example of redox imbalance (Giordano, F.J. 

2005). Changes in O-GlcNAc signaling have been implicated in this context as well. For 

example, the Jones group has addressed the pathophysiological connection between 
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ischemia-induced ROS and O-GlcNAcylation in neonatal rat cardiac myocytes (NRCMs). 

In one study, the authors demonstrated that adenovirus-mediated overexpression of OGA 

(AdOGA) in NRCMs increased cytotoxicity after hypoxia/re-oxygenation, whereas 

inhibition of OGA by siRNA or the small molecule PUGNAc produced the opposite 

effect. These effects correlated with lower mitochondrial membrane potential and higher 

calcium overload in AdOGA-infected NRCMs, suggesting a possible mechanism for the 

cytoprotective effects of O-GlcNAcylation in this tissue (Ngoh, G.A., et al. 2009). The 

same lab subsequently showed that global O-GlcNAcylation was reduced after 40 min of 

myocardial ischemia, but temporarily increased in the ischemic zone at 1 h after 

reperfusion. Similarly, O-GlcNAcylation in NRCMs was decreased soon after hypoxia 

but increased at 6 h after re-oxygenation. Interestingly, adenovirus-mediated OGT 

overexpression or PUGNAc treatment decreased ROS production after hypoxia/re-

oxygenation or hydrogen peroxide treatment, whereas OGA overexpression produced the 

opposite result (Ngoh, G.A., et al. 2011). This work confirms the protective effects of 

increased O-GlcNAcylation in a well-established model of cardiovascular disease.  

The mechanisms linking ischemic insults to the changes in global O-

GlcNAcylation remain incompletely understood. However, one potentially important 

player is the hypoxia-inducible factor 1α (HIF-1 α), a transcription factor stabilized under 

low oxygen conditions. A report by the Reginato group (Ferrer, C.M., et al. 2014) 

demonstrated that OGT facilitates HIF-1α stabilization and the expression of its target 

gene, GLUT1, during hypoxia in both in vitro and in vivo breast cancer models. 

Conversely, the authors found that OGT depletion raised the levels of several metabolites, 
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including α-ketoglutarate (α-KG), which in turn destabilizes HIF-1α protein by increasing 

proline hydroxylation, recruitment of the von Hippel–Lindau protein (VHL), and 

subsequent VHL-mediated degradation. Because of the importance of hypoxia and HIF-

1α in a wide variety of human diseases, these results suggest that an OGT/HIF-1α 

regulatory connection may be important in diverse pathological contexts. Testing this 

possibility will be a priority for future studies.  
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Figure 2. The CUL3-KLHL system regulates substrates proteolysis. The E3 ligase 
adaptor, CUL3, interacts with the adaptors (KLHL family), which recruit different substrates 
for polyubiquitination by Rbx1 (RING box protein E3 ligase) and E2 (ubiquitin-conjugating 
enzyme). For example, KEAP1 (also known as KLHL19) recruits NRF2 to the CUL3 
complex under homeostatic conditions to degrade NRF2. However, under oxidative stress 
conditions, conformational changes of KEAP1 allow NRF2 protein to accumulate and initiate 
antioxidant response in the nucleus. In another example, loss of function mutations of 
gigaxonin (also known as KLHL16) in giant axonal neuropathy lead to accumulation of its 
substrates, intermediate filament proteins (e.g., vimentin or neurofilament).   
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1.2 Proteolysis and Kelch-like (KLHL)  

1.2.1 The ubiquitin proteasome system (UPS) 

The UPS is one of the major intracellular protein control systems that degrade 

unnecessary, defective or excessive proteins. Those proteins include misfolded, damaged, 

or oxidized proteins that are toxic to cells, or proteins that are required only for specific 

signaling events or stress responses. The UPS is composed of the ubiquitin-conjugating 

machinery and the proteasome. The ubiquitin conjugating system begins with covalently 

attaching mono-ubiquitin on to the lysine residue of target proteins. Substrates can further 

be polyubiquitinated through sequential conjugation of ubiquitin on to the first ubiquitin 

(K48-Ub). The proteasome then recognizes the proteins that are labeled with 

polyubiquitin and degrades them into peptides (Vilchez, D., et al. 2014). The selectivity 

of the protein degradation by proteasome is thus determined by the ubiquitin conjugating 

system, which typically consists of an E1 (ubiquitin-activating enzyme), an E2 

(ubiquitin-conjugating enzyme), and an E3 (ubiquitin ligase).  

While only two E1 (UBA1 and UBA6) and dozens of E2 (~40) enzymes are 

identified, hundreds of E3 ligases (>600) are found in the human genome, suggesting E3 

ligases may determine the diversity and specificity of particular protein ubiquitination 

(Morreale, F.E. and Walden, H. 2016). These E3 ligases can be classified into three main 

types, HECT type (Homologous to E6-AP Carboxyl Terminus; ~30 E3 ligases), RBR 

type (RING-between RING-RING; ~12 E3 ligases) and RING type (Really Interesting 

New Gene; ~600 E3 ligases).  Of all three types of E3 ligases, RING type is the most 

abundant and can further be categorized into a variety of subtypes depending on their 
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domains or dimerization status. For example, BRCA1-BARD1 and Mdm2-Mdm1 belong 

to the heterodimeric RING type, Prp19 belongs to the homodimeric U-box type, and 

Cullin 1-Rbx1 (Ring-box protein 1) belongs to the Cullin-RING type (Morreale, F.E. and 

Walden, H. 2016). In particular, I am interested in the Cullin-RING type E3 ligases 

(CRLs) because we propose that their adaptors may be O-GlcNAcylated to further 

modulate the substrate interaction with the ubiquitin conjugation complex. Most typical 

CRL complexes are composed of Cullin (scaffold), Rbx1, E2, adaptor, substrate receptor, 

and the substrate. The adaptor protein connects the Cullin and substrate receptor, while 

the substrate receptor recruits the substrate to the Cullin core for polyubiquitination. 

There are several types of CRLs in human cells including, CUL1, CUL2, CUL3, 

CUL4A/4B, CUL5, CUL7, and CUL9/PARC (Lydeard, J.R., et al. 2013). For example, 

Skp1 (adaptor) binds to CUL1 and F-box protein (substrate receptor). The F-box proteins 

that interact with Skp1 including βTrCP1, Fbw7, and Skp2, and each of them regulates 

different substrates associated in a variety of biological events (Lydeard, J.R., et al. 2013). 

However, in CUL3 systems, the substrate receptor is replaced by the Kelch motifs 

of the BTB-Kelch adaptor proteins (Figure 2) (Furukawa, M., et al. 2003). In this case, 

the absence of substrate receptors suggests that the selectivity of substrate 

polyubiquitination relies on the diversity of the adaptors. The details of the CUL3 

adaptors are summarized in the following sections.  

 1.2.2 The Kelch-like (KLHL) proteins  

In human cells, the Kelch-like (KLHL) family has up to forty-two members that 

share similar domains and act as CUL3 adaptor proteins. A typical KLHL protein 
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contains one BTB (bric à brac 1, tramtrack, and broad-complex), one BACK (BTB and 

C-terminal Kelch), and five to six Kelch motifs. The BTB domain forms dimers and 

interacts with two CUL3 molecules while the Kelch motifs selectively interact with 

different substrate proteins (Canning, P., et al. 2013, Furukawa, M., et al. 2003). The 

KLHL protein family has been implicated in various biological processes and diseases. 

Of all the KLHL proteins, KEAP1 (also known as KLHL19) is the most famous, with its 

substrate NRF2 that regulates antioxidant responses (more detailed review in the 

introduction of Chapter 2). Gigaxonin (also known as KLHL16) regulates intermediate 

filaments and is associated with the neurodegenerative disease giant axonal neuropathy 

(reviewed in the introduction of Chapter 3).  

One challenge is determining how adaptors selectively recognize substrates for 

polyubiquitination by CRLs (Krek, W. 2003). In previous studies, multiple lines of 

evidence have shown that interaction of adaptors with substrates requires prior protein 

modifications on the substrates. For example, during the G1/S phase transition of S. 

cerevisiae, phosphorylation of Sic1 by Cdc28 kinase promotes the interaction between 

Sic1 and Cdc4 (substrate receptor)/Skp1 (adaptor), thus facilitating the polyubiquitination 

and degradation of the S phase Cdk inhibitor, Sic1, by Cdc53 (CRLs) and the proteasome 

(Feldman, R.M., et al. 1997, Skowyra, D., et al. 1997). In another example, hydroxylation 

of the proline residues on HIF1α under normoxic condition facilitates interaction with 

pVHL (von Hippel-Lindau; substrate receptor), and then promotes the polyubiquitination 

of HIF1α by the Elongin (adaptor)/CUL2 (E3) complex (Kaelin, W.G., Jr. 2002). Similar 

modes of regulation have been shown in the CUL3 system. For example, under hypoxia 
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conditions, phosphorylation and prolyl cis/trans isomerization of PML (promyelocytic 

leukemia) by CDK1/2 and Pin1, respectively, optimize the interaction with KLHL20 and 

polyubiquitination by CUL3 complexes (Yuan, W.C., et al. 2011). These examples have 

demonstrated that signaling events can trigger protein modification, protein-protein 

interaction, and promote the degradation of substrates.  

However, given the fact that each Cullin has multiple adaptors/substrate receptors 

and each adaptor/substrate receptor also has numerous substrates, it is possible that PTM 

on adaptors/substrate receptors, rather than just on substrates, can also regulate the 

substrate selectivity for Cullin. Based on my own results, I propose that various protein 

modifications on adaptors/substrate receptors may further fine-tune the substrate 

selectivity of KLHL/Cullin-containing E3 ligase complexes in response to micro-

environmental fluctuations. In this study, we found that the CUL3 adaptors KLHL 

proteins can be O-GlcNAcylated in response to nutrient level to modulate the substrate 

protein degradation. We provide new evidence that nutrient-sensitive O-GlcNAcylation 

of KLHL proteins may also affect optimal interaction of KLHL-CUL3 or KLHL-

substrate. The following two chapters will use KEAP1 (KLHL19) and gigaxonin 

(KLHL16) as two examples to support this conceptual advancement.    
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2. Glycosylation of KEAP1 links nutrient sensing to redox 
stress signaling 

This chapter is adapted from a published research article (Chen, P.H., et al. 2017). 

The authors for this article are Po-Han Chen, Timothy J. Smith, Jianli Wu, Priscila F. 

Siesser, Brittany J. Bisnett, Farhan Khan, Maxwell Hogue, Erik Soderblom, Flora Tang, 

Jeffrey R. Marks, Michael B. Major, Benjamin M. Swarts4, Michael Boyce* and Jen-Tsan 

Chi* (*co-corresponding authors) 

2.1 Introduction 

Despite its broad pathophysiological significance, major aspects of O-GlcNAc 

signaling remain poorly understood. Significant challenges include identifying the specific 

glycoprotein substrates that are most functionally important for signal transduction, and 

elucidating the biochemical effects that O-GlcNAc exerts on its substrates. Therefore, new 

strategies are needed to understand these aspects of O-GlcNAc biology. We addressed 

these challenges through an interdisciplinary approach, combining genetics, biochemistry 

and chemical biology. Because many chromatin proteins and transcription factors are O-

GlcNAcylated (Leturcq, M., et al. 2017, Lewis, B.A. and Hanover, J.A. 2014, Sakabe, K., 

et al. 2010), we focused on the role of O-GlcNAc cycling in gene regulation. In doing so, 

we discovered an unexpected connection between OGT and the nuclear factor-erythroid 2-

related factor 2 (NRF2) pathway. 

NRF2 is a basic leucine zipper transcription factor whose levels and activity are 

suppressed in unstressed cells by KEAP1 (also called KLHL19) (Itoh, K., et al. 1999), a 

substrate adaptor protein for the Cullin-3 (CUL3)-dependent E3 ubiquitin ligase complex. 
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KEAP1-CUL3 represses NRF2 by mediating its ubiquitination and subsequent 

proteasomal degradation (Cullinan, S.B., et al. 2004, Furukawa, M. and Xiong, Y. 2005, 

Kobayashi, A., et al. 2004, Zhang, D.D., et al. 2004). Oxidative stress or electrophiles 

modify cysteine residues in KEAP1, resulting in conformational changes and reduced 

ubiquitination of bound NRF2 (Kobayashi, A., et al. 2006, Wakabayashi, N., et al. 2004, 

Zhang, D.D. and Hannink, M. 2003, Zhang, D.D., et al. 2004), as illustrated by the 

“hinge and latch” model for KEAP1 action (Tong, K.I., et al. 2006b). Therefore, under 

stress conditions, newly translated NRF2 molecules remain free of KEAP1, allowing 

NRF2 accumulation and nuclear translocation (Padmanabhan, B., et al. 2006, Tong, K.I., 

et al. 2006a, Tong, K.I., et al. 2006b). In the nucleus, NRF2 binds promoters containing 

antioxidant response element (ARE) DNA sequences, activating the transcription of 

many genes involved in oxidative stress responses, such as heme oxygenase 1 (HO-1), 

superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase 1 (GPX1), 

NAD(P)H:quinone oxidoreductase (NQO1), gamma-glutamylcysteine synthetase (GCS) 

and glutathione reductase (Kansanen, E., et al. 2013). NRF2-regulated expression of 

ARE-driven genes, especially those involved in glutathione (GSH) biosynthesis and 

recycling (Harvey, C.J., et al. 2009), is critical for cell survival during oxidative stress in 

various disease models (Chan, J.Y. and Kwong, M. 2000, Doss, J.F., et al. 2016, Lee, 

J.M., et al. 2003, Sangokoya, C., et al. 2010).  

Several mechanisms for NRF2 pathway regulation have been described (Sykiotis, 

G.P. and Bohmann, D. 2010). For example, oxidative stress or electrophilic xenobiotics 

can disrupt either the KEAP1–NRF2 (Canning, P., et al. 2015, Huerta, C., et al. 2016, 
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Levonen, A.L., et al. 2004) or KEAP1-CUL3 interaction (Cleasby, A., et al. 2014, Eggler, 

A.L., et al. 2009, Gao, L., et al. 2007, Rachakonda, G., et al. 2008), thereby reducing 

NRF2 ubiquitination and degradation, and activating downstream transcription of NRF2 

targets. In addition, the NRF2 pathway is subject to regulation by PTMs, including 

succination of KEAP1 (Adam, J., et al. 2011, Kinch, L., et al. 2011) and phosphorylation 

of NRF2 itself (Alam, J., et al. 2000, Cullinan, S.B. and Diehl, J.A. 2004, Huang, H.C., et 

al. 2002, Salazar, M., et al. 2006). However, the impact of O-GlcNAc cycling on NRF2 

signaling remains poorly defined. Here, using the transcriptional response to OGT 

inhibition as guide, we show that O-GlcNAcylation of KEAP1 at serine 104 is required to 

restrain the NRF2 pathway in unstressed cells. Interestingly, we also found that global O-

GlcNAcylation and NRF2 activation co-vary in response to glucose changes in cultured 

cells. Therefore, our results reveal a new mechanism of NRF2 regulation through 

nutrient-sensitive O-GlcNAcylation, and have important implications for antioxidant 

signaling in both normal and disease contexts.  

2.2 Materials and methods 

2.2.1 Cell culture  

MDA-MB-231, MCF7, ZR-75-1, BT474, A549, H838, 293T, H226 and RCC4 

were obtained from the Duke Cell Culture Facility and maintained at 37 °C supplied with 

5% CO2. H1299 cells containing a yellow fluorescent protein (YFP) gene retrovirally 

inserted into intron 2 of the NQO1 gene (130207PL1G9-NQO1) were a gift from Dr. Uri 

Alon and the Kahn Protein Dynamics group (Cohen, A.A., et al. 2009, Sigal, A., et al. 

2006). Cell lines were cultured in either regular DMEM or RPMI medium with 10% fetal 
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bovine serum (FBS), HEPES, and penicillin/streptomycin according to the instructions 

from the American Type Culture Collection. For glucose deprivation medium, cells at 

90% confluency were first washed with phosphate buffer saline (PBS) twice and 

incubated with DMEM (ThermoFisher, DMEM, no glucose 11966) supplemented with 

1x sodium pyruvate, HEPES, FBS, and penicillin/streptomycin, as well as indicated 

glucose concentrations (Sigma).  

