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ABSTRACT 28 

How cells couple metabolic status to programmed cell death remains a fundamental 29 

question in biology. Here, we report an O-GlcNAc-based metabolic checkpoint 30 

coupling glucose availability to RIPK1-dependent necroptosis. In patients with severe 31 

drug-induced skin eruptions, proteomic and metabolomic analyses of patients’ skin 32 

lesions revealed markedly decreased O-GlcNAc transferase (OGT) levels, altered 33 

levels of hexosamine biosynthesis pathway (HBP) metabolites, and the 34 

downregulation of glucose transporters. Mechanistically, OGT-mediated O-linked 35 

β-N-acetylglucosaminylation (O-GlcNAcylation) of RIPK1 at Ser331 maintains 36 

K63-linked ubiquitination at Lys377, which supports the formation of cytoprotective 37 

complexes (RIPK1/FADD/caspase-8) and limits the RIPK1–RIPK3 interaction. Loss 38 

of this modification enhances binding to the deubiquitinase CYLD, reduces K63 39 

ubiquitination, and drives keratinocyte necroptosis. In an SJS/TEN animal model, 40 

pharmacological inhibition of O-GlcNAcase (OGA) with Thiamet G or PugNAc 41 

restored RIPK1 O-GlcNAcylation, attenuated skin pathology, and normalized 42 

systemic metabolic abnormalities. Conversely, OGT inhibition or a RIPK1 Ser331- 43 

mimetic peptide exacerbated disease. Collectively, our findings define a 44 

nutrient-sensitive post-translational checkpoint that integrates glucose metabolism 45 

with cell death and tissue homeostasis, with broad implications for inflammatory and 46 

metabolic disorders. 47 

Keywords: O-GlcNAcylation, RIPK1, glucose metabolism, nucleolar stress, 48 

necroptosis, Stevens–Johnson syndrome, toxic epidermal necrolysis 49 

 50 

Abbreviations: 51 

OGT      O-GlcNAc transferase 52 

O-GlcNAcylation O-linked β-N-acetylglucosamine (O-GlcNAc) modification  53 

RIPK1    Receptor-interacting protein kinase 1  54 

SJS           Stevens–Johnson syndrome 55 

TEN        Toxic epidermal necrolysis 56 
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Public Summary 57 

• O-GlcNAcylation of RIPK1 at Ser331 serves as a metabolic checkpoint coupling 58 

glucose sensing to necroptosis. 59 

• Loss of this modification enhances RIPK1–RIPK3 interaction and 60 

CYLD-mediated deubiquitination, driving cell death. 61 

• OGA inhibition pharmacologically restores this checkpoint, alleviating tissue and 62 

systemic metabolic pathology. 63 

 64 

INTRODUCTION  65 

How do cells sense nutrients and translate this information into decisions about life 66 

and death? This fundamental question lies at the heart of organismal homeostasis and 67 

its disruption underpins a wide range of human diseases. Here, we address this question 68 

by uncovering a metabolic checkpoint that couples glucose availability to programmed 69 

cell death in the skin. 70 

Stevens–Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN) are 71 

life-threatening drug-induced eruptions characterized by widespread keratinocyte 72 

death and epidermal detachment [1, 2]. Necroptosis, a form of programmed necrosis, 73 

has emerged as a major driver of keratinocyte loss in patients with SJS/TEN, with 74 

receptor‑interacting protein kinase 1 (RIPK1) serving as a central node in this pathway 75 

[3–5]. Multiple cell death checkpoints involving intricate posttranslational 76 

modifications including ubiquitination, palmitoylation, and phosphorylation suppress 77 

RIPK1 kinase activity [6–8]. However, how nutrient metabolic signals modulate 78 

RIPK1-dependent necroptosis in SJS/TEN remain elusive. 79 

Cells rely on conserved nutrient-sensing signaling cascades to convert extracellular 80 

glucose into cell fate outputs, coordinating cellular survival and death to maintain tissue 81 

homeostasis. O-linked β-N-acetylglucosaminylation (O-GlcNAcylation) is an 82 

important posttranslational modification that couples nutrient availability to cellular 83 

signaling [9, 10]. It is catalyzed by O-GlcNAc transferase (OGT) using uridine 84 

diphosphate N-acetylglucosamine (UDP‑GlcNAc), the end product of the hexosamine 85 
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biosynthetic pathway (HBP) [11, 12]. HBP integrates glucose and acetyl-CoA 86 

metabolism, making O-GlcNAcylation as a direct sensor of the metabolic status. 87 

Dysregulated O-GlcNAc signaling has been implicated in immune–inflammatory 88 

diseases [13], diabetes [14], cancer [15], cardiovascular diseases [16], and cell death 89 

[17, 18], but its role in SJS/TEN has not been explored. 90 

Here, we performed proteomic, O-GlcNAcylomic and nontargeted metabolomic 91 

analyses of skin lesions from patients with SJS/TEN to identify a nutrient-sensitive 92 

checkpoint that controls keratinocyte necroptosis. We find that impaired HBP flux and 93 

nucleolar stress converge to suppress O-GlcNAcylation of RIPK1 at Ser331-a 94 

modification that acts as a molecular brake on necroptosis. Mechanistically, this 95 

single sugar modification maintains K63-linked ubiquitination at Lys377, promoting a 96 

cytoprotective RIPK1/FADD/caspase-8 complex and restricting RIPK1–RIPK3 97 

interaction. Loss of this modification, whether by OGT inhibition or genetic mutation, 98 

enhances CYLD recruitment, reduces K63 ubiquitination, and unleashes cell death. 99 

Importantly, pharmacological restoration of this checkpoint via O-GlcNAcase (OGA) 100 

inhibition rescues tissue pathology and systemic metabolic abnormalities in vivo. 101 

Collectively, our findings define a previously unrecognized mechanism by which a 102 

sugar modification on a central cell death regulator translates nutrient signals into a 103 

cell fate decision-a paradigm with broad implications for understanding how 104 

metabolism controls tissue homeostasis, inflammation, and disease. 105 

 106 

MATERIALS AND METHODS 107 

Subjects and sample collection 108 

Serum samples were obtained from 7 SJS patients (3 males and 4 females; average 109 

age, 36.43 y) and 8 TEN patients (5 males and 3 females; average age, 32.0 y) at the 110 

Department of Dermatology in Xijing Hospital. The clinical characteristics are listed 111 

in Table 1. Skin lesions and nonskin lesions were excised from 3 patients 112 

pathologically diagnosed with SJS/TEN, (Erythema Multiforme, EM), and 113 

(maculopapular exanthems, MPE). The samples were incubated with 2.5 mg/ml 114 
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dispase (Gibco, NY, USA) for 8 h at 4 °C to separate the epidermis from the dermis. 115 

Control skin samples were collected from age- and sex-matched healthy individuals 116 

undergoing plastic surgery. In accordance with Declaration of Helsinki, Institutional 117 

Review Board approval (IRB number: KY20172030-1) was obtained before the 118 

patients and healthy volunteers were enrolled in this study, as illustrated in Table 2. 119 

Smac-mimetic-induced TEN mouse model 120 

As previously described [19, 20], C57BL/6J mice were injected subcutaneously 121 

with 100 μl of 2 mg/kg Smac mimetic (SM164) (TargetMol, Houston, TX, USA) or 122 

vehicle (12% Captisol). OSMI-1 (1 mg/kg), TMG (20 mg/kg), and PugNAc (10 123 

mg/kg) were administered intraperitoneally, and the RIPK1Ser331A-O-GlcNAc peptide 124 

(1 mg/kg) was administered intravenously once daily after the SM164 injection. The 125 

mice were euthanized on day three; the skin lesions were photographed, scored, and 126 

collected for analysis. Clinical macroscopic criteria (edema, erythema, and epidermal 127 

disruption) were scored on a 0–3-point scale (0, absent; 1, mild; 2, moderate; and 3, 128 

severe). Total clinical scores were calculated by summing the scores for individual 129 

criteria scores. This study was carried out in compliance with the ARRIVE guidelines. 130 

All experiments used female mice and were approved by the local ethics committee 131 