2.2.2 OGT/OGA inhibitors and azidosugar 

Ac45SGlcNAc (abbreviated 5SGlcNAc or 5SG) was synthesized and purified as 

described (Gloster, T.M., et al. 2011). Thiamet-G was synthesized and purified by the 

Duke Small Molecule Synthesis Facility as described (Yuzwa, S.A., et al. 2008). 

Ac4GalNAz (abbreviated GalNAz) was synthesized essentially as described (Boyce, M., 

et al. 2011) by Tandem Sciences.   

2.2.3 Co-Immunoprecipitation (co-IP) 

For co-IP of endogenous proteins, 293T and MCF7 cells were treated with 

5SGlcNAc (50 µM, 24 hrs) and lysed in Pierce IP buffer (1% Triton X-100, 150 mM 

NaCl, 1 mM EDTA, and 25 mM Tris-HCl pH 7.5) supplemented with protease and 

phosphatase inhibitors. Cell lysates were incubated with anti-CUL3 antibody overnight at 

4 °C. Then, protein G beads (Dynabeads, ThermoFisher) were added for an additional 8 

hrs with gentle rotation at 4 °C. For HA-KEAP1 and MYC-CUL3 interaction 

experiments, 293T cells transfected (Mirus LT1) with HA-KEAP1 and MYC-CUL3 were 

treated with 5SGlcNAc (50 µM, 48 hrs) and harvested in Pierce IP buffer (with the 

addition of 5 µM PUGNAc to inhibit hexosaminidase activity). For MYC-CUL3 and 
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HA-tagged wild type KEAP1 or S104A KEAP1 interaction experiments, H838 or 293T 

cells transfected with the indicated constructs (32-48 hrs post-transfection) were lysed in 

Pierce IP buffer. Lysates were incubated with MYC or HA antibody for 8 hrs with 

rotation at 4 °C, and then protein G beads were added for additional overnight rotation at 

4 °C. For KEAP1-CUL3 interaction experiments under glucose deprivation, 80% 

confluent MDA-MB-231 were first transfected with the indicated constructs (Invitrogen, 

Lipofectamine 2000) for 24 hrs. The cells were then washed twice in PBS and incubated 

with low or high glucose medium for an additional 12 hrs before harvesting in Pierce IP 

buffer. After IPs, protein G beads were washed three times (1% Triton X-100, 300 mM 

NaCl, 1 mM EDTA, and 25 mM Tris-HCl pH 7.5) and eluted in 2x SDS-PAGE sample 

buffer for Western blot analysis. For OGT and KEAP1 interaction experiments, 293T 

cells were transfected with MYC-OGT and HA-KEAP1 for 48 hrs, harvested in Pierce 

lysis buffer and used for co-IP as described. The proteins of interest were then evaluated 

by Western blot using either chemiluminescence (Thermo Scientific SuperSignal Pico) or 

LI-COR Odyssey imager (IRDye).   

2.2.4 YFP-NQO1 induction assay using IncuCyte ZOOM  

The reporter cell line H1299 stably expressing YFP-NQO1, cultured in RPMI 

medium supplemented with 10% FBS, was plated onto 48-well tissue-culture microplates 

(8,000 cells/well) and allowed to adhere overnight. DMSO, MLN4924, or 5SGlcNAc 

was added at the indicated concentrations and the plates were immediately transferred 

into the IncuCyte ZOOM platform (Essen BioScience), housed inside a cell incubator at 

37 °C/5% CO2, until the end of the assay. Two fields per well from five technical 



 

 21 

replicates were imaged with phase and green (400 ms acquisition) channels. Images were 

taken using a 10x objective lens every 1 hr for 45 hrs and then analyzed using the 

IncuCyte Basic Software. Automated image processing on the fluorescence and phase 

channels was accomplished by applying an appropriate processing definition. In phase 

contrast, cell segmentation was achieved by applying a mask to exclude cells from 

background. An area filter was applied to exclude objects below 75 µm2. Green channel 

background noise was subtracted with the Top-Hat method of background non-uniformity 

correction with a radius of 100 µm and a threshold of 0.6 green corrected units (GCU). 

Fluorescence signal was quantified applying a mask. Total Green Object Integrated 

Intensity (GCU x µm2/Image) was normalized by confluence and further normalized by 

mean values obtained for untreated cells. Data presented are from one experiment with 

five technical replicates, and are reported as mean ± standard deviation (SD). Data were 

reproduced in a biological replicate with five technical replicates. 

2.2.5 In vivo ubiquitination 

 293T cells transfected with MYC-NRF2 and HA-Ub, were treated with DMSO 

vehicle or 5SGlcNAc (50 µM, 48 hrs). The cells were then harvested in RIPA buffer 

(Sigma, 150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 

and 50 mM Tris, pH 8.0). Lysates were diluted (final 0.1% SDS) for incubation with anti-

MYC antibody and then protein-G beads at 4 °C with gentle rotation. For endogenous 

NRF2-Ub assays, MCF7 cells were first treated with DMSO vehicle or 5SGlcNAc (50 

µM) for 42 hrs, and MG132 (10 µM) was added for an additional 6 hrs of incubation. 

Cells were lysed in 1% SDS RIPA buffer and sonicated before IP. To IP endogenous 
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NRF2, NRF2 antibody (Abcam 62352) was incubated with diluted cell lysates (final 

0.1% SDS) overnight at 4 °C, and the protein G beads were added for an additional 8-hr 

incubation at 4 °C. After incubation, the beads were washed in IP buffer three times and 

boiled in 2x Western sample buffer. Sample buffer-eluted proteins were separated by 

SDS-PAGE and analyzed by Western blot with the indicated antibodies. 

2.2.6 GalNAz labeling and GlcNAc competition assays 

MCF7 and MDA-MB-231 cells were incubated with DMSO or 100 µM GalNAz 

for 24 hrs. In brief, cells were lysed and fractionated into nuclear and cytosolic fractions 

for click reactions (1 hr at room temp with gentle rotation; 5 mM sodium ascorbate, 25 

µM alkyne-biotin, 100 µM TBTA, and 1 mM CuSO4). After click reactions, lysates were 

precipitated and washed in cold methanol to remove unreacted alkyne-biotin, 

resuspended in 4 M guanidine/PBS, and incubated with NeutrAvidin beads overnight at 4 

°C to capture biotin-conjugated proteins. The beads were then washed three times each 

with the following buffers: 4 M guanidine/PBS; 5 M NaCl/H2O; 6 M urea/PBS; 1% 

SDS/PBS. Bound proteins were eluted by boiling in 2x SDS-PAGE sample buffer and 

analyzed by Western blot (Boyce, M., et al. 2011).  For GlcNAc competition assays, 

293T cells transfected with HA-KEAP1 were lysed and IP-ed with HA antibody as above. 

Equal amounts of precipitated protein samples were loaded, separated by SDS-PAGE, 

transferred onto the same PVDF membrane, and blocked in 5% BSA/1x Tris-buffered 

saline with Tween (TBST) (0.1% Tween-20). For competition controls, O-GlcNAc 

antibodies were pre-incubated with 1M GlcNAc (Sigma) in 5% BSA/TBST at room 

temperature for 2 to 3 hrs before incubation with membrane overnight at 4 °C (Sakabe, 
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K., et al. 2010). Blots performed with or without GlcNAc competition were then 

evaluated by enhanced chemiluminescence using identical exposure times. 

2.2.7 Quantitative real-time PCR and microarray analysis  

RNAs collected by RNeasy kit (Qiagen) were used for reverse transcription by the 

SuperScript II kit (Invitrogen). The primers used for real-time PCR are listed in the 

Supplemental Information. Analyses of microarray data and in vivo correlation were 

performed according to previous reports (Gatza, M.L., et al. 2010, Keenan, M.M., et al. 

2015).  
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2.3 Results  

2.3.1 Global transcriptional responses to OGT and OGA inhibition 

OGT dynamically glycosylates numerous chromatin components and 

transcription factors (Leturcq, M., et al. 2017, Lewis, B.A. and Hanover, J.A. 2014, 

Ozcan, S., et al. 2010, Sakabe, K., et al. 2010). However, it remains challenging to 

identify the particular O-GlcNAc substrate(s) that are most functionally important in 

particular gene expression programs. To address this challenge, we profiled the global 

transcriptional responses to OGT or OGA inhibition to guide our downstream 

biochemical investigation. We analyzed the transcriptomes of MDA-MB-231 cells 

treated with DMSO (vehicle) or small molecular inhibitors of OGT (5SGlcNAc) (Gloster, 

T.M., et al. 2011) or OGA (Thiamet-G) (Yuzwa, S.A., et al. 2008) (Figure 3A). First, we 

confirmed that Thiamet-G and 5SGlcNAc increased and decreased global O-

GlcNAcylation, respectively, as expected (Figure 4A). Then, we collected RNA samples 

at multiple time points after DMSO, Thiamet-G or 5SGlcNAc treatment and analyzed 

them by Affymetrix U133A2 arrays (deposited into GEO as GSE81740). The array data 

were normalized by the Robust Multi-Array (RMA) method and zero-transformed against 

Figure 3. OGT inhibition and NRF2 activation induce similar gene expression patterns. 
(A) O-GlcNAc is added onto serine (shown) or threonine residues of intracellular proteins by 
the glycosyltransferase OGT, and removed by the glycoside hydrolase OGA. OGT and OGA 
are inhibited by the specific small molecules 5SGlcNAc and Thiamet-G, respectively. (B) 
Heatmap of the global transcriptional response of MDA-MB-231 cells to the inhibition of 
OGT or OGA for the indicated time points. Heatmap of selected induced and repressed 
genes and gene clusters during OGT and OGA inhibitions are shown with several indicated 
gene names. (C) The gene expression signature of low OGT activity (i.e., 5SGlcNAc) shows 
positive correlation with the NRF2 activation signature when projected into six different 
tumor datasets. r is the Pearson’s correlation coefficient. 
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the average expression of three DMSO samples (Keenan, M.M., et al. 2015, Tang, X., et 

al. 2015) to derive the transcriptional responses to OGA or OGT inhibition (Figure 3B). 

As early as 8 hours, Thiamet-G induced OGA mRNA and downregulated OGT mRNA, 

whereas 5SGlcNAc induced OGT and downregulated OGA mRNAs (Figure 3B). These 

changes reflect previously reported compensation responses to O-GlcNAc perturbation 

(Zhang, Z., et al. 2014), confirming the expected effects of OGA and OGT inhibition on 

gene expression in our system. In addition to the OGA/OGT mRNA changes, we noted 

large clusters of altered gene expression after 24 hours of OGT inhibition (Figure 3B). 

Many of the induced genes encode stress response proteins, including HO-1, NQO1, 

GCLM, and SLC7A11, whereas several repressed genes are inflammatory pathway 

components, such as IL-8 and Cox-2. We verified the induction and repression of 

selected genes by real-time RT-PCR (Figure 4B). 
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Figure 4. Transcriptional response to inhibitors of OGT and OGA. (A) OGT and OGA 
inhibitors reduced and increased, respectively, global O-GlcNAc levels. MDA-MB-231 cells 
were treated with 50 µM 5SGlcNAc or 25 µM Thiamet-G for 24 hrs and WCLs were analyzed 
by Western blots. (B) qPCR validation of indicated up- and down-regulated genes from 
microarray data. MDA-MB-231 cells were treated with DMSO vehicle or 50 µM 5SGlcNAc 
for 48 hrs and extracted mRNA was analyzed by qPCR (normalized to β-actin). n= 3, error 
bars represent standard deviation. (C) Lack of correlation between low OGT activity (i.e., 
5SGlcNAc) and PI3K or EGFR signaling gene expression signatures when projected into the 
Miller breast tumor dataset. r = Pearson’s correlation coefficient.  
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To elucidate the mechanistic basis of these transcriptional changes, we used tumor 

gene expression data to examine the in vivo relationship between the OGT inhibition 

response and other known signaling pathways. We defined a gene signature of low OGT 

activity (i.e., 5SGlcNAc treatment) based on our data and projected it into six different 

human breast tumor gene expression datasets (Chin, K., et al. 2006, Miller, L.D., et al. 

2005, Minn, A.J., et al. 2005, Pawitan, Y., et al. 2005, Sotiriou, C., et al. 2003, Wang, Y., 

et al. 2005). We then examined several previously identified gene signatures of different 

Figure 5. OGT inhibition induces a NRF2-dependent antioxidant response without 
causing oxidative stress. (A) 5SGlcNAc increased the nuclear level of NRF2 and HO-1 
proteins, similar to the known NRF2 activator tBHQ. MDA-MB-231 cells were treated with 
50 µM 5SGlcNAc for 24 hrs or 25 µM tBHQ for 5 hrs. Lysates were separated into 
cytosolic and nuclear fractions for Western blot by indicated antibodies. EZH2 and α-
tubulin are loading controls for nuclear and cytosolic fractions, respectively. (B) 5SGlcNAc 
treatment increased the levels of YFP-NQO1. H1299 cells expressing YFP-NQO1 were 
treated with 25 µM, 50 µM, 100 µM 5SGlcNAc or 2.5 µM MLN4924 (NRF2 activator, 
positive control) and analyzed in real time for YFP levels using the IncuCyte platform. (C) 
5SGlcNAc increased NRF2 and HO-1 protein levels, and reduced global O-GlcNAcylation, 
in ZR-75-1, RCC4, MCF7 and MDA-MB-231 cells. Indicated cell lines were treated with 
50 µM 5SGlcNAc or tBHQ (50 µM for ZR-75-1 and RCC4; 25 µM for MCF7 and MDA-
MB-231) for 48 hrs and harvested for Western blot analysis by indicated antibodies. Arrows 
indicate the induced protein of interest. (D) Silencing NRF2 by siRNAs abolishes 
5SGlcNAc-triggered HO-1 induction. MCF7 cells were treated with non-targeting control 
siRNA or siNRF2 for 24 hrs and incubated with 50 µM 5SGlcNAc for an additional 24 or 
48 hrs before harvesting and Western blotting. (E) MDA-MB-231 cells were transfected 
with either control (siNC) or siNRF2 siRNAs for 24 hrs and then treated with 50 µM 
5SGlcNAc for additional 48 hrs. Relative gene expression levels were assessed by 
quantitative PCR (qPCR) and normalized to β-actin mRNA and the DMSO/siNC group. n = 
3, error bars represent standard deviations. (F) Left panel: The level of HO-1 protein in 
MDA-MB-231 before and after doxycycline-induced shRNA-mediated silencing of 
luciferase (control) or OGT. Right panel: OGT depletion by siRNA increases NQO1 and 
GCLM mRNA. qPCR measurement of the indicated mRNAs in MDA-MB-231 transfected 
with control or OGT-targeting siRNA for 24 hrs are shown (normalized to β-actin mRNA). 
n = 3, error bars represent standard deviations. (G)  MDA-MB-231 cells were transfected 
with either siNC or siNRF2 siRNAs for 24 hrs, and then treated with 87.5 µM 5SGlcNAc 
(5SG, 48 hrs) or H2O2 (882 µM, 1 hr). Then, cells were incubated with H2-DCFDA dye and 
relative ROS levels were measured by flow cytometry. n = 3, error bars represent standard 
deviations. (H) MDA-MB-231 cells were treated with DMSO or 50 µM 5SGlcNAc (48 hrs) 
and GSSG/GSH ratios were measured by MS. n= 3, error bars represent standard deviations; 
p-values were calculated by Student’s t-test; * p < 0.05; ** p < 0.001; ns: not significant.  
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signaling pathways and determined their correlations with the low OGT activity signature 

in the same datasets (Gatza, M.L., et al. 2011). Interestingly, among all signaling 

pathways tested, the strongest correlation existed between the low OGT activity signature 

and NRF2 activation (i.e., treatment with sulforaphane (SFN) or tert-butylhydroquinone 

(tBHQ)) (Pearson’s correlation coefficient r ranges from 0.47 to 0.55 for six different 

datasets; p < 0.0001) (Figure 3C), with weaker correlation to other pathways, including 

PI3K (r = 0.2886, Miller et al. dataset as an example) and EGFR (r = -0.1853, Miller et al. 

dataset as an example) (Figure 4C). Therefore, human tumors with the low OGT activity 

gene signature tend to have strong NRF2 activation signatures, suggesting an unexpected 

in vivo connection between these two pathways. 