(AFMU-LA-FJ-022). 132 

Statistical analysis 133 

The data were analyzed using GraphPad Prism 6. Comparisons between two groups 134 

were performed using the Mann‒Whitney U test or an unpaired two-tailed Student’s t 135 

test after the verification of normality. Multiple group comparisons were conducted 136 

using one‒way ANOVA followed by Tukey’s post hoc test. Pearson’s correlation 137 

coefficients were calculated for serum markers. Statistical significance was set at P < 138 

0.05. The data are presented as the means±SEMs from at least three independent 139 

experiments with triplicate samples, unless indicated otherwise. 140 

 141 

 142 

 143 
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RESULTS 144 

OGT is the most downregulated protein in SJS/TEN skin lesions and is linked to 145 

necroptosis pathways 146 

We performed a proteomic analysis of TEN lesions to elucidate the mechanisms 147 

underlying necroptosis in SJS/TEN. Among the 119 differentially expressed proteins 148 

(DEPs) between TEN patients and MPE patients (Fig. 1A), OGT was the most 149 

significantly downregulated protein in TEN lesions (Fig. 1B, C). The Kyoto 150 

Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis revealed 151 

that the DEPs were enriched mainly in programmed necrotic cell death pathways (Fig. 152 

1D). Gene set enrichment analysis (GSEA) further confirmed that low OGT 153 

expression correlated with necroptosis-related pathways, including TNF-α and IFN-γ 154 

signaling (Fig. 1E). An analysis of the STRING database indicated a specific 155 

interaction between OGT and RIPK1/RIPK3 (Fig. 1F). In a previously established 156 

SJS/TEN cell model [4], glycosylation PCR array using LL-37/Ac2-26-treated 157 

keratinocytes identified OGT as the most downregulated gene among the 158 

glycosylation-related genes (Fig. 1G, H). Western blotting confirmed the 159 

time-dependent decrease in OGT levels (Fig. 1I). Overall, OGT expression is 160 

significantly reduced in SJS/TEN skin lesions and cell models. 161 

Decreased O-GlcNAcylation correlated with necroptosis activation in SJS/TEN 162 

patients and mouse models 163 

To further confirm the close interaction between OGT and necroptosis activation, 164 

western blotting, RT‒PCR, and IHC showed significantly reduced global 165 

O-GlcNAcylated protein and OGT levels, but not OGA levels, in SJS/TEN patients 166 

compared with MPE patients or healthy individuals (Fig. 2A, B and Fig. S1A). 167 

Consistent with necroptosis activation, SJS/TEN patients presented elevated 168 

phosphorylation of RIPK1/RIPK3/MLKL levels (Fig. 2C). Systemic corticosteroid 169 

treatment dramatically increased global O-GlcNAcylated protein and OGT levels in 170 

TEN patients (Fig. 2D). Compared with non-lesional skin, lesional skin from TEN 171 

patients had lower O-GlcNAcylation and OGT levels (Fig. 2E). Similarly, in the 172 
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SM164-induced TEN-like mouse model, IHC, RT‒PCR, and western blotting 173 

confirmed obviously reduced O-GlcNAcylation and OGT levels compared with those 174 

in wild-type mice (Fig. 2F, G and Fig. S1B). Collectively, necroptosis is activated 175 

when O-GlcNAcylation is attenuated in SJS/TEN lesions. 176 

Nucleolar stress drives OGT downregulation via p53 177 

The proteomic analysis, western blotting, and IHC revealed the downregulation of 178 

ribosome-related proteins (RPLs and RPs) in SJS/TEN skin lesions (Fig. 3A, B and 179 

Fig. S2A–C), which was confirmed in LL-37/Ac2-26-treated keratinocytes (Fig. S2D 180 

–E). Ribosomes are generated in nucleoli, membrane-less organelles with a fibrillar 181 

center (FC) surrounded by a dense fibrillar component (DFC) layer and an outside 182 

granular component (GC) layer [21]. Disturbed ribosomal biogenesis leads to p53 183 

activation by disrupting the murine double minute 2 (MDM2)–p53 interaction, a 184 

process termed nucleolar stress [22]. Importantly, p53 activation was found to inhibit 185 