2.3.2 OGT inhibition activates a NRF2-dependent transcriptional program 

Because of the strong in vivo correlation between low OGT activity and NRF2 

induction in human tumors, and because most of the 5SGlcNAc-induced genes in our 

dataset are known NRF2 targets (Figure 3B), we tested whether OGT inhibition activates 

NRF2. Indeed, Western blots confirmed that 5SGlcNAc triggered the accumulation and 

nuclear translocation of NRF2 (Figure 5A). 5SGlcNAc also increased NRF2 

transactivation in a well-characterized NQO1-ARE–luciferase reporter assay 

(Moehlenkamp, J.D. and Johnson, J.A. 1999, Sangokoya, C., et al. 2010) (Figure 6A). In 

addition, live cell imaging using H1299 lung cancer cells tagged with YFP at the 

endogenous NQO1 locus (Cohen, A.A., et al. 2009, Sigal, A., et al. 2006) demonstrated 

increasing NRF2 expression and activity throughout 5SGlcNAc treatment (Figure 5B and 

Figure 6B). However, 5SGlcNAc did not induce the mRNA of NRF2 itself, or of the 
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related transcription factors NFE2, NRF1, or NRF3 (Figure 6C). We concluded that OGT 

inhibition by 5SGlcNAc robustly activates NRF2 protein and activity through a post-

transcriptional mechanism.  
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Figure 6. 5SGlcNAc activates NRF2 through a specific signaling event. (A) 5SGlcNAc 
increases NRF2 transactivation activity. MCF7 cells were treated with the indicated 
concentrations of 5SGlcNAc or tBHQ (NRF2 activator) for 48 hrs and the relative NQO1-
luciferase reporter activity (normalized to Renilla and DMSO-treated control samples) was 
measured. n = 3; error bars represent standard deviation; p-values were calculated by 
Student’s t-test, * p < 0.05. (B) 5SGlcNAc treatment increases NRF2 levels in H1299 cells. 
Left panel, H1299 cells expressing YFP-NQO1 were treated with 50 µM 5SGlcNAc for the 
indicated times and lysates were analyzed by Western blot. 2.5 µM MLN4924 treatment 
for 12 hrs was used as a positive control for induction of NRF2. Right panel, H1299 cells 
expressing YFP-NQO1 were treated with 5SGlcNAc at the indicated doses for 30 hrs and 
lysates were analyzed by Western blot. 5 µM MLN4924 treatment for 6 hrs was used as a 
positive control for induction of NRF2. (C) 5SGlcNAc treatment did not significantly 
affect the mRNA levels of the indicated members of the cap'n'collar (cnc) subfamily of 
leucine zipper transcription factors in the microarray experiments described in Figure 1B. 
(D, E, F) Up-regulation of NRF2 target genes in RCC4 (D), BT-474 (E), and ZR-75-1 (F) 
cells as measured by qPCR. The ΔΔCt values were calculated by normalizing the Ct value 
for each gene in the 5SGlcNAc-treated group to β-actin mRNA and the DMSO control. (G) 
Contributions of NRF1 and NRF2 in mRNA induction by 5SGlcNAc. The contributions of 
NRF1 and NRF2 for indicated genes were determined by calculating the mRNA induction 
difference (log scale) by qPCR between 5SGlcNAc- and DMSO-treated MDA-MB-231 
cells when NRF1 or NRF2 was silenced by siRNA. (H) Relative glutathione levels in 
5SGlcNAc-treated cells. MDA-MB-231 cells were treated with DMSO, 5SGlcNAc (100 
nM, 500 nM, 10 µM, or 50 µM) or 1-buthionine-sulfoximine (BSO, 200 µM, positive 
control) for 24 hrs.  Reduced glutathione levels were assessed by GSH-Glo Glutathione 
Assay (Promega) per manufacturer instructions and shown as percent of vehicle control. 
Error bars represent standard deviation. (I) OGT inhibition protects MDA-MB-231 cells 
from cystine deprivation-induced death. MDA-MB-231 cells were pre-treated with the 
indicated concentrations of 5SGlcNAc for 4 hrs and then subjected to cystine deprivation 
medium (along with DMSO or 5SGlcNAc) for an additional 48 hrs. Cell viability was 
measured by CellTiter-Glo assay (Promega). n = 3, error bars represent standard 
deviations; * p < 0.05 or ** p < 0.001. p-values were calculated by Student’s t-test. 
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We confirmed that 5SGlcNAc increased both endogenous NRF2 protein, which 

migrates at ~100 kDa in an SDS-PAGE gel (Lau, A., et al. 2013), and its transcriptional 

target HO-1 in ZR-75-1, RCC4, MCF7 and MDA-MB-231 cells (Figure 5C), as did the 

known NRF2 activator tBHQ (Li, J., et al. 2005). This result indicates that the 

OGT/NRF2 connection is conserved across cells from diverse tissue types. The mRNAs 

of several NRF2 target genes were also induced by 5SGlcNAc in RCC4, ZR75-1 and BT-

474 cells (Figure 6D, E, and F). Furthermore, NRF2 is required for this transcriptional 

response to OGT inhibition, because silencing NRF2 by siRNA greatly reduced HO-1 

protein induction by 5SGlcNAc, without altering its effect on O-GlcNAcylation (Figure 

5D). Similarly, NRF2 silencing significantly reduced the 5SGlcNAc induction of HO-1, 

NQO1, GLCM and SLC7A11 mRNA (Figure 5E). In contrast, silencing the related 

transcription factor NRF1 only affected SLC7A11 induction by 5SGlcNAc (Figure 6G). 

Collectively, these results indicate that OGT inhibition specifically activates a NRF2-

dependent transcriptional program in diverse cell types. 

2.3.3 OGT inhibition activates NRF2 through a specific signaling event 

We next tested whether NRF2 pathway induction by OGT inhibition was due to a 

specific signaling event, versus off-target effects or nonspecific stress. First, we generated 

MDA-MB-231 cells with inducible shRNAs that target either luciferase or OGT. We 

found that doxycycline-induced silencing of OGT robustly upregulated HO-1 (Figure 5F, 

left panel). In addition, we silenced OGT in MDA-MB-231 cells using siRNA targeting a 

different sequence, and observed an induction of the NRF2 targets NQO1 and GCLM 

(Figure 5F, right panel). These results show that the genetic silencing of OGT activates 
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NRF2, phenocopying our 5SGlcNAc results and arguing against off-target effects of the 

small molecule. In addition, 5SGlcNAc did not increase intracellular reactive oxygen 

species (ROS) (Figure 5G) or the ratio of oxidized/reduced glutathione (Figure 5H and 

Figure 6H). In fact, 5SGlcNAc decreased ROS levels in hydrogen peroxide-treated cells, 

and this effect was abolished when NRF2 was silenced (Figure 5G). These data 

demonstrate that OGT inhibition induces a NRF2-dependent antioxidant response but 

does not increase ROS, arguing that OGT inhibition does not trigger NRF2 activation by 

causing nonspecific stress.  

To further confirm this hypothesis, we asked whether the link between O-GlcNAc 

and NRF2 could be exploited to produce a predicted result in a cellular stress response. 

Several studies have shown that certain breast and renal cancer cell lines are cystine-

addicted and undergo non-apoptotic death due to oxidative stress upon cystine 

deprivation (Tang, X., et al. 2016a, Tang, X., et al. 2016b, Timmerman, L.A., et al. 2013). 

Consistent with NRF2 induction and reduced oxidative stress, OGT inhibition rescued 

MDA-MB-231 cells from cystine-deprived death (Figure 6I). Taken together, these data 

strongly suggest that OGT inhibition triggers NRF2 signaling through a specific O-

GlcNAc-mediated signaling event, and not an off-target effect or nonspecific oxidative 

stress. We concluded that O-GlcNAcylation of a particular substrate or substrates is 

required to restrain the NRF2 pathway in unstressed cells. 

2.3.4 OGT activity is required for optimal NRF2 ubiquitination 

Since OGT inhibition did not affect NRF2 mRNA levels (Figure 5E and Figure 

6C), we investigated how NRF2 protein is regulated by O-GlcNAcylation. First, we 
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blocked translation elongation with cycloheximide (Schneider-Poetsch, T., et al. 2010), 

which, as expected, depleted the majority of NRF2 protein because of its short half-life 

(Furukawa, M. and Xiong, Y. 2005, Stewart, D., et al. 2003) (Figure 7A, lane 3). 

However, even in the presence of cycloheximide, we still observed detectable NRF2 

induction after a short period of OGT inhibition (Figure 7A, lane 4). Similarly, rapamycin, 

an indirect inhibitor of cap-dependent translation initiation (Beretta, L., et al. 1996), also 

failed to suppress 5SGlcNAc-mediated NRF2 accumulation (Figure 8A, lanes 1 and 2). 

These results indicate that OGT inhibition does not induce NRF2 protein through 

increased translation. Next, we tested the role of proteasome-mediated degradation, 

thought to be the major mode of NRF2 regulation in most contexts (Kansanen, E., et al. 

2013, Kensler, T.W., et al. 2007). Interestingly, we found that OGT inhibition reduced 

the amount of poly-ubiquitinated NRF2 in proteasome-inhibited cells (Figure 7B, Figure 

8A & 8B) without affecting global ubiquitination (Figure 8C). In summary, OGT 

inhibition reduced NRF2 ubiquitination and led to NRF2 protein accumulation. These 

observations suggested that O-GlcNAcylation might somehow promote the activity of an 

E3 ligase complex that ubiquitinates NRF2, and that OGT inhibition could disrupt this 

regulation to trigger NRF2 accumulation and activity.  
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Figure 7. O-GlcNAcylation regulates NRF2 post-translationally. (A) MCF7 cells were 
treated with cycloheximide (CHX, 25 µg/ml) for 1 hr to block translation and then 
5SGlcNAc (50 µM) for an additional 10 hrs. Whole-cell lysates (WCL) were analyzed for 
NRF2 protein and global O-GlcNAcylation by Western blot. (B) Poly-ubiquitination of 
NRF2 is decreased upon OGT inhibition. 293T cells were transfected with MYC-NRF2 
and/or HA-ubiquitin (Ub) as indicated for 24 hrs and then treated with vehicle or 50 µM 
5SGlcNAc for an additional 48 hrs, with or without MG132 (10 µM, 3 hrs). Lysates were 
analyzed by IP and Western blot. 
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Figure 8. O-GlcNAcylation regulates endogenous NRF2 post-translationally. (A) 
MCF7 cells were treated with rapamycin (50 nM) for 1 hr and then 5SGlcNAc (50 µM) for 
an additional 8 hrs. Then, MG132 (10 µM) was added 2 hrs before harvesting (total 
experimental time: 9 hr). WCLs were analyzed by Western blot. Arrows indicate NRF2. (B) 
5SGlcNAc reduced the ubiquitination of endogenous NRF2 in MCF7 cells. MCF7 cells 
were treated with 50 µM 5SGlcNAc (48 hrs) and 10 µM MG132 (6 hrs), and WCLs were 
analyzed by IP/Western blot. Arrows indicate NRF2. (C) 5SGlcNAc does not affect global 
poly-ubiquitination levels. MDA-MB-231 cells were treated with 25 µM 5SGlcNAc for 45 
hrs and 10 µM MG132 for an additional 3 hrs. WCLs were analyzed by Western blots. 
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2.3.5 KEAP1 is O-GlcNAcylated by OGT  

We next used a chemical biology approach that we developed previously (Boyce, 

M., et al. 2011, Palaniappan, K.K., et al. 2013) to identify O-glycosylated proteins that 

might regulate NRF2 ubiquitination. MDA-MB-231 cells were incubated with 

peracetylated N-azidoacetylgalactosamine (GalNAz) (Boyce, M., et al. 2011, Palaniappan, 

K.K., et al. 2013). GalNAz is metabolized to a UDP-GlcNAc nucleotide-sugar analog 

and used by endogenous OGT to modify its native substrates with an azidosugar (Boyce, 

M., et al. 2011, Palaniappan, K.K., et al. 2013). Next, we used copper-catalyzed azide-

alkyne cycloaddition (CuAAC, or “click chemistry”) to chemoselectively ligate a biotin 

probe to endogenous OGT substrates and then capture them by streptavidin affinity 

chromatography (Boyce, M., et al. 2011, Palaniappan, K.K., et al. 2013). The eluted 

proteins were separated by SDS-PAGE and probed with antibodies against known NRF2 

regulators. Interestingly, we found that GalNAz labeled endogenous KEAP1 in MDA-

MB-231 (Figure 9A) and MCF7 (Figure 9B), but not CUL3 or NRF2 itself.   

Figure 9. KEAP1 is O-GlcNAcylated by OGT at multiple residues. MDA-MB-231 cells 
(A) or MCF-7 cells (B) were incubated with DMSO or 100 µM GalNAz for 24 hrs and then 
separated into cytosolic (C) and nuclear (N) fractions. Fractions were subjected to a CuAAC 
reaction with an alkyne-biotin probe and precipitated to remove unreacted probe. Then, 
biotin-labeled proteins were affinity-purified via NeutrAvidin bead pull-down and analyzed 
by Western blot. Arrows indicate the protein of interest. (C) GlcNAc competition assay. 
293T cells transfected with HA-KEAP1 were lysed and analyzed by IP and Western blot. 
GlcNAc competition (a specificity control) was performed by pre-incubating the O-GlcNAc 
antibody with 1M free GlcNAc before blotting. Blots were performed simultaneously with 
equal sample loading and chemiluminescence exposure time. Arrows indicate the protein of 
interest. (D) OGT interacts with KEAP1 in human cells. 293T cells were transfected with 
MYC-OGT and/or HA-KEAP1 constructs as indicated for 48 hrs and lysates were analyzed 
by IP/Western blot. Arrows indicate the protein of interest. (E) Eleven candidate O-
GlcNAcylated residues of KEAP1, identified by MS, are shown in the context of protein 
domains, secondary structure elements, and selected known interacting partners of KEAP1. 
NTR: N-terminal region; BTB: broad complex/tramtrack/bric-à-brac domain; IVR: 
intervening region; KR: Kelch repeat domain; CTR: C-terminal region. 
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These experiments suggested that OGT may restrain NRF2 through glycosylation 

of KEAP1, the major adaptor for the CUL3-containing E3 ligase complex that regulates 

NRF2 protein stability (Cullinan, S.B., et al. 2004, Furukawa, M. and Xiong, Y. 2005, 

Kobayashi, A., et al. 2004, Zhang, D.D., et al. 2004). Consistent with this hypothesis, we 

found that recognition of KEAP1 by an anti-O-GlcNAc monoclonal antibody was 

reduced by either treating cells with 5SGlcNAc (Figure 10A) or GlcNAc competition 

(Figure 9C) (Sakabe, K., et al. 2010). Furthermore, KEAP1 co-immunoprecipitated (co-

IP-ed) with OGT (Figure 9D and 10B), and this interaction was independent of the 

KEAP1 broad complex/tramtrack/bric-à-brac (BTB) domain (Figure 10C). To confirm 

that the KEAP1/OGT interaction is direct, we purified recombinant GST-KEAP1 and 

His-OGT from E. coli and performed in vitro protein-protein interaction assays. We did 

not observe a direct KEAP1/OGT interaction in this in vitro context (Figure 10D), likely 

because additional proteins or PTMs are required for the observed in vivo interaction. 

Together, these data indicate that KEAP1 is O-GlcNAcylated by OGT.  

To elucidate the functional effects of KEAP1 glycosylation, we purified 

recombinant human KEAP1 from 293T cells because they transfect efficiently, allowing 

us to generate the required amount of material for site-mapping experiments. Mass 

spectrometry (MS)-based proteomic analysis of the purified KEAP1 identified eleven 

candidate O-GlcNAcylation sites (Figure 9E). Four putative O-GlcNAc sites (S102, S103, 

S104, and S166) (Figure 11) lie within the α-helices (The UniProt, C. 2017) of the BTB 

domain, which is required for KEAP1 homodimerization and CUL3 interaction 

(Furukawa, M. and Xiong, Y. 2005, Zhang, D.D., et al. 2004, Zipper, L.M. and Mulcahy, 
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R.T. 2002). Six additional potential O-GlcNAc sites (T388, S390, S391, T400, S404 and 

S410) (Figure 11) are in the β-strands of the second Kelch motif, while the final 

candidate site (S533) (Figure 11) is in the fifth Kelch motif. The KEAP1 Kelch motifs 

interact with NRF2 to regulate NRF2 levels (Itoh, K., et al. 1999, Kobayashi, M., et al. 

2002) (Figure 9E). Taken together, these results suggest that OGT interacts with and 

constitutively glycosylates KEAP1 under unstressed conditions, and that inhibition of 

OGT reduces KEAP1 O-GlcNAcylation.  
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A�

Fig S2 (Related to Fig 4) �

B�

D�

C�

E�

Figure 10. KEAP1 is O-GlcNAcylated and interacts with OGT in human cells. (A) O-
GlcNAcylation of KEAP1 is reduced upon 5SGlcNAc treatment. H838 cells were transfected 
with Flag-KEAP1 and then treated with DMSO or 50 µM 5SGlcNAc for 48 hrs. WCLs were 
analyzed by IP/Western blot. Arrow indicates KEAP1. (B) KEAP1 associates with OGT in 
human cells. Endogenous KEAP1 was IP-ed from 293T lysates and blotted with antibodies 
against OGT and KEAP1 (arrows). (C) Interaction between OGT and KEAP1 mutants. The 
indicated KEAP1 constructs and/or MYC-OGT were transfected into 293T cells (48 hrs) and 
WCLs were analyzed by IP/Western blot. Arrows indicate the proteins of interest. HC: IP-ing 
antibody heavy chain. (D) Purified GST-KEAP1 and His-OGT do not interact in vitro. 
Recombinant GST-KEAP1 and His-OGT were purified individually from E. coli, mixed, and 
analyzed by glutathione agarose pull-down and Western blot. 
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2.3.6 KEAP1 is required for O-GlcNAc-mediated NRF2 regulation and 
erastin-induced cell death 

 

Fig S2 (Related to Fig 4) �
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Figure 11. MS proteomics identifies eleven candidate O-GlcNAc sites on KEAP1. (A-J) 
MS/MS fragment ion spectra for each of the eleven individual O-GlcNAcylated KEAP1 
peptides. Individual fragment ions annotated with “-203” or “-406” indicates a gas-phase 
neutral loss corresponding to single or double O-GlcNAc moieties. 
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To test the requirement for KEAP1 in the regulation of NRF2 by O-

GlcNAcylation, we took advantage of A549 and H838 cells, which harbor KEAP1 loss-

of-function mutations (G333C and frameshift nonsense mutation, respectively) (Singh, A., 

et al. 2006). These mutations make A549 and H838 cells appropriate KEAP1-null 

systems for testing the functional role of expressed KEAP1 mutants, without confounding 

effects from endogenous KEAP1. 5SGlcNAc failed to induce NRF2 target genes in A549 

and H838 cells, demonstrating that functional KEAP1 is required for NRF2 activation by 

Figure 12. O-GlcNAcylation of KEAP1 regulates NRF2 activity and CUL3 interaction. 
(A, B) The relative levels of indicated mRNAs (normalized to β-actin) were measured by 
qPCR in two KEAP1-mutated lung cancer cell lines, A549 (A) and H838 (B), treated with 
DMSO or 5SGlcNAc (50 µM, 48 hrs). (C) H838 cells were transfected with NQO1 ARE-
firefly luciferase, Renilla luciferase (constitutive expression, internal control), and KEAP1 
expression constructs for 48 hrs and lysates were analyzed by Western blot. (D) H838 cells 
were transfected as in (C). Firefly luciferase activity was measured 48 hrs post-transfection 
and normalized to the co-expressed Renilla luciferase control. The normalized luciferase 
signal from each KEAP1 mutant was normalized to the mock-transfected sample (set to 1). 
n= 3, error bars represent standard deviations; * p < 0.05, ** p < 0.001, p-values were 
calculated by Student’s t-test. (E) A549 cells were transfected as in (C) and lysates were 
analyzed by Western blot. (F) A549 cells were transfected and analyzed by luciferase assay 
as in (D). n= 3, error bars represent standard deviations; * p < 0.05, p-values were calculated 
by Student’s t-test. (G) The KEAP1 S014A mutant exhibits a reduced capacity to repress 
NRF2 protein in a proteasome-dependent manner. H838 cells were transiently transfected 
with vector, wild type or S104A KEAP1 for 45 hrs and treated with 10 µM MG132 for an 
additional 3 hrs. Lysates were analyzed by Western blot. (H) S104A KEAP1-reconstituted, 
but not wild type KEAP1-reconstituted, H838 cells are protected from erastin-induced cell 
death in a NRF2-dependent manner. H838 cells stably expressing the indicated constructs 
were transfected with either siNC (non-targeting control) or siNRF2 for 24 hrs and then 
treated with erastin for an additional 48 hrs. Cell death was measured by the CytoTox-Fluor 
assay. RFU: relative fluorescence unit. n = 3, error bars represent standard deviation, p-
values were calculated by Student’s t-test, * p < 0.05. (I) 5SGlcNAc treatment does not 
affect the interaction between NRF2 and KEAP1. IP-ed NRF2 (Flag) interacts with KEAP1 
(MYC) in the presence of DMSO, 5SGlcNAc (50 µM, 48 hrs), or Thiamet-G (25 µM, 48 
hrs) in 293T cells transfected with the indicated constructs. (J) Dimerization of KEAP1 is 
not affected by OGT or OGA inhibition. 293T cells were transfected as indicated with 
MYC- or Flag-KEAP1 constructs and treated with 5SGlcNAc (50 µM) or Thiamet-G (25 
µM) for 24 hrs. Lysates were analyzed by IP/Western blot. (K) The KEAP1 S104A mutant 
retains the ability to interact with wild type KEAP1. H838 cells transfected with wild type 
or S104A mutant KEAP1 constructs for 48 hrs were analyzed by IP/Western blot. 
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OGT inhibition (Figure 12A and 12B). Next, we created unglycosylatable mutations in 

each of the eleven putative KEAP1 O-GlcNAc sites by converting serine or threonine to 

alanine, and used H838 and A549 cells to test whether any individual unglycosylatable 

KEAP1 mutant lost its ability to destabilize NRF2 and repress NQO1-ARE-reporter 

activity. First, we confirmed that the expression levels of the KEAP1 mutants were 

comparable (Figure 12C and E). Then we verified that wild type KEAP1 expression 

reduced NRF2 protein level (Figure 12C) and NQO1-ARE-reporter activity (~90%) in 

both cell lines (Figure 12D and 12F). Among all point mutants tested, only S104A 

consistently exhibited reduced capacity to destabilize NRF2 or to repress the ARE-

reporter (Figure 12C-F). Consistent with this result, the S104A KEAP1 mutant, when 

compared to wild type KEAP1, also exhibited a significantly reduced ability to repress 

NRF2 protein levels in a proteasome-dependent manner (Figure 12G).  

The KEAP1 S104A mutant also failed to repress NRF2 protein in stably 

transduced H838 cells (Figure 13A). In addition, the poly-ubiquitination of NRF2 in 

KEAP1 S104A-expressing cells was similar to that of vector control cells, but 

significantly lower than that of cells expressing wild type KEAP1 (Figure 13A). 

Furthermore, we found that cells stably expressing the KEAP1 S104A mutant were 

unable to repress endogenous NRF2 target gene expression (Figure 13B). Next, we asked 

whether KEAP1 S104 is required for the induction of NRF2 target genes by 5SGlcNAc. 

We examined the expression of GCLM, SLC7A11, NQO1, and HO-1 mRNA in wild 

type or S104A KEAP1-reconstituted H838 cells after treatment with 5SGlcNAc. KEAP1 

wild type-expressing cells (Figure 13C, upper panel) but not S104A-expressing cells 



 

 50 

(Figure 13C, lower panel) showed significant induction by 5SGlcNAc of most NRF2 

target genes. HO-1 mRNA was also induced by 5SGlcNAc in wild type KEAP1-

expressing cells but did not reach statistical significance at 95% confidence interval (p = 

0.059, data not shown). Together, these data indicate that the induction of NRF2 

signaling by 5SGlcNAc is due to reduced O-GlcNAcylation of KEAP1 S104.  

In non-small cell lung cancer, somatic mutations in KEAP1 often result in 

defective KEAP1 function and constitutive activation of NRF2 (Hast, B.E., et al. 2014, 

Padmanabhan, B., et al. 2006), promoting tumor growth and resistance to therapies 

(Singh, A., et al. 2006). For example, NRF2 induction confers resistance to erastin-

induced cell death (Dixon, S.J., et al. 2012, Sun, X., et al. 2016, Yagoda, N., et al. 2007). 

Our model predicts that KEAP1 S104A-expressing cells would be resistant to erastin, 

relative to wild type KEAP1-expressing cells, due to constitutively higher NRF2 

activation. Indeed, we found that S104A stable cells were resistant to erastin, consistent 

with their higher NRF2 pathway activation (Figure 13D). In contrast, cells stably 

expressing wild type KEAP1 are more susceptible to erastin (Figure 13D). Importantly, 

depletion of NRF2 by siRNA significantly sensitized the vector control and S104A-

expressing cells to erastin, as determined by two orthogonal cell viability assays (Figure 

13D and Figure 12H). These results indicate that S104A KEAP1, unlike wild-type, 

cannot fully repress NRF2 or sensitize H838 to erastin-mediated cell death. Together, our 

data indicate that O-GlcNAcylation of KEAP1 at S104 is required for its ability to 

mediate NRF2 ubiquitination and proteasomal destruction, and unglycosylatable S104A 

mutant KEAP1 confers NRF2-dependent resistance to erastin-induced cell death. 



 

 51 

 

B�

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

HO-1 NQO1 GCLM SLC7A11 

vector WT S104A 

R
el

at
iv

e 
m

R
N

A 
le

ve
l�

*

*

*
*

E�

0 

1 

2 

3 

GCLM SLC7A11 NQO1 

WT DMSO WT 5SG 

C�

R
el

at
iv

e 
m

R
N

A 
le

ve
l�

*�

**� *�

0 

1 

2 

GCLM SLC7A11 NQO1 

S104A DMSO S104A 5SG 

D�
R

el
at

iv
e 

ce
ll 

vi
ab

ili
ty

 (%
)�

Erastin (µM)�

0 

20 

40 

60 

80 

100 

120 

0 10 15 20 

siNC vector 
siNC WT-KEAP1 
siNC S104A-KEAP1 
siNRF2 vector 
siNRF2 WT-KEAP1 
siNRF2 S104A-KEAP1 

*�

*�
*�

*�
*�
*�

F�

HA-S104A-KEAP1   -    -    +    -    -    +          -   -   +    -    -    +       �
HA-WT-KEAP1   -   +    -     -    +   -           -  +   -     -    +   -            �

MYC-CUL3   -   +    +    -    +   +          -  +   +    -    +   +   �
Input�

 
MYC �

 
HA�

IP: HA� Input� IP: MYC�

0 

0.5 

1 

1.5 

KEAP1/CUL3 CUL3/KEAP1 

WT S104A 

**�

**�

R
el

at
iv

e 
bi

nd
in

g 
ef

fic
ie

nc
y�

293T�

75�

100�

Input� IP: HA� IP: MYC�

MYC �

HA �

HA-S104A-KEAP1    -    -    +       -     -    +         -     +    + �
HA-WT-KEAP1    -   +    -        -     +    -         -     +     -  �

MYC-CUL3    -   +    +       -     +    +        -     +     +   �

H838�

0 

0.5 

1 

1.5 

KEAP1/CUL3 CUL3/KEAP1 

WT S104A 

**�**�

R
el

at
iv

e 
bi

nd
in

g 
ef

fic
ie

nc
y�

A�
vector     +                    + �

    V5-KEAP1(WT)             +                   +�
V5-KEAP1 (S104A)                    +                   + �

MG132                             +     +     +�

NRF2�

V5 
(KEAP1)�

β-tubulin�

ns�
KEAP1�

poly-
ub-
NRF2�

100 kDa�

WCL�

75 kDa�



 

 52 

2.3.7  KEAP1 O-GlcNAcylation promotes its productive interaction with 
CUL3 

Because O-GlcNAcylation regulates NRF2 ubiquitination (Figure 7 and Figure 

8A, B), we hypothesized that O-GlcNAcylation of KEAP1 might affect the interactions 

between components of the NRF2-KEAP1-CUL3 E3 ligase complex. We found that 

neither OGT nor OGA inhibition affected the interaction of NRF2 with KEAP1 (Figure 

12I). In contrast, OGT inhibition markedly reduced the interaction between CUL3 and 

endogenous (Figure 14A) or transfected (Figure 14B) KEAP1. Furthermore, we observed 

that the KEAP1 S104A mutant exhibited a >70% reduction in its interaction with CUL3 

in H838 and 293T cells (Figure 13E and 13F). Based on recent structural and modeling 

experiments (PDB: 5NLB), S104 likely does not participate directly in KEAP1 

Figure 13. O-GlcNAcylation of KEAP1 S104 regulates the KEAP1-CUL3 interaction 
and NRF2 activity. (A) The KEAP1 S104A mutant has reduced ability to target NRF2 for 
proteasome-dependent destruction. WCLs from H838 cells stably expressing vector, wild 
type KEAP1, or the KEAP1 S104A mutant were treated with vehicle or 10 µM MG132 for 3 
hrs and lysates were analyzed by Western blot. ns: non-specific band. (B) KEAP1 S104 is 
required to suppress NRF2 transcriptional activity. RNA collected from stable H838 cells was 
analyzed by qPCR (normalized to β-actin mRNA). n = 3, error bars represent standard 
deviations; p-values were calculated by Student’s t-test; * p < 0.05. (C) Reconstitution of 
H838 cells with wild type KEAP1, but not S104A KEAP1, restores induction of NRF2 
targets by 5SGlcNAc. Stable H838 cells were treated with 50 µM 5SGlcNAc for 48 hrs, and 
mRNAs were analyzed by qPCR (normalized to β-actin mRNA), and compared to DMSO 
treatment. n = 3 for wild type; n = 7 for S104A. Error bars represent standard deviations; p-
values were calculated by Student’s t-test, * p < 0.05, ** p < 0.001 (D) Wild type, but not 
S104A, KEAP1 sensitizes H838 cells to erastin-induced cell death in a NRF2-dependent 
manner. Stable H838 cells were transfected with either siNC (non-targeting control) or 
siNRF2 for 24 hrs and then treated with erastin as indicated for an additional 48 hrs. Cell 
viability was measured by CellTiter-Glo assay and normalized to the siNC/DMSO control of 
each stable cell line. n = 3, p-values were calculated by Student’s t-test (siNC vector versus 
siNRF2 vector or siNC S104A versus siNRF2 S104A), * p < 0.05 (E,F) The KEAP1 S104A 
mutant exhibits reduced interaction with CUL3. H838 (E) or 293T (F) cells were transfected 
with the indicated constructs for 32 hrs or 48 hrs, respectively, and lysates were analyzed by 
IP/fluorescent Western blot. Quantification of the KEAP1-CUL3 interaction was performed 
by the Image J (E) or LI-COR (F) software platform and is given in the lower panels. n= 3, 
error bars represent standard deviation; p-values were calculated by Student’s t-test, ** p < 
0.001.  
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dimerization in KEAP1-CUL3 complexes (Figure 16A). However, prior studies are 

conflicting about whether S104 is required for KEAP1 dimerization (McMahon, M., et al. 

2006, Zipper, L.M. and Mulcahy, R.T. 2002). We tested the effects of OGT inhibition 

and S104 mutation on KEAP1 dimerization, and found that neither OGT nor OGA 

inhibition affected KEAP1 dimerization (Figure 12J). Furthermore, the S104A KEAP1 

mutant retained its ability to interact with wild type KEAP1 (Figure 12K). These results 

indicate that S104 glycosylation is not required for KEAP1 dimerization.  
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The recently reported structure of the KEAP1 BTB-CUL3 complex (PDB: 5NLB) 

suggests that S104 does not directly contact CUL3 (Figure 16A). However, the addition 

of a bulky O-GlcNAc moiety at S104 may induce a local conformational change in the 

BTB domain that reduces CUL3 binding and/or NRF2 ubiquitination. Indeed, a 

potentially analogous form of regulation has been reported at the KEAP1 C151 residue in 

the BTB domain: C151 is also distant from the KEAP1/CUL3 and KEAP1/KEAP1 

interaction interfaces (PDB: 5NLB; Figure 16A), but modification of C151 by 

electrophilic small molecules disables KEAP1-mediated NRF2 ubiquitination (Eggler, 

A.L., et al. 2009, Hur, W., et al. 2010). Therefore, modification of residues in the BTB 

domain, either by glycosylation or electrophilic attack, may induce changes in KEAP1 

that impair CUL3-dependent NRF2 ubiquitination. Based on our data (Figure 13, 16A, 

and Figure 12J&K) and the available structural information (PDB: 5NLB), we concluded 

that a major biochemical effect of KEAP1 S104 glycosylation is to promote its 

productive interaction with CUL3, leading to efficient downstream ubiquitination of 

NRF2. 