OGT expression [23]. Indeed, electron microscopy revealed that compared with 186 

control keratinocytes, LL-37/Ac2-26-treated keratinocytes and SJS/TEN human or 187 

mouse model skin lesions presented increased numbers of nucleoli and smaller 188 

nucleoli (Fig. 3C–E). Immunostaining of the nucleolar markers RPA40 (FC), 189 

fibrillarin (FBL, DFC), and nucleophosmin1 (NPM1, GC) followed by structured 190 

illumination microscopy (SIM) confirmed that LL-37/Ac2-26-treated keratinocytes 191 

exhibited fusion of the nucleoli, where the FC and DFC regions relocated to the 192 

nucleolar periphery and surrounded the remnant GC, appearing as unraveled 193 

“nucleolar necklaces” (Fig. 3F, G). In addition, we observed segregation of FBL in 194 

multiple foci throughout the nucleus and decreased expression levels (Fig. S2F–H). 195 

Nucleolin was overexpressed and a portion translocated to the nucleoplasm (Fig. 196 

S2F–H). Moreover, LL-37/Ac2-26 treatment increased the association of RPL5 and 197 

RPL11 with MDM2 (Fig. 3H), a hallmark of nucleolar stress. These results 198 

demonstrate that LL-37/Ac2-26 triggers nucleolar stress in keratinocytes. 199 

5-Ethynyl uridine (EU) in situ transcription assays revealed significant decreases in 200 

nucleolar (pre-rRNA) and chromatin (pre-mRNA) transcription (Fig. 3I). Consistently, 201 

pre-rRNAs and the 18S, 5.8S, and 28S rRNAs were downregulated (Fig. 3J), p53 202 
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protein levels were increased (Fig. 3K), and the p53 inhibitor significantly 203 

upregulated OGT expression (Fig. S2I), suggesting that LL-37/Ac2-26 triggers 204 

nucleolar stress and p53 activation, leading to OGT downregulation. 205 

HBP activity and glucose uptake are attenuated in SJS/TEN  206 

Because UDP-GlcNAc is the essential substrate for OGT [24], nontargeted 207 

metabolomics revealed the reduced UDP-GlcNAc and glucosamine-6-phosphate 208 

levels in keratinocytes treated with LL-37/Ac2-26, as well as in serum and skin 209 

lesions from SJS/TEN patients and mouse models (Fig. S3A–D and S4A–C). The 210 

levels of the key HBP enzymes fructose-6-phosphate amidotransferase (GFAT) and 211 

glucosamine 6-phosphate N-acetyltransferase 1 (GNA1), but not phosphofructokinase 212 

(PFK) or hexokinase (HK), were reduced in treated keratinocytes (Fig. S3E). 213 

Glycolytic transporter (GLUT1 and GLUT3) expression and glucose uptake clearly 214 

decreased (Fig. S3H, I). GNA1 and GLUT1 levels were also reduced in SJS/TEN 215 

patients (Fig. S3F, J) but were restored after systemic corticosteroid treatment (Fig. 216 

S3G). Similar reductions were observed in skin lesions from SJS/TEN model mice 217 

(Fig. S4D, E). Together, these results provide multifaceted evidence that HBP activity 218 

and glucose uptake are impaired in individuals with SJS/TEN, leading to OGT 219 

downregulation. 220 

OGT deficiency promotes keratinocyte necroptosis and the inflammatory 221 

response 222 

CRISPR-Cas9-mediated OGT knockout (OGT-KO) in HaCaT cells was confirmed 223 

by DNA sequencing and western blotting (Fig. S5A–E) [25]. OGT-KO cells exhibited 224 

significantly reduced viability and ATP production; increased LDH release, ROS, 225 

phosphorylation of RIPK1/RIPK3/MLKL, and inflammatory cytokines (Fig. S5F–O). 226 

Similar necroptotic phenotypes were observed in keratinocytes transfected with an 227 

OGT siRNA or treated with OGT inhibitor OSMI-1 (Fig. S6A–K and S7A–G). These 228 

effects could be reversed by additional supplementation with TMG or recombinant 229 

OGT protein (Fig. S6C–K and S7A–G). Conversely, OGT overexpression increased 230 

cell viability and ATP levels; reduced LDH, ROS, cytokines; and suppressed 231 

necroptosis markers (Fig. S8A–J). These data confirm that OGT deficiency promotes 232 
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keratinocyte necroptosis and the inflammatory response. 233 