2.3.8 Correlation between NRF2, O-GlcNAc, and glucose levels  

To understand the physiological importance of NRF2 regulation by O-

GlcNAcylation, we tested whether NRF2 protein levels are regulated by OGT in response 

to glucose level fluctuations, since glucose flux through the HBP gives rise to UDP-

GlcNAc (Bond, M.R. and Hanover, J.A. 2015, Hart, G.W., et al. 2011). First, we 

confirmed that global O-GlcNAc levels correlate with glucose concentrations in MCF7 

and MDA-MB-231 cells (Figure 15A and B), in keeping with the well-established role 
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for OGT in nutrient sensing (Bond, M.R. and Hanover, J.A. 2015, Hart, G.W., et al. 2011). 

Consistent with an earlier report (Cullinan, S.B. and Diehl, J.A. 2004), NRF2 protein 

accumulated during glucose deprivation (Figure 15A and B). Interestingly, the effects of 

glucose deprivation on both O-GlcNAc and NRF2 levels were reversed by the addition of 

N-acetylglucosamine (GlcNAc) (Figure 15B) or glucosamine (GlcN) (Figure 15C), which 

increase UDP-GlcNAc levels by bypassing the rate-limiting step of the HBP (Bond, M.R. 

and Hanover, J.A. 2015, Hart, G.W., et al. 2011). Importantly, inhibiting OGA also 

prevented hypoglycemia-induced NRF2 upregulation (Figure 15D). Moreover, KEAP1 

O-GlcNAcylation, as recognized by two different monoclonal O-GlcNAc antibodies, was 

reduced by glucose deprivation (Figure 15E). Finally, we also observed decreased 

KEAP1-CUL3 interaction during glucose deprivation (Figure 15F). These data suggest 

that glucose deprivation reduces KEAP1 glycosylation and decreases the productive 

KEAP1-CUL3 interaction, leading to NRF2 pathway activation.  
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Based on our results, we propose that OGT is required to restrain NRF2 through 

the O-GlcNAcylation of KEAP1, promoting its optimal interaction with CUL3 for 

efficient NRF2 ubiquitination (Figure 15G). Upon a reduction in global O-

GlcNAcylation through OGT inhibition, glucose deprivation, or other mechanisms – 

KEAP1 is deglycosylated, especially at S104, which impairs its interaction with CUL3 

and reduces NRF2 ubiquitination and degradation. Accumulated NRF2 protein then 

translocates into the nucleus to initiate a characteristic antioxidant response (Figure 15G). 

Because NRF2 can be regulated by glucose-dependent changes in O-GlcNAcylation 

(Figure 15A-E), we propose that OGT is a signaling conduit that links nutrient status to 

downstream stress responses.   

 

 

Figure 15. KEAP1 O-GlcNAcylation and NRF2 stability are regulated by glucose levels. 
(A) NRF2 protein levels anti-correlate with both glucose levels and global O-GlcNAcylation. 
MCF7 cells were incubated with the indicated glucose concentrations for 12 hrs and WCLs 
were analyzed by Western blot. GlcNAc (B) or GlcN (C) supplementation suppresses NRF2 
induction by glucose deprivation. MDA-MB-231 cells were incubated with the indicated 
levels of glucose and GlcNAc (B) or GlcN (C) for 16 hrs and WCLs were analyzed by 
Western blot. (D) Blocking OGA activity abolishes NRF2 induction by glucose deprivation. 
MDA-MB-231 or H226 cells were treated with Thiamet-G for 8 hrs or 24 hrs, respectively, 
and then subjected to glucose deprivation for an additional 16 hrs or 24 hrs, respectively. 
WCLs were analyzed by Western blot. (E) Glucose deprivation reduces KEAP1 O-
GlcNAcylation. MDA-MB-231 cells were incubated with 25 or 0 mM glucose for 16 hrs and 
lysates were analyzed by IP/Western blot. (F) Glucose deprivation reduces the KEAP1-CUL3 
interaction. MDA-MB-231 cells were transfected with HA-KEAP1 and MYC-CUL3 for 24 
hrs and then subjected to the indicated glucose concentrations for an additional 12 hrs. 
Lysates were analyzed by IP/Western blot. (G) Proposed model, in which nutrient-sensitive 
KEAP1 S104 O-GlcNAcylation promotes its productive interaction with CUL3 to mediate 
NRF2 ubiquitination and destruction. Please see text for details. 
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2.4 Summary and future directions 

2.4.1 Summary 

We have combined genetic, biochemical and chemical biology approaches to 

discover a novel link between OGT and the NRF2 antioxidant pathway via the nutrient-

sensitive O-GlcNAcylation of KEAP1 S104. This regulation is conserved among 

disparate human cell lines, suggesting that O-GlcNAcylation is broadly required to 

restrain the NRF2 pathway in the absence of oxidative stress. Furthermore, our results 

indicate that glycosylation of KEAP1 at S104 promotes its productive interaction with 

CUL3 for optimal poly-ubiquitination and degradation of NRF2, providing a molecular 

mechanism for our observations. Among the eleven potential O-GlcNAcylated sites we 

identified on KEAP1, S104 is the most functionally relevant, since the unglycosylatable 

S104A mutant KEAP1 is less able to interact with CUL3 and repress NRF2 activity 

(Figure 13). However, other KEAP1 glycosylation sites may regulate its activity toward 

NRF2 or other substrates in response to stimuli or conditions that have not yet been tested 

in our experiments. Our work has revealed a new functional connection between O-

GlcNAcylation and NRF2 signaling, pinpointed KEAP1 as an important glycoprotein 

Figure 16. The KEAP1 S104 glycosylation site is broadly conserved across the KLHL 
family. (A) Modeling of the KEAP1 BTB 3-box (green) and CUL3 (cyan) NTD hetero-
tetramer complex, based on the recently reported KEAP1-CUL3 heterodimer complex 
(PDB: 5NLB). S104 of KEAP1 is shown in red. C151 of KEAP1 is shown in orange. (B) 
Amino acid sequence alignment of KEAP1 orthologs in different species reveals that S104 
(red arrow) is highly conserved across evolution. (C) S104 of KEAP1 is conserved in most 
human KLHL family proteins. Amino acid sequence alignment of 42 human KLHL proteins. 
The cognate residues of KEAP1 S104 are indicated by red arrows and black rectangles. (D) 
Structural alignments of KEAP1 (green, PDB: 5NLB) and gigaxonin (magenta, PDB: 2PPI) 
BTB domains.  KEAP1 S104 and gigaxonin S52 are nearly superimposable (bottom panel). 
(E) Gigaxonin-V5 from stably transduced 293T cells was analyzed by IP/Western blot. 
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substrate in this regulation, and elucidated the biochemical effects of O-GlcNAc in 

promoting the productive KEAP1-CUL3 interaction and NRF2 ubiquitination and 

degradation. 

2.4.2 O-GlcNAc KEAP1 interactome 

KEAP1 physically and genetically interacts with NRF2, with strong genetic or 

physical evidence in various models and conditions. However, several reports suggest 

that, other than NRF2, multiple proteins may be direct substrates of KEAP1 E3 ligase 

complexes. For example, SQSTM1/p62, Ikkβ, and MCM3 can also be ubiquitinated via 

KEAP1-CUL3 complexes (Lee, D.F., et al. 2009, Lee, Y., et al. 2017, Mulvaney, K.M., 

et al. 2016). My preliminary data suggest that SQSTM1/p62 protein levels are 

upregulated after OGT inhibitor treatment in a NRF2-independent manner in MCF7 cells 

(Figure 17). In this context, it is possible that loss of O-GlcNAcylation on KEAP1 

stabilized SQSTM1/p62 via CUL3 in a similar way to the KEAP1-NRF2 axis. To address 

this question in a systemic manner, we proposed a KEAP1 O-GlcNAc interactome to 

understand whether O-GlcNAcylation on KEAP1 affects protein-protein interaction. We 

are interested in the proteins that interact with KEAP1 as a substrate for 

polyubiquitination (canonical function) by CUL3 complexes or as a non-substrate for 

various biological functions (non-canonical function of KEAP1).  To distinguish a 

substrate or non-substrate of KEAP1, we will apply the proteasome inhibitor (MG132), 

which increases substrates protein level, as a control.  

 I have placed a Flag tag on the endogenous KEAP1 locus by CRISPR tagging 

(Savic, D., et al. 2015) (Figure 18). One of the advantages of using tagged endogenous 



 

 61 

protein for interactome analyses, when compared with transiently overexpression system, 

is that cellular protein complexes may maintain their physiological levels and 

stoichiometry. The success of KEAP1 tagging was first validated by PCR from genomic 

DNA (Figure 18, lower panel). IP-Western blot (IP-WB) was also performed to confirm 

that Flag-tagged KEAP1 could be pulled down and recognized by Flag and KEAP1 

antibodies (Figure 19A). We have found that three out of four different gRNAs 

successfully tagged KEAP1 and increased the molecular weight of KEAP1 (Figure 19B 

and C). Of note, the CRISPR tagging did not affect the regulation of KEAP1-NRF2 in 

MDA-MB-231 cells (Figure 19D) or the OGT-NRF2 axis in MCF7 cells (Figure 20A). In 

my preliminary experiments for characterizing the KEAP1 O-GlcNAc interactome, Flag 

antibody was used to pull down KEAP1 and its associated proteins after treatment of 

cells with DMSO, OGT (5SGlcNAc), or OGA inhibitor (Thiamet-G, TMG). Interestingly, 

I found proteins that differentially interact with KEAP1 in an O-GlcNAc-dependent 

manner, which suggests that the glycans on KEAP1 mediate its protein-protein 

interactions (Tarbet, H.J., et al. 2018b). Identifying these proteins (*) changing in 

response to O-GlcNAc fluctuations or other related stress by mass spectrometry will be 

an interesting topic for future study (Figure 20B).   
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3. Glycosylation of gigaxonin regulates intermediate filaments: 
a novel molecular insight for giant axonal neuropathy 

3.1 Introduction 

Giant axonal neuropathy (GAN) is a rare neurodegenerative disease characterized 

by abnormally large and dysfunctional axons. GAN is caused by mutation of the GAN 

gene, which encodes the gigaxonin protein (Bomont, P., et al. 2000). Gigaxonin (also 

known as KLHL16) belongs to the Kelch-like (KLHL) protein family, which usually 

contains BTB, BACK, and Kelch domains. Structural and functional studies in some 

KLHL members have found that the BTB domain is responsible for interaction with the 

CUL3, while the Kelch domains recruit substrates for polyubiquitination (Furukawa, M., 

et al. 2003). The KLHL proteins are typically considered to be adaptors for CUL3, 

regulating the ubiquitination and proteolysis of different substrate proteins. Gigaxonin 

was proposed to be the adaptor for intermediate filament (IF) proteins, since GAN 

mutations correlate with abnormally aggregated IFs in GAN patients (Bomont, P., et al. 

2000, Bomont, P. and Koenig, M. 2003). The aggregation of IFs in different tissue types 

may manifest as various GAN disease phenotypes. For example, dysregulation of keratin 

in hair may lead to extremely curly hair, whereas IF aggregation in the central nervous 

system causes lethal neuropathy (Johnson-Kerner, B.L., et al. 2014, Soomro, A., et al. 

2017, Treiber-Held, S., et al. 1994).  

The current model of the molecular pathogenesis of GAN is that disease-causing 

gigaxonin mutants have much lower protein abundance due to lower mRNA or protein 

stability (Boizot, A., et al. 2014). Hence, IF turnover cannot be regulated by CUL3 and 
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the proteasome. Several studies have found that loss of gigaxonin dramatically increases 

multiple IF proteins, such as vimentin, neurofilament-L (NF-L), or peripherin. 

Reciprocally, long-term overexpression of gigaxonin in wild type or GAN-deficient cells 

clears cells of those accumulated IFs. However, whether the clearance function depends 

on CUL3 remains unclear. To date, only a few reports have shown that CUL3 is involved 

in the regulation of IFs by gigaxonin. For example, Opal’s group demonstrated depletion 

of CUL3 in mouse dorsal root ganglion neurons increased NF-L, NF-M, NF-H, α-

internexin, and peripherin protein expression, which phenocopied GAN loss-of-function 

mutations (Israeli, E., et al. 2016). In Johnson-Kerner’s study, CUL3, gigaxonin, and 

vimentin can be co-immunoprecipitated as a protein complex in fibroblasts (Johnson-

Kerner, B. 2013). But the proteasome inhibitor MG132 only partially suppressed 

vimentin (Mahammad, S., et al. 2013) or NF-L (Johnson-Kerner, B. 2013) degradation. 

Intriguingly, Goldman’s group did not observe ubiquitination of vimentin by purified 

gigaxonin complexes in vitro (Mahammad, S., et al. 2013), suggesting the potential 

involvement of other proteolysis systems or unknown regulation in mediating IFs’ 

degradation and turnover. 

GAN-deficient cells were also noted to have dysregulated organelle distribution. 

For example, Israeli et al. and Lowery et al. both found that mitochondria co-localize 

with IFs aggregation sites (typically ovoid-shaped aggregates near the nucleus) and 

mitochondrial motility is reduced in GAN cells (Israeli, E., et al. 2016, Lowery, J., et al. 

2016). While mitochondrial membrane potential was not affected by loss of GAN 

function, compared to control cells (Israeli, E., et al. 2016), Lowery et al. found that the 
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mitochondrial oxygen consumption rate (OCR) was increased in both GAN KO, GAN 

KD, and CUL3 KD cells (Lowery, J., et al. 2016). Given the size and insoluble nature of 

IF aggregates, it is not surprising that IFs accumulation can affect organelle distribution 

and function. However, the connection between mitochondrial defects and disease 

phenotype in GAN patients remain unclear and requires further investigation.     

One intriguing property of GAN-deficient cells is the perinuclear and ovoid 

aggregated IFs. However, IF aggregates are only present in 3 to 15% of GAN-deficient 

cells, which may confound the phenotype and interpretation of GAN-deficient cells. In 

Bomot and Koenig’s study, the authors found that the ovoid phenotype was exacerbated 

(48 to 88%) by serum starvation (0.1% for 72 hours) or microtubule depolymerization (5 

µg/ml nocodazole treatment overnight) (Bomont, P. and Koenig, M. 2003). Given these 

results, growth factors or cell cycle signaling may regulate gigaxonin function and hence 

affect the IF aggregates.    

Due to limited knowledge about GAN molecular mechansims, there are currently 

no treatments to mitigate the symptoms and disease progression. However, a few GAN 

patients already participate in gene therapy trials using engineered adeno-associated virus 

(AAV) sponsored by the National Institute of Neurological Disorders and Stroke (NINDS) 

(NCT02362438). For example, Professor Steve Gray has intrathecally delivered 

scAAV9/JeT-GAN, which expresses wild type human gigaxonin, into the patients since 

2015. While still evaluating the patients’ outcome, the Gray group recently published a 

promising report regarding the development of GAN gene therapy. In their GAN 

knockout mouse model, AAV-infected mice continued to express transgene gigaxonin in 
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the central or peripheral nerve system for more than one year, and neuronal IF 

aggregation was mitigated (Bailey, R.M., et al. 2018). Nevertheless, several issues arise 

with current gene delivery trial in both patients and mice model. For example, toxicity 

associated with GAN overexpression by viral delivery is one of potential concerns 

(Johnson-Kerner, B.L., et al. 2014, Mussche, S., et al. 2013). Thus, understanding how to 

fine-tune the function of gigaxonin may be a relevant topic to improve the therapeutic 

outcome.  

In summary, GAN is a rare neurodegenerative disease, caused by mutations in the 

GAN gene, with no effective treatment. The molecular mechanism of IF aggregation in 

GAN cells remains poorly understood but is likely important for understanding disease 

etiology and optimizing treatment. The aim of this study is to understand the impact of O-

GlcNAcylation on the function of gigaxonin. Specifically, I have found that gigaxonin is 

O-GlcNAcylated and obtained preliminary data indicating that gigaxonin O-

GlcNAcylation regulates IF turnover in new cell culture models of GAN. The completion 

of this project may provide molecular insight into the function of gigaxonin and may help 

enhance the efficacy of GAN gene therapy. 

3.2 Materials and methods 

3.2.1 Cell culture 

SH-SY5Y, 293T, HeLa, and MDA-MB-231 were obtained from Duke Cell 

Culture Facility (Duke CCF), and BJ5ta was obtained from American Type Culture 

Collection (ATCC). All cell lines were maintained at 37°C supplied with 5% CO2 

following standard guidelines from Duke CCF or ATCC. All cell lines were cultured in 
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medium supplied with 10% fetal bovine serum (FBS) and penicillin/streptomycin. For 

serum starvation, SH-SY5Y cells were first washed twice with phosphate buffered saline 

and then supplied with medium containing 10 or 0.1% FBS for 72 h (Bomont, P. and 

Koenig, M. 2003). 

3.2.2 CRISPR and shRNA  

To generate GAN knockout models, the lentiviral CRISPR/Cas9 system 

developed by the Zhang lab was used (Addgene#52961). Three different guide RNAs 

(gRNAs) targeting the human GAN gene were selected by the CHOPCHOP 

(http://chopchop.cbu.uib.no) website (gRNA1-F: 

CACCGGCAGAAGAACATCCTGGCGG, gRNA1-R: 

AAACCCGCCAGGATGTTCTTCTGCC; gRNA2-F: 

CACCGGGTGCAGAAGAACATCCTGG, gRNA2-R: 

AAACCCAGGATGTTCTTCTGCACCC; gRNA3-F: 

CACCGCGGCCAGCCCGTACATCAGG, gRNA3-R: 

AAACCCTGATGTACGGGCTGGCCGC). The SH-SY5Y and BJ5ta cells were infected 

with the lentivirus carrying with gRNA/Cas9 and selected with puromycin to generate 

GAN-deficient cell lines. The expression of gigaxonin and Cas9 were validated by 

Western blotting after puromycin selection. The cell lines were constantly maintained in 

the puromycin-containing media.   

To knock down GAN expression, a lentiviral shRNA system was purchased from 

Sigma (TRCN0000083858, targeting 3UTR, the sequence for the shRNA:  
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CCGGCCACATAATATGGGATGCAATCTCGAGATTGCATCCCATATTATGTGGT

TTTTG). 

3.2.3 Immunofluorescence assay 

To visualize IFs in GAN KO cells, cells were seeded onto chamber slides 

(Thermo) and transfected by Lipofectamine 3000 (Invitrogen) for 72 h. The cells were 

fixed in 4% formaldehyde for 10 minutes, followed by three washes with 1X PBS 

(phosphate buffered saline), blocking at room temperature for 1 h (5% bovine serum 

albumin in 1X PBS/0.3% Triton X-100), and incubation with anti-vimentin (Cell 

Signaling #5741, 1:200 in blocking solution) or anti-HA (Santa Cruz #sc-7392, 1:100 in 

blocking solution) antibody at 4 °C overnight. The nuclear fraction was marked by DAPI 

staining, while the cytosol fraction was marked by F-actin (phalloidin) staining if applied. 

The above staining protocol was also applied for NF-L (Cell Signaling #2837, 1:100), 

GM130 (Cell Signaling #12480, 1:100), V5 epitope tags (#13202, 1:100), and LC3B 

(Cell Signaling #2775, 1:100). All the images were acquired on a Zeiss 780 inverted 

confocal microscopy at the Duke Light Microscopy Core Facility.     

3.2.4 Western blot and immunoprecipitation (IP) 

To measure vimentin levels after genetic or chemical manipulation, cells were 

first lysed in radioimmunoprecipitation assay (RIPA) buffer (ThermoFisher; 25 mM Tris-

HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). Whole-

cell lysates were then sonicated (more than 20 pulse) on ice until all aggregates or 

insoluble materials were dissolved (no aggregates visible after centrifugation). After 

measuring the protein concentration by BCA (bicinchoninin acid) assay and boiling in 
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sample buffer, lysates were analyzed by WB. For most co-IP experiments, cells were 

lysed in Pierce IP buffer (1% Triton X-100, 150 mM NaCl, 1 mM EDTA, and 25 mM 

Tris–HCl pH 7.5) supplemented with protease and phosphatase inhibitors. 250 µg to 500 

µg (final volume: 250 µl; 1 to 2 µg/µl) protein lysates were used for IPs. For co-IP of 

EGFP-vimentin and HA-gigaxonin, cells were transfected with the indicated constructs 

for 24 h, lysed in Pierce IP buffer (1% Triton X-100), sonicated gently (15 pulse) to 

briefly disrupt the aggregates, and spun down at 4 °C to collect the soluble fraction 

(discarding visible GFP-positive aggregates at the bottom). 500 µg of soluble protein 

lysate was first incubated with HA or GFP antibody for 6 h before addition of Dynabeads 

(ThermoFisher) for an overnight incubation at 4 °C. Beads were washed four to five 

times with Pierce IP buffer. After washing, samples were eluted in 2X sample buffer at 

95 °C for 5 min. Antibodies used in the study include CUL3 (Bethyl #A301-109A), O-

GlcNAc (Santa Cruz RL2; ThermoFisher 18B10.C7), β-tubulin (Cell Signaling #2128), 

Flag (Sigma #F1840), MYC (Santa Cruz #sc-40), HA (Santa Cruz #sc-7392), ubiquitin 

(Santa Cruz #sc-8017), gigaxonin (Sigma #SAB4200104), NF-L (Cell Signaling #2837), 

vimentin (Cell Signaling #5741), vinculin (Santa Cruz #sc-73614), GAPDH (Santa Cruz 

#sc-25778), and GFP (Santa Cruz #sc-8334). 

3.3 Results 

3.3.1 O-GlcNAcylation of gigaxonin 

In our previous study on the functional role of KEAP1 O-GlcNAcylation (Chen, 

P.H., et al. 2017) (detailed in Chapter 2), I showed that gigaxonin, which has sequence 

and structural homology to KEAP1, can also be O-GlcNAcylated. We speculated that O-
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GlcNAcylation of gigaxonin might regulate its function in proteolysis, similar to similar 

to KEAP1-NRF2. To test this hypothesis, I first confirmed the O-GlcNAcylation of 

endogenous gigaxonin in a variety of cell lines. I found gigaxonin is O-GlcNAcylated, 

and the degree of glycosylation was reduced by 5SGlcNAc and enhanced by Thiamet-G 

in HeLa cells (Figure 21A). Similar results were also found for SH-SY5Y and MDA-

MB-231 cells (Figure 21B and C).  

To map the O-GlcNAcylated residues on gigaxonin, Alexander Smith (Duke 

SURPH program and Penn State U) helped me clone gigaxonin cDNA into a pcDNA 

vector with C-terminal myc-6xHis tag. After I validated the expression of this construct, 

Tim Smith (Boyce Lab lab manager) transfected myc-6xHis-gigaxonin (MH-gigaxonin) 

into 293T cells treated with Thiamet-G and purified gigaxonin via tandem anti-myc IP 

and Ni-NTA (Figure 21D). Purified gigaxonin from two biological replicates was 

digested in-gel and analyzed by mass spectrometry (MS) to identify O-GlcNAc sites.  

In our first trial, we identified nine putative O-GlcNAc sites on gigaxonin. Five 

(T207, S219, S224, S228, and S229) are localized in the BACK domain, three are in the 

junction between the BACK and the first Kelch domain, and the last (T277) is located in 

the first Kelch domain (Figure 21E). In the MS analysis of another independently purified 

gigaxonin sample, we observed that S228, S229, S272 and T277 were reproducibly O-

GlcNAcylated.  

To understand which putative O-GlcNAc site(s) significantly contribute to the 

overall O-GlcNAcylation of gigaxonin, I generated single point mutants that abolished 

each of the nine O-GlcNAcylated sites, transfected them into 293T cells and analyzed 
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them by IP-WB. As shown in Figure 22A, the effect of mutating each putative site to the 

overall O-GlcNAc signal is not obvious compared to wild type under control culture 

conditions, possibly because multiple sites are O-GlcNAcylated simultaneously. In the 

presence of Thiamet-G, S272 and T277A showed modest decreases in O-GlcNAc signal 

(RL2 antibody) (Figure 22B), suggesting their potential contribution to induced 

gigaxonin O-GlcNAcylation.  
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In addition to the putative O-GlcNAc sites identified by MS (Figure 21E), we also 

tested the O-GlcNAcylation status of GAN disease-associated mutants. It is possible that 

disease-causing mutations in gigaxonin may affect its glycosylation by inducing 

conformational changes, affecting other PTM or interactions with other proteins that 

block the accessibility of OGT or OGA, affecting protein function. Therefore, I generated 

the GAN mutants R15S, S52G, S79L, and R138H (Johnson-Kerner, B.L., et al. 

2014)(with help from Samuel Pan, Duke undergraduate) and transfected into 293T cells 

for IP-WB. None of the tested disease-causing mutations displayed an obvious O-

GlcNAcylation difference when compared to wild type control under control condition 

(Figure 22C and D). To summarize, we found gigaxonin can be O-GlcANcylated on up 

to nine candidate sites. However, due to the limited sensitivity of current assays and the 

potential complexity of compound (double, triple, etc.) mutants, we are not yet able to 

determine the major O-GlcNAc sites. However, we did note that S272A and T277A 

mutants exhibited lower glycosylation signals in the presence of Thiamet-G. 

Figure 21. Gigaxonin is O-GlcNAcylated in multiple cell lines. (A, B, and C) OGT (5SG) 
and OGA (TMG) inhibitor treatment decreases and increases endogenous gigaxonin O-
GlcNAcylation, respectively, in HeLa, SH-SY5Y, MDA-MB-231 cells.  
(D) Tandem purification of myc-6xHis-gigaxonin in 293T cells. (E) Mass spectrometry 
reveals up to nine candidate O-GlcNAc sites on gigaxonin. 
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Figure 22.  Analyzing the O-GlcNAcylation status of O-GlcNAc candidate site or GAN 
disease-derived mutants. (A) Mutation of single O-GlcNAc candidate sites did not 
dramatically alter the O-GlcNAcylation of gigaxonin. (B) S272A and T277A mutants show 
modest reduction of O-GlcNAcylation, compared with wild type, in the presence of an OGA 
inhibitor (Thiamet-G). (C, D) Total O-GlcNAcylation of GAN-derived gigaxonin mutants is 
comparable with wild type gigaxonin. 

  



 

 78 
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Figure 23. Gigaxonin O-GlcNAcylation changes in response to serum or glutamine 
starvation. (A) O-GlcNAcylation of gigaxonin is reduced after serum starvation for 72 h 
in SH-SY5Y cells. (B) Vimentin protein level is increased after serum starvation for 72 h 
in SH-SY5Y cells. (C) O-GlcNAcylation of gigaxonin is reduced upon glutamine 
starvation in 293T cells. 
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stimuli that affect gigaxonin O-GlcNAcylation. In a previous study, Bomont and Koenig 

found serum starvation or depolymerization of microtubules by nocodazole aggravated 

the vimentin aggregation observed in GAN loss-of-function cells (Bomont, P. and 

Koenig, M. 2003). It is possible that gigaxonin function is abrogated under these 

conditions, resulting in the aggravated vimentin aggregation. Given that we hypothesized 

O-GlcNAcylation is associated with gigaxonin function, I tested whether serum 

starvation affects O-GlcNAcylation of gigaxonin. I IP-ed endogenous gigaxonin in SH-

SY5Y cells after 72 h 0.1% serum starvation and performed WBs. Interestingly, 

endogenous gigaxonin O-GlcNAcylation, as detected by both RL2 and 18B10 

monoclonal antibodies, was significantly reduced upon serum starvation (Figure 23A). In 

the same protein lysates, I also observed the accumulation of vimentin under serum 

starvation (Figure 23B), consistent with the aggravation of vimentin aggregation under 

serum starvation in GAN patient fibroblasts (Bomont, P. and Koenig, M. 2003). In 

addition, I tested whether deprivation of glutamine, as an essential nutrient in the UDP-

GlcNAc biosynthetic pathway, also affects gigaxonin O-GlcNAcylation. Indeed, I found 

gigaxonin O-GlcNAcylation level was significantly reduced by glutamine deprivation in 

293T cells (Figure 23C). Taken together, my data suggest O-GlcNAcylation of gigaxonin 

is highly responsive to serum or glutamine levels.  

3.3.3 CRISPR- and shRNA-based GAN models in neuroblastoma and 
fibroblast cells 

To understand the function and disease relevance of gigaxonin O-GlcNAc sites, 

we established GAN-null systems that recapitulate classical GAN disease phenotypes. To 
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generate GAN-null cells, I used CRISPR-based gene editing to knock out GAN. SH-

SY5Y (neuroblastoma) and BJ5ta (immortalized human fibroblast) cells were used as 

appropriate cell systems due to previous reports demonstrating their biological relevance 

with respect to gigaxonin function and IF accumulation (Mahammad, S., et al. 2013). 

Multiple sgRNAs targeting GAN exon 1 were designed and sub-cloned into the 

lentiCRISPR vector to generate lentivirus carrying GAN sgRNA according to a protocol 

from the Zhang lab (Sanjana, N.E., et al. 2014). After several weeks of selection, GAN 

knockout (sgGAN KO) SH-SY5Y cells exhibited slower growth and tended to grow as 

individual cells instead of in clusters, as seen in the parental cell lines.  

In parallel, shRNA-mediated GAN knockdown (KD) cell line was also 

established to compare the phenotypes. Gigaxonin and vimentin expression in both 

sgGAN KO and shGAN KD were evaluated by Western blot. At the beginning of 

selection, as expected, the depletion of gigaxonin protein was associated with dramatic 

vimentin accumulation in both shGAN KD and sgGAN KO cells (Figure 24A). After 

several weeks of selection, most of gigaxonin protein was depleted in the sgGAN KO 

cells, as validated with three different antibodies (Figure 24B). I also successfully 

selected single clone of sgGAN cells exhibiting no gigaxonin and a dramatic increase of 

vimentin (Figure 24C, clone 3). Of note, when sgGAN cells were lysed with 0.5% Triton, 

there was a significant increase in the vimentin aggregates found in Triton-insoluble 

fraction compared with WT and GFP-expressing cells (Figure 24D). By 

immunofluorescence assay (IFA), I found most of the sgGAN KO SH-SY5Y cells 

showed single perinuclear and ovoid-shaped vimentin aggregates, similar to previously 
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reported phenotypes observed in GAN patients (Figure 24E) (Bomont, P. and Koenig, M. 

2003, Mahammad, S., et al. 2013). However, two commercial gigaxonin antibodies 

(Sigma or Santa Cruz) did not recognize endogenous gigaxonin in both wild type and 

knockout cells by IFA (data not shown). In addition to vimentin, neurofilament-L was 

also dysregulated (Figure 25A). However, F-actin expression was not affected (Figure 

25B). To characterize the localization of the vimentin aggregates in the GAN deficient 

cells, I co-stained vimentin and several organelle markers, including ER (ER stress 

protein 72, ERp72), Golgi (GM130 or Golgin A2) and autophagosomes (light chain 3B 

or LC3B). Vimentin aggregates did not co-localize with either ERp72 (Figure 26A) or 

GM130 (Figure 26B). Instead, the vimentin co-localized significantly with LC3B (Figure 

26C), which suggest the participation of autophagy as a potential compensatory clearance 

pathway independent of gigaxonin-CUL3-mediated proteasome degradation. 



 

 82 

 

sgRNA2 
GAN�

sgRNA3 
GAN�

sgRNA1 
GAN�WT�

S
H

-S
Y

5Y
�

B
J5

ta
�

100� vinculin�

150� Flag-Cas9�

75�

50�

50�

W
T 
�

sh
G

A
N

 �
sg

G
A

N
 �

GAN�

vimentin 

β-tubulin�

gigaxonin 
(sigma)�

vimentin�

75�

50�

WT 1   2    3    4   5   6    7   8   9   10  11  12�

sgRNA1-GAN�

vinculin�

vimentin�

GAPDH�

W
T�

G
FP
�

sg
G

A
N

2�
sg

G
A

N
3�

W
T�

G
FP
�

sg
G

A
N

2�
sg

G
A

N
3�

Triton 0.5%    S  S S  S  P  P  P  P �

A� B�

C� D�

E�

gigaxonin 
(sigma)�

G
A

N
-/-
�

100�

75�

50�

W
T�

75�

50�

75�

50�
gigaxonin  
(SC-F3)�

gigaxonin  
(SC-F11)�

75�

50�
NF-L�

G
A

N
-/-
�

W
T�

50�
vimentin  
(V9)�

150�

100�
vinculin�

50�
vimentin 
(D21H3)�

*�

*�

*�

*�

*�
*ns�



 

 83 

 

 

 

W
T�

sg
G
A
N
�

DAPI� vimentin� phalloidin� Merge�

W
T�

sg
G
A
N
�

DAPI� vimentin� NF-L� Merge�

A�

B�

Figure 24. Generation of CRISPR-mediated GAN knockout (KO) cells. (A) Expression 
of gigaxonin is reduced in shGAN and sgGAN cells, while vimentin accumulates. (B) 
Expression of gigaxonin is reduced in sgGAN cells, while vimentin accumulates. (C) 
Selection of single clone of sgGAN cells. (D) Vimentin accumulates in the insoluble 
fraction of GAN KO cells. (E) Vimentin forms ovoid, perinuclear aggregates in GAN KO 
SH-SY5Y or BJ5ta cells. 
 