OGT interacts with RIPK1 and promotes its O-GlcNAcylation 234 

RIPK1 is a key node in necroptosis pathway and is modified by posttranslational 235 

modifications [26]. RIPK1 O-GlcNAcylation was abundant in healthy human and WT 236 

mouse skin but obviously reduced in SJS/TEN lesions and OGT-KO cells (Fig. S9A–237 

C). OGT overexpression dose-dependently reduced RIPK1 protein levels (Fig. S9D), 238 

and treatment with a specific OGA inhibitor, Thiamet-G (TMG), shortened the RIPK1 239 

half-life (Fig. S9E), indicating that O-GlcNAcylation reduces RIPK1 protein stability. 240 

Computational modeling predicted a stable interaction between OGT and RIPK1 (Fig. 241 

S9F–H), and co-IP verified their interaction (Fig. S9I). Cotransfection of Flag-RIPK1 242 

with increasing doses of HA-OGT resulted in dose-dependent increases in global 243 

O-GlcNAcylation and RIPK1 O-GlcNAcylation (Fig. S9J). Enzymatically inactive 244 

OGT mutants (K908A or K852A) [27] failed to increase RIPK1 O-GlcNAcylation, 245 

confirming that OGT enzymatic activity is required for RIPK1 O-GlcNAcylation (Fig. 246 

S9K). These data demonstrate that OGT specifically interacts with RIPK1 and 247 

promotes its O-GlcNAcylation. 248 

Ser331 is a major O-GlcNAcylation site on RIPK1 249 

Next, we sought to identify the potential O-GlcNAcylation sites on RIPK1 (Fig. 250 

4A). Principal component analysis (PCA) showed clear clustering of 251 

LL-37/Ac2-26-treated samples and OGT-OV samples, confirming sample 252 

reproducibility (Fig. S10A). The WoLF PSORT analysis predicted that most 253 

O-GlcNAcylated proteins localize to the nucleus, cytoplasm, and plasma membrane 254 

(Fig. S10B). Label-free quantitative O-GlcNAcylomics identified 690 unique 255 

O-GlcNAcylated sites and 321 candidate modified proteins (Fig. 4B), with most 256 

proteins containing a single modified site (Fig. 4C). The quantitative analysis showed 257 

that OGT treatment significantly upregulated the O-GlcNAcylation of RIPK1 at 258 

Ser331 (Fig. 4D, E). Gene Ontology (GO) and KEGG enrichment analyses revealed 259 

that O-GlcNAcylated proteins are involved mainly in cell death processes (Fig. 4F, G). 260 

WikiPathway and Reactome analyses further confirmed that RIPK1 O-GlcNAcylation 261 

at Ser331 is associated with necroptosis signaling (Fig. 4H, I). Integrated proteomic 262 
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and O-GlcNAcylomic analyses identified Ser331 of RIPK1 as an upregulated 263 

O-GlcNAcylation site; DEPs were enriched in cell death pathways, and PPI network 264 

confirmed the OGT–RIPK1 interaction (Fig. S11A–E). These results further 265 

confirmed that Ser331 is a major O-GlcNAcylation site on RIPK1 linked to 266 

necroptosis signaling. 267 

O-GlcNAcylation of RIPK1 at Ser331 negatively regulates keratinocyte 268 

necroptosis 269 

The structure of RIPK1 was predicted by the AlphaFold protein structure database 270 

to further verify the O-GlcNAcylation sites on RIPK1, and S331 was labeled with a 271 

black sphere (Fig. 5A). MS/MS and sanger sequencing confirmed RIPK1 272 

O-GlcNAcylation at Ser331 (Fig. 5B, C). Compared with the WT RIPK1, RIPK1 273 

S331A mutant exhibited significantly reduced O-GlcNAcylation (Fig. 5D–F). 274 

OSMI-1 expression was reduced, and TMG increased the O-GlcNAcylation of WT 275 

RIPK1 but had no effect on RIPK1 S331A mutant (Fig. 5G). A customized Ser331 276 

O-GlcNAc-specific antibody confirmed OGT-mediated O-GlcNAcylation at this site 277 