Figure 25. Characterizing cytoskeletal morphology of GAN KO SH-SY5Y cells. (A) F-
actin distribution is not affected in GAN KO cells. (B) NF-L is dysregulated in GAN KO 
cells. 
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Figure 26. Characterizing the localization of vimentin aggregates in GAN KO cells. 
(A) Vimentin aggregates do not co-localize with the ER marker, ERp72. (B) Vimentin 
aggregates does not co-localize with the Golgi marker, Gm130. (C) Vimentin aggregates 
co-localize with autophagosome marker, LC3B. 
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In addition, I observed similar vimentin aggregation in SH-SY5Y cells when 
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Figure 27. Generation of shRNA-mediated GAN knockdown (KD) cells. (A) Validation 
of gigaxonin and vimentin expression in shGAN or shGAN-V5-GANR cells by WB. (B) 
Expression of vimentin in shGAN or shGAN-V5-GANR cells revealed by IFA. (Left) Stable 
cells with V5-GANR reconstitution in shGAN cells. (Right) Transient expression of HA-
gigaxonin in shGAN cells repressed vimentin expression. (C) Cellular morphology of wild 
type, shGAN and shGAN-V5-GANR cells. 
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presented in Figure 27, both WB (Figure 27A) and IFA (Figure 27B) showed a dramatic 

increase of vimentin in shGAN cells. Interestingly, shGAN cells showed similar cellular 

morphology as sgGAN cells (Figure 27C). Importantly, the re-expression of wild type 

GAN cDNA (V5-GANR; R: shRNA resistant) in the shGAN cells abolished the vimentin 

accumulation phenotypes (Figure 27A and B) and cellular morphology (Figure 27C) 

phenotypes. Rescue of these GAN-like phenotypes by gigaxonin indicates the loss of 

gigaxonin is responsible for the phentoypes. Taken together, I have successfully 

employed sgGAN and shGAN to establish two GAN-like models in neuroblastoma and 

fibroblast cell lines. These two models showed consistent and GAN-relevant perinuclear 

ovoid-shape vimentin aggregates (Bomont, P. and Koenig, M. 2003), enabling us to 

evaluate the function of gigaxonin O-GlcNAcylation in the context of tractable GAN 

model systems.     
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3.3.4 Functional evaluation of putative O-GlcNAc sites on gigaxonin 

To evaluate the functional relevance of individual gigaxonin O-GlcNAc sites for 

its ability to degrade vimentin and resolve IF aggregation, I harnessed the sgGAN KO 

model that displayed disease-relevant vimentin aggregation (Figure 26). I transfected 

HA-tagged wild type or individual putative O-GlcNAc site mutant gigaxonin cDNA into 

sgGAN KO SH-SY5Y cells and performed IFA to visualize the expression of HA-
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Figure 28. Wild type, but not S52G mutant, gigaxonin represses vimentin aggregates. 
Expression of vimentin in GAN KO SH-SY5Y cells expressing HA-wild type or HA-S52G 
gigaxonin. 
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gigaxonin and vimentin. The transient transfection efficiency (according to HA positive 

cells) into sgGAN KO cells is quite modest (less than 10%), making it difficult to 

evaluate large numbers of cells. However, I was able to evaluate the vimentin expression 

in the HA-positive cells, which have been transfected with different gigaxonin mutants. 

As expected, sgGAN KO SHSY5Y cells, when compared with wild type cells, have 

dramatically increased vimentin (Figure 28, upper two rows). The transfection of HA-

wild type gigaxonin significantly repressed vimentin levels (Figure 28, 3rd row). In 

contrast, the disease-causing mutant S52G did not affect vimentin levels (Figure 28, 4th 

row) (Mahammad, S., et al. 2013). These results confirm that sgGAN KO cells are an 

appropriate system for assessing the function of wild type and mutant gigaxonin. 

Next, I tested all nine unglycosylatable point mutants of gigaxonin in GAN KO 

cells. Among all point mutants in three independent experiments, only S272A and T277A 

consistently lost the ability to repress vimentin (Figure 29). These experiments suggest 

that the O-GlcNAcylation of gigaxonin at S272 or T277 may be critical for its regulation 

of vimentin.  
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Figure 29. S272A and T277A gigaxonin mutants cannot repress vimentin aggregation. 
Expression of vimentin in GAN KO SH-SY5Y cells expressing O-GlcNAc candidate single 
point mutant. 
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In addition to these functional assays in sgGAN KO cells, I also overexpressed 

each gigaxonin mutants simultaneously with CUL3 to test the effect of each 

unglycosylatable mutant on vimentin level in HEK293T (human embryonic kidney with 

large T antigen). HEK293T cells were used because the efficiency of transient 

transfection is more than 80%, allowing for quantitative characterization of vimentin 

levels in a larger population. When analyzing the functional effect of each gigaxonin 

mutant to total IF level, whole-cell lysates (including soluble and insoluble fractions) 

were harshly sonicated and boiled with β-mercaptoethanol to dissolve all aggregates 

before WB analysis. As shown in Figure 30A, expression of wild type gigaxonin reduced 

vimentin and NF-L levels compared with mock control, while S52G gigaxonin did not 

suppress vimentin, providing a negative control. When comparing the effect of wild type 

to each mutant, expression of S272A or T277A failed to suppress vimentin or NF-L level 

in three biological replicates. Based on these analyses of single mutants, I generated 

additional gigaxonin double mutants with two unglycosylated residues (S229A-T277A or 

S272A-T277A) (with help from Samuel Pan) to further validate our observations. As 

expected, mutation on either S272A or T277A of gigaxonin failed to repress vimentin or 

NF-L level (Figure 30B). Consistent with the IFA data in SH-SY5Y KO cells, these data 

together strongly indicated that two O-GlcNAcylation sites, serine 272 and threonine 277, 

of gigaxonin are functionally important for proteolysis of both vimentin and NF-L.  
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Figure 30. S272A or T277A mutant gigaxonin fails to repress vimentin and 
neurofilament-L (NF-L) aggregation. 
(A) Overexpression of wild type or point mutant gigaxonin with CUL3 in 293T cells. The 
expression levels of vimentin and NF-L were revealed by WB. (B) Overexpression of wild 
type or double mutant with CUL3 in 293T cells. The expression levels of vimentin and NF-
L were revealed by WB.  
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3.3.5 Potential mechanisms by which gigaxonin O-GlcNAcylation regulates 
vimentin proteolysis 

Gigaxonin is proposed to be a CUL3 adaptor for the ubiquitination and 

degradation of various IFs. However, only a few studies have shown a functional role of 

gigaxonin within the E3 ligase complex. For examples, Xiong’s group first reported the 

interaction between gigaxonin and CUL3 (Furukawa, M., et al. 2003). Later, Yang and 

colleagues found that the BTB domain of gigaxonin interacts with the E3 ligase RBX1 

(Allen, E., et al. 2005), while the Kelch repeats of gigaxonin interact with TBCB (tubulin 

folding cofactor B) (Wang, W., et al. 2005). In one study by Wichterle’s group, the 

authors used truncated N-terminal (from N-terminus to lysine 267) and full-length 

gigaxonin for MS analysis and co-IP, and showed that C-terminal Kelch domains (from 

proline 268 to the C-terminus) of gigaxonin are responsible for its interaction with 

vimentin. However, the specific site(s) on gigaxonin critical for interaction remains 

unclear (Johnson-Kerner, B.L., et al. 2015b). 
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We hypothesize that O-GlcNAcylation of gigaxonin affects its interaction with 

CUL3 or IFs in a way similar to our CUL3-KEAP1-NRF2 model. By STRING analysis, 

gigaxonin is suggested to interact with several E3 ligase components, including CUL3 

and RBX1, based on direct or indirect interactome databases (Figure 31A) (Szklarczyk, 

D., et al. 2017). I experimentally confirmed the interaction between endogenous CUL3 

and gigaxonin by co-IP and WB in MDA-MB-231 cells (Figure 31B). To test the effect 

of CUL3 on the levels IFs, I overexpressed MYC-CUL3 or HA-gigaxonin in 293T cells 

and evaluated their effects on overall vimentin level using WB. I found that, while CUL3 

alone has no significant effect on vimentin level, the over-expression of gigaxonin 
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Figure 31. S272A and T277A gigaxonin mutants interact with CUL3. (A) STRING 
analysis indicates that gigaxonin interacts with sevveral E3 ligase components. (B) 
Interaction between endogenous CUL3 and gigaxonin in MDA-MB-231 cells. (C) 
Vimentin is decreased upon overexpression of HA-gigaxonin and MYC-CUL3 in 293T 
cells. (D) The interaction between S272A or T277A gigaxonin with CUL3 is comparable 
to wild type. 
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reduced vimentin levels (Figure 31C), consistent with previous reports (Mahammad, S., 

et al. 2013). The simultaneous overexpression of CUL3 and gigaxonin reduced vimentin 

levels even further (Figure 31C). However, when the interaction between CUL3 and 

various gigaxonin variants (WT, S272A or T277A) was evaluated in 293T cells by co-IP, 

there were no significant differences in the interactions between CUL3-S272A and 

CUL3-T277A compared with CUL3-WT (Figure 31D). This result is not surprising since 

S272 and T277 lie outside the BTB domain of gigaxonin, which is thought to interact 

with CUL3. Next, I tested whether the interactions between gigaxonin and substrates 

(vimentin or NF-L) were affected in the unglycosylated mutants. EGFP-vimentin and 

various HA-gigaxonin mutants (WT, S272A or T277A) were co-transfected into 293T 

cells for co-IP. When overexpressed in the 293T cells, most of the EGFP-vimentin is 

insoluble in the lysis buffer (with 1% triton-X100) (Figure 32A). After gentle sonication 

and centrifugation, I still observed insoluble giant green aggregates (possibly due to 

insoluble EGFP-vimentin), which is consistent with the known properties of IFs (Ridge, 

K.M., et al. 2016, Tarbet, H.J., et al. 2018a). The soluble fraction of EGFP-vimentin and 

HA-gigaxonin was used for co-IP assay. I found the interaction between vimentin and 

S272A or T277A gigaxonin was significantly reduced compared to wild type gigaxonin 

(Figure 32B). A similar phenomenon was also observed with soluble NF-L and S272A or 

T277A gigaxonin (Figure 32B). Consistent with this reduced interaction, S272A or 

T277A gigaxonin mutants, when compared with wild type gigaxonin, triggered less 

polyubiquitination of vimentin (Figure 32C). Together, these data suggest that the 

reduced interaction between vimentin and S272A or T277A leads to less vimentin 
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polyubiquitinatuion and to the eventual accumulation of vimentin. However, it is possible 

that only the turnover of the soluble vimentin or NF-L can be regulated by gigaxonin-

CUL3-RBX1. Fully assembled IFs may still interact with gigaxonin, but might be 

refractory to ubiquitination or proteasome-mediated degradation.  

3.4 Summary 

In this study, we found that the KLHL protein gigaxonin is O-GlcNAcylated, 

consistent with our previous report, on up to nine candidate sites. O-GlcNAcylation of 

gigaxonin is sensitive to serum or glutamine level. Of all nine putative O-GlcNAc sites, 

serine 272 and threonine 277 are functionally related to IFs regulation. S272A and S277A 

gigaxonin mutants are incapable of regulating IF levels due to reduced protein interaction 

and ubiquitination. In our novel CRISPR GAN models, gigaxonin knockout cells 

displayed classical ovoid vimentin aggregates. Genetic complementation with wild type 

gigaxonin in GAN KO cells recovers the vimentin aggregates but the S272A or T277A 

gigaxonin mutants do not. Our results suggest that O-GlcNAcylation of gigaxonin may 

be required for its optimal ability to regulate IF protein turnover (Figure 33). 
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Figure 32. S272A and T277A gigaxonin partially lose interaction with vimentin and 
NF-L. (A) Most vimentin and gigaxonin remain in the triton-insoluble fraction. (B) S272A 
and T277A gigaxonin mutants showed defects in interacting with vimentin or NF-L in 293T 
cells. (C) Polyubiquitination of vimentin is reduced in S272A or T277A gigaxonin mutant-
overexpressing cells, compared to wild type. 
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Figure 33. Working model for O-GlcNAcylation of gigaxonin regulates 
intermediate filaments. O-GlcNAcylation of gigaxonin promotes its optimal interaction 
with IF proteins (vimentin or NF-L) to facilitate their polyubiquitination and proteasome 
degradation. In the absence of O-GlcNAcylation, especially on serine 272 or threonine 
277, gigaxonin loses interaction with IFs, leading to their accumulation. 
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Figure 34. The Cancer Genome Atlas analysis reveals mutation of the GAN gene in 
human tumor samples. (A) GAN gene mutation occurs in multiple tumors. (B) Schematic 
diagram of mutation sites on gigaxonin in various tumor samples. 
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4. Conclusion 

4.1 O-GlcNAcylation and KEAP1 

This section is adapted from two published articles (Chen, P.H., et al. 2018, Chen, 

P.H., et al. 2017). 

4.1.1 KEAP1 O-GlcNAcylation and ubiquitination of substrates  

KEAP1 associates with CUL3 through its BTB domain and part of its intervening 

region (IVR) domain (Furukawa, M. and Xiong, Y. 2005, Kobayashi, A., et al. 2004), 

whereas the KEAP1 Kelch motifs interact with substrates (e.g., NRF2) (Itoh, K., et al. 

1999, Komatsu, M., et al. 2010). We found that the interaction between KEAP1 and 

CUL3 (but not KEAP1 and NRF2) is affected by O-GlcNAcylation of KEAP1 at S104 

(Figure 13E and 13F). Therefore, we propose a model in which O-GlcNAcylation of 

KEAP S104 is necessary for its productive interaction with CUL3 and the efficient 

ubiquitination of its substrates, either through enhanced KEAP1-CUL3 binding, 

optimized KEAP1 conformation, or both (Figure 15G). While NRF2 is the best-known 

substrate of the KEAP1-CUL3 complex, several studies have suggested that IKKβ is also 

a target (Kim, J.-E., et al. 2010, Lee, D.F., et al. 2009). Thus, it will be interesting to 

determine in future studies whether IKKβ and/or other KEAP1 substrates also 

accumulate in response to OGT inhibition. Additionally, while the candidate O-GlcNAc 

sites on the KEAP1 Kelch domains did not have significant effects on NRF2 regulation in 

our experiments (Figure 12D and 12F), they may contribute to the binding of other 

KEAP1/CUL3 substrates (Mulvaney, K.M., et al. 2016), or may regulate KEAP1 in 

response to other signals. Future work will focus on the potential functional 
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consequences and downstream effects of individual KEAP1 O-GlcNAc sites beyond 

S104.  

4.1.2. O-GlcNAcylation and NRF2 activity  

Previous reports demonstrated that oxidative stress modulates cysteine residues of 

KEAP1, leading to conformational changes and reduced ubiquitination of bound NRF2, 

as described in the hinge and latch model (Kobayashi, A., et al. 2006, Wakabayashi, N., 

et al. 2004, Zhang, D.D. and Hannink, M. 2003, Zhang, D.D., et al. 2004). Here, we 

found that, even without oxidative stress, O-GlcNAcylation of KEAP1 S104 is a novel 

mechanism of restraining NRF2 signaling (Figure 9 and 13). O-GlcNAcylation is 

regulated by the availability of glucose and glutamine, which are precursors for the 

biosynthesis of UDP-GlcNAc by the HBP (Bond, M.R. and Hanover, J.A. 2015, Hart, 

G.W., et al. 2011), and our data demonstrate that NRF2 is induced when global O-

GlcNAcylation is reduced either by OGT inhibition (Figure 3-5) or glucose starvation 

(Figure 15). The fact that we did not observe a reciprocal decrease in NRF2 signaling in 

the transcriptional response to OGA inhibition (Figure 3B) could be due to constitutively 

low levels of NRF2 and high levels of KEAP1 O-GlcNAcylation under homeostatic 

conditions. This hypothesis is supported by our observation of a robust interaction 

between KEAP1 and OGT in unstressed cells (Figure 9D).  

Since intracellular glucose levels influence global O-GlcNAc (Figure 15) (Bond, 

M.R. and Hanover, J.A. 2015, Hart, G.W., et al. 2011), glucose availability may regulate 

the NRF2-mediated antioxidant response through the O-GlcNAcylation of KEAP1 and 

perhaps other substrates. For instance, although we did not detect evidence of NRF2 or 



 

 101 

CUL3 O-GlcNAcylation in our experimental system (Figure 9A and B), it is possible that 

either protein is glycosylated at an undetectable stoichiometry, or is robustly glycosylated 

under different experimental conditions. In future studies, it will be interesting to 

determine whether other components of the NRF2 pathway are also OGT substrates. 

Importantly, however, we showed that the KEAP1 S104A mutation abolishes the NRF2 

response to OGT inhibition in our systems (Figure 13B and C), indicating that other OGT 

substrates are not necessary to explain these effects in this specific context.   

Several biochemical and functional connections between O-GlcNAcylation and 

NRF2 have been reported. For example, genetic knockdown of OGT induced NRF2 

target gene expression in cultured human cell lines (Chu, C.S., et al. 2014), human 

embryonic stem cells (Andres, L.M., et al. 2017) and the murine forebrain (Wang, A.C., 

et al. 2016). Consistent with these results, two other studies observed correlations 

between global O-GlcNAcylation, NRF2 levels and the cellular antioxidant response. In 

particular, α-lipoic acid (LA) treatment decreased global O-GlcNAcylation in the 

streptozotocin (STZ)-induced diabetic rat kidney (Arambasic, J., et al. 2013) and rat liver 

(Dinic, S., et al. 2013). Moreover, these authors observed an increase in NRF2 nuclear 

translocation and elevated mRNA/protein levels of antioxidant enzymes, such as 

manganese superoxide dismutase (SOD), copper/zinc SOD and catalase. Together, these 

reports hint at an inverse correlation between global O-GlcNAcylation and NRF2 

signaling. 

Consistent with this notion, a recent report by the Slawson group found that very 

long (3-week) treatment of SH-SY5Y neuroblastoma cells with the OGA inhibitor 



 

 102 

Thiamet-G and the UDP-GlcNAc precursor glucosamine (GlcN) reduced NRF2 protein 

and NRF2 target gene expression (Tan, E.P., et al. 2017). Conversely, genetic ablation of 

OGT in the murine liver caused the opposite effect, with increased NRF2 levels and 

activity. In this case, the authors reported that increased global O-GlcNAcylation 

suppressed ROS levels while slightly increasing the NAD+/NADH ratio. These 

observations pointed to a likely functional connection between O-GlcNAc signaling and 

the NRF2 pathway, but the relevant OGT substrates and biochemical mechanisms 

remained unclear (Tan, E.P., et al. 2017, Tan, E.P., et al. 2014). 

NRF2 belongs to the cap’n’collar (Cnc) protein family, which includes the related 

mammalian transcription factors NFE2, NRF1 and NRF3, as well as orthologs in other 

animals (Sykiotis, G.P. and Bohmann, D. 2010). Interestingly, the functional connections 

among O-GlcNAc and Cnc family transcription factors extend beyond NRF2 itself, and 

even beyond mammalian systems. For example, Hanover and colleagues first reported 

that SKN-1, the sole Cnc family member in Caenorhabditis elegans, translocated to 

nucleus in ogt-1(ok430)-null worms with kinetics similar to that of sodium azide-induced 

SKN-1 nuclear translocation in a WT strain (Hanover, J.A., et al. 2005). Like mammalian 

NRF2, nematode SKN-1 responds to oxidative stress to up-regulate the expression of 

detoxifying enzymes (An, J.H. and Blackwell, T.K. 2003, An, J.H., et al. 2005, Inoue, H., 

et al. 2005, Walker, A.K., et al. 2000). However, no KEAP1 ortholog has been identified 

in C. elegans, suggesting that the regulation of SKN-1 and NRF2 by O-GlcNAc are likely 

distinct. It was reported previously that DAF-2 (insulin/insulin-like growth factor 

receptor) activation facilitates AKT-mediated phosphorylation of SKN-1 and inhibits 
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SKN-1 from translocating to the nucleus (Cohen, E. and Dillin, A. 2008, Tullet, J.M., et 

al. 2008), keeping the pathway off. Interestingly, one recent study (Li, H., et al. 2017) 

subsequently found that SKN-1 is O-GlcNAcylated. In this work, the authors discovered 

that O-GlcNAc cycling also regulates SKN-1 nuclear localization, demonstrating that 

SKN-1 mislocalizes in ogt-1(ok1474) or oga-1(ok1207) null worms upon treatment with 

the ROS inducer tert-butyl hydroperoxide. The translocation of SKN-1 and expression of 

its target genes (e.g., gcs-1, gst-4 and gst-7) are induced in oga-null worms. Importantly, 

SKN-1 interacts with OGT and is O-GlcNAcylated at Ser470 and Thr493, and 

reconstitution of skn-1-null worms with an S470A/T493A SKN-1 mutant reduced 

lifespan under oxidative stress conditions. These effects may be due to a lost regulatory 

interplay between glycosylation and phosphorylation because the authors demonstrated 

that phosphorylation of SKN-1 at Ser483 by GSK-3 is repressed by its oxidative stress-

induced O-GlcNAcylation. 

Two recent reports showed that mammalian NRF1 is glycosylated as well (Chen, 

J., et al. 2015, Han, J.W., et al. 2017). NRF1 (NFE2L1) is expressed as several isoforms, 

including NRF1a, NRF1b, LCRF1 and TCF11. Like NRF2, NRF1 interacts with ARE-

containing promoters, but the PTMs of NRF1 and NRF2 are distinct. Chen et al. reported 

that OGT interacts with TCF11 and promotes its ubiquitination in 293T cells (Chen, J., et 

al. 2015). Genetic depletion of OGT increased both TCF11 protein level and the mRNA 

and protein of its downstream targets GCLM and lipin1, whereas OGT overexpression 

decreased TCF11 protein. These results suggest that the NRF1 isoform TCF11 is O-

GlcNAcylated, but specific glycosylation sites have not yet been mapped. In separate 
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work, Han et al. found that NRF1a interacts with OGT and the heavily glycosylated 

transcriptional coactivator host cell factor 1 (HCF1). NRF1a is O-GlcNAcylated, 

especially under oxidative stress conditions (i.e., arsenic or tert-butylhydroquinone 

treatment), although, once again, the glycosylated residues have not been pinpointed 

(Han, J.W., et al. 2017). Nevertheless, these observations likely have functional 

significance, because NRF1a polyubiquitination was reduced and its half-life increased 

by transient overexpression of OGT or PUGNAc treatment, both of which boost global 

O-GlcNAc levels. Interestingly, several recent reports have also suggested a role for ER 

luminal glycosylation of NRF1 in regulating its function (Radhakrishnan, S.K., et al. 

2014, Tomlin, F.M., et al. 2017, Widenmaier, S.B., et al. 2017). It remains unknown 

whether and how the distinct O-GlcNAcylation and secretory pathway glycosylation of 

NRF1 are coordinated. 

Taken together, these studies indicate an evolutionarily conserved connection 

between O-GlcNAc cycling and redox stress signaling through the Cnc transcription 

factor family. It is tempting to speculate that this mode of regulation has been preserved 

from worms to mammals in the case of SKN-1/NRF1 glycosylation, whereas the 

analogous regulation of the NRF2 pathway has shifted to the O-GlcNAcylation of 

KEAP1, an upstream regulator in mammals that is absent from C. elegans. Testing this 

model would be an interesting object of future study. 

4.1.3 Tumor microenvironment and therapeutic potential 

Hypoxia, lactic acidosis and hypoglycemia are common features of solid tumors 

due to poor perfusion (Chen, J.L., et al. 2010, Gatza, M.L., et al. 2011, Tang, X., et al. 
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2012). These tumor microenvironmental stresses activate several transcription factors, 

including HIF1 (Harris, A.L. 2002), MondoA-Mlx (Chen, J.L., et al. 2010) and ATF3 

(Tang, X., et al. 2012), which in turn trigger a wide range of stress responses, drive 

oncogenesis and confer resistance to various treatments (Castells, M., et al. 2012). In 

particular, glucose deprivation confers resistance to various chemotherapeutic agents 

(Komurov, K., et al. 2012, Ledoux, S., et al. 2003). Interestingly, recent work 

demonstrated a functional connection between O-GlcNAcylation and the HIF1 pathway 

in tumor cell signaling (Ferrer, C.M., et al. 2014). Our results suggest that stresses that 

reduce OGT activity, such as glucose deprivation, may induce NRF2 activation (Figure 

3B and 15) and confer chemoresistance via increased antioxidant signaling (Syu, J.P., et 

al. 2016). Indeed, we found that the gene expression signatures of low OGT activity and 

high NRF2 pathway activation are strongly correlated in several human tumor datasets 

(Figure 3C), suggesting a potential in vivo connection between these pathways in cancer 

that will be tested in future studies. Although NRF2 plays a significant role in 

tumorigenesis and treatment resistance, as a transcription factor, it has not traditionally 

been considered a readily druggable target. Our results describe a novel mechanistic 

connection between O-GlcNAcylation and NRF2 and may offer new opportunities to 

improve the treatment responses of solid tumors under microenvironmental stresses by 

targeting the OGT/NRF2 axis.    

4.1.4 KLHL family and O-GlcNAcylation 

KEAP1 belongs to the Kelch-like (KLHL) family, which is an evolutionarily 

conserved group with 42 human members (Dhanoa, B.S., et al. 2013). Most KLHL 
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proteins have a BTB/POZ domain, a BACK domain, and several Kelch motifs. While the 

function and regulation of most KLHL proteins are not well understood, their importance 

is demonstrated by various human diseases associated with mutations in KLHL genes 

(Dhanoa, B.S., et al. 2013). For example, the mutations of KEAP1 (KLHL19) or 

gigaxonin (KLHL16) lead to various cancers (Singh, A., et al. 2006) and giant axonal 

neuropathy (GAN) (Bomont, P., et al. 2000), respectively. Interestingly, S104 of human 

KEAP1 is conserved in the KEAP1 orthologs of diverse animal species (Figure 16B), and 

in 37 of 42 human KLHL proteins. (Figure 16C) (Sievers, F., et al. 2011). In KLHL11, 

the corresponding position is a threonine residue, which would also permit glycosylation 

by OGT. In addition, mutations in the cognate residue of KEAP1 S104 in gigaxonin, 

serine 52 (Figure 16C), cause a subset of GAN (Boizot, A., et al. 2014, Bomont, P., et al. 

2000, Mahammad, S., et al. 2013), and the structures of the KEAP1 and gigaxonin BTB 

domains, including the positions of Ser104/Ser52, are nearly identical (Figure 16D). 

These facts suggest that gigaxonin and perhaps other KLHL proteins could be regulated 

by O-GlcNAcylation at the KEAP1 S104-cognate residue, or other sites. In a first step 

towards testing this possibility, we found that gigaxonin is O-GlcNAcylated (Figure 16E 

and 21). Therefore, O-GlcNAcylation may be a conserved mode of regulating the KLHL 

family of proteins. This hypothesis will be an important focus of future studies. Given the 

conservation of KEAP1 S104 among most KLHL family members, the glycosylation of 

KLHL proteins may provide a general mechanism for coupling nutrient sensing to 

proteostasis in a variety of physiological contexts.  
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4.2 O-GlcNAcylation and gigaxonin 

4.2.1 O-GlcNAcylation of gigaxonin and disease relevant gigaxonin mutants  

In this study, up to nine amino acid residues on gigaxonin were identified as 

potential O-GlcNAcylation sites. One remaining question is whether mutations in those 

amino acids have been identified in human disease, such as GAN or cancer. From the 

cBioportal database (Cerami, E., et al. 2012, Gao, J., et al. 2013), 276 different mutations 

on gigaxonin can be found in human tumor samples (Figure 34A). Of all these mutations, 

one cutaneous melanoma sample carrying mutation of gigaxonin serine 272 to 

phenylalanine was identified. In addition, a missense mutation of serine 254 to cysteine 

was found in prostate adenocarcinoma (Figure 34B). Given the role of gigaxonin in 

regulating IFs, which participate in multiple processes, such as cytokinesis and the 

epithelial-mesenchymal transition, the biological significance of gigaxonin in cancer or 

other diseases may be underappreciated (Kang, J.J., et al. 2016). The function of 

gigaxonin in those contexts may be interesting topics for future work.  In the case of 

GAN, unfortunately, none of the candidate O-GlcNAc sites is reportedly mutated in GAN 

patients so far. However, it is still possible mutations in other amino acids may also affect 

O-GlcNAcylation on the candidate sites due to conformational changes that affect the 

access of OGT or OGA. I have tested several GAN disease mutants (R15S, S52G, S79L, 

and R138H) and found that these mutants are O-GlcNAcylated at levels comparable to 

wild type. To gain insight into how O-GlcNAcylation regulates gigaxonin function in 

disease-relevant contexts, more work is necessary. For example, analyzing the O-

GlcNAcylation status of gigaxonin in patient-derived cells may be helpful to predict the 
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protein functions in vivo. In sum, our work has revealed, for the first time, a functional 

connection between O-GlcNAcylation of gigaxonin and IF protein turnover. Our data 

provide novel hypotheses to test in GAN disease contexts, including the possibility that 

O-GlcNAcylation of gigaxonin is dysregulated in GAN patients, leading to reduced 

protein stability, as proposed previously hypothesis (Boizot, A., et al. 2014), or reduced 

interaction with soluble assembly states of IF proteins and their subsequent ubiquitination. 

4.2.2 Nutrient sensing and O-GlcNAcylation of gigaxonin 

   Nutrient sensing is thought to be one of the prominent functions of O-

GlcNAcylation in regulating intracellular signaling events. In my previous study, KEAP1 

O-GlcNAcylation varies dynamically with glucose or glutamine level or with stress. 

Given these results, it is perhaps unsurprising that gigaxonin O-GlcNAcylation also 

fluctuates with the nutrient changes. Other than nutrients involved in the HBP, I also 

found that gigaxonin O-GlcNAcylation is reduced by serum deprivation (Figure 23). 

Serum starvation was reported to augment the IF aggregation severity in GAN cells but 

the underlying mechanism remains unclear (Bomont, P. and Koenig, M. 2003). It could 

be that loss of glycosylation on gigaxonin upon serum starvation subsequently reduced 

the interaction between gigaxonin and vimentin or NF-L, as proposed in our model 

(Figure 33), eventually leading to accumulation of the IFs. However, serum starvation 

induces a variety of signaling events, which may directly or indirectly regulate OGT, 

OGA or UDP-GlcNAc availability. Interestingly, in Bomont and Koenig’s study, 

nocodazole, which destabilizes microtubule, also aggravated the IFs aggregation in GAN 

cells. This evidence suggests that cell signaling involved in cytokinesis or microtubule 
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organization may affect the function of gigaxonin through O-GlcNAcylation, although 

the molecular mechanism remains unclear. Future studies monitoring the aggregation of 

IFs during cytokinesis, as well as the localization of gigaxonin, may be interesting topics 

of future studies.            

4.2.3 New GAN disease models 

Current models for GAN experiments rely mostly on patient-derived cells 

(Mahammad, S., et al. 2013), iPSCs (induced pluripotent stem cells) (Johnson-Kerner, 

B.L., et al. 2015a) or conventional KO mice (Israeli, E., et al. 2016). The patient-derived 

cells showed heterogeneous phenotypes with respect to the ovoid-vimentin perinuclear 

aggregates (only 3 to 15% with ovoid aggregate phenotype), which may confound the 

interpretation of molecular mechanism. Using CRISPR-mediated gene knockout, I 

developed GAN cell models with homogenous phenotypes in both fibroblast and 

neuroblastoma cell lines, in which most (more than 80%) of the GAN KO cells displayed 

ovoid-shaped vimentin aggregates (Figure 24). These transformed cell lines are easier to 

propagate than are patient-derived cells, and may therefore facilitate genetic manipulation 

or characterization of the biochemical/physical regulation of gigaxonin or the properties 

of the aggregated IFs. Most importantly, my system also may greatly enhance chemical 

or genetic high-throughput screening potential for GAN drug development in the future. 
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