(Fig. 5H, I). Additionally, the levels of RIPK1–RIPK3 complex and RIPK1 278 

phosphorylation decreased following OGT treatment (Fig. 5J, K). Notably, compared 279 

with WT RIPK1, RIPK1 S331A mutant showed enhanced binding to RIPK3 (Fig. 5L, 280 

M). Reconstitution of OGT-KO cells with RIPK1 S331A exacerbated necroptosis, 281 

inflammation, and phosphorylation of RIPK1/RIPK3/MLKL (Fig. S12A–I). Glucose 282 

supplementation increased RIPK1 Ser331 O-GlcNAcylation, whereas glucose uptake 283 

inhibition reduced the level of this modification (Fig. S12J, K). Collectively, Ser331 is 284 

a key O-GlcNAcylation site on RIPK1 that negatively regulates necroptosis. 285 

Ser331 O-GlcNAcylation modulates the formation of RIPK1/FADD/Caspase-8 286 

complex and K63-linked ubiquitination 287 

Accumulating evidence has shown that O-GlcNAcylation regulates protein‒protein 288 

interactions [28, 29]. We investigated whether RIPK1 O-GlcNAcylation regulated the 289 

formation of RIPK1/FADD/Caspase-8 complex. OSMI-1, OGT-KO and S331A 290 

mutation each reduced this complex formation (Fig. 6A–C). OGT deficiency or 291 

S331A mutation reduced RIPK1 ubiquitination (Fig. 6D–G). Several types of 292 
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ubiquitination have been identified in RIPK1, including K11-, K48-, and K63-linked 293 

ubiquitination [30]. Ubiquitination assays revealed that OSMI-1, OGT-KO, and 294 

RIPK1 S331A specifically reduced K63-linked (but not K48-linked) RIPK1 295 

ubiquitination (Fig. 6H, I). Among the 4 predicted ubiquitination sites (Lys302, 296 

Lys306, Lys316, and Lys377) within the intermediate domain (ID) of RIPK1, only 297 

K377R mutation effectively inhibited S331A-induced RIPK1 deubiquitination (Fig. 298 

6J–L), indicating that Lys377 is the key K63-linked ubiquitination site regulated by 299 

Ser331 O-GlcNAcylation. 300 

A proteomic analysis of cells expressing RIPK1 WT or S331A mutant showed the 301 

downregulaion of E3 ligase TRAF2 and upregulation of the deubiquitinase CYLD 302 

(Fig. S13A, B), with Reactome pathway annotations highlighting enrichment of 303 

antiapoptotic signaling (Fig. S13C). Co-IP confirmed that OSMI-1, OGT-KO, or 304 

S331A mutation enhanced RIPK1–CYLD interaction and reduced RIPK1–305 

TRAF2/cIAP2 interaction (Fig. S13D–G). Collectively, OGT-mediated 306 

O-GlcNAcylation of RIPK1 at Ser331 promotes its K63-linked ubiquitination by 307 

suppressing the binding of CYLD and decreasing the interaction between RIPK1 and 308 

TRAF2/cIAP2. 309 

RIPK1 S331 O-GlcNAcylation suppresses the intermediate domain-mediated 310 

RIPK1–RIPK3 interaction and kinase activation 311 

Ser331 is highly conserved across mammals and is located within the ID of RIPK1 312 

(Fig. 7A, B). Reconstitution with RIPK1 S331A increased phosphorylation levels of 313 

RIPK1/MLKL (Fig. 7C). The overexpression of WT OGT, but not OGT enzyme-dead 314 

mutants (K908A and H508A) [31], abolished RIPK1–RIPK3 heterodimeric 315 

interaction, RIPK1–RIPK1 homodimeric interaction, and RIPK1 phosphorylation (Fig. 316 

7D, E). The expression of RIPK1 S331A mutation reversed these effects (Fig. 7F) and 317 

rendered RIPK1 resistant to OGT-mediated inhibition of phosphorylation and RIPK3 318 

interaction (Fig. 7F). Deletion mutants of RIPK1 (ΔDI, ΔKI, ΔD) presented defects in 319 

RIPK1–RIPK3 interaction and RIPK1 phosphorylation (Fig. 7G, H), but RIPK1 320 

kinase-dead mutants (K45A and D138N) [32] still interacted with RIPK3 (Fig. 7I), 321 

indicating that the ID of RIPK1 mediated RIPK1–RIPK3 interaction, which precedes 322 
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RIPK1 phosphorylation. 323 

We examined whether RIPK1 S331A-induced hypernecroptotic responses were 324 

dependent on the ID of RIPK1 and/or its kinase activity. Both the S331A+ΔID mutant 325 

of RIPK1 or S331A/D138N double mutant lacked RIPK1 phosphorylation (Fig. 7J) 326 

and abolished the increased necroptotic response (Fig. S14A–C) and cytokine 327 

production (Fig. S14D, E) compared with cells reconstituted with RIPK1 S331A. 328 

These findings confirm that loss of Ser331 O-GlcNAcylation increases necroptosis 329 

via protein–protein interactions mediated by ID of RIPK1 and subsequent RIPK1 330 

kinase activation. 331 

Molecular dynamics simulations reveal conformational changes upon Ser331 332 

O-GlcNAcylation 333 

Molecular dynamics simulations showed that S331A mutation had minimal effects 334 

on the main chain stability of RIPK1 (Fig. S15A). The RMSD of RIPK1(WT) and 335 

RIPK1(Ala) remains fairly low, with values less than 0.2 nm. The RMSDs of RIPK1 336 

(O-GlcNAc) fluctuated throughout the simulation time, and the values were still 337 

greater than 1.0 nm, which indicated that significant conformational changes occurred 338 

upon the introduction of O-GlcNAcylation at Ser331 (Fig. S15B). In the RIPK1 339 

(O-GlcNAc)-RIPK3 model, the region spanning residues 624–640 of RIPK1 340 

underwent a conformational downward shift, resulting in a reduction in the binding 341 

pocket formed by residues 313–321 and 624–640. This region has been previously 342 

reported to interact with SQSTM1 [33], suggesting that this structural alteration may 343 

impair SQSTM1 binding and thereby inhibit the interaction of RIPK1 with RIPK3 344 

(Fig. S15C). 345 

OGA inhibition alleviates TEN severity in vivo and improves metabolic 346 

parameters 347 

We evaluated the efficacy of an intraperitoneal injection of O-GlcNAcase enzyme 348 

inhibitor in mouse models of TEN to explore the clinical relevance of our findings. In 349 

SM164-induced TEN mouse model, intraperitoneal injection of OGA inhibitor,  350 

TMG and PugNAc successfully reduced disease severity on day 3, whereas OSMI 351 

injection exacerbated the pathology (Fig. 8A–E and Fig. S16A, B). TMG/PugNAc 352 
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treatment decreased cutaneous p-RIPK1, RIPK3 and p-MLKL levels (Fig. 8F–H and 353 

Fig. S16C), reduced serum IL-6/TNF-α levels (Fig. S16D, E), decreased the size of 354 

the spleens (Fig. 8I), decreased keratinocyte death (TUNEL+) and CD3+ immune cell 355 

infiltration, and promoted Ki67+ epidermal recovery (Fig. S16H, I). Importantly, liver 356 

injury and abnormal glucose levels are closely associated with the pathogenesis of 357 

SJS/TEN [2, 34]. The data showed that TMG/PugNAc treatment reduced the serum 358 

levels of liver/kidney injury biomarkers (alanine aminotransferase (ALT), aspartate 359 

aminotransferase (AST), LDH, creatine kinase isoenzyme (CK-MB)) and normalized 360 

glucose levels (Fig. 8J and Fig. S16F, G). In contrast, the administration of RIPK1 361 

Ser331A O-GlcNAc peptide exacerbated disease severity; increased the expression of 362 

necroptosis markers, splenomegaly, and serum injury markers; and further increased 363 

glucose levels (Fig. S17A–M). These data establish that RIPK1 Ser331 364 

O-GlcNAcylation is a key regulator of SJS/TEN pathology and support that 365 

pharmacological enhancement of O-GlcNAcylation via OGA inhibition ameliorates 366 

both skin inflammation and systemic metabolic disturbances. 367 

 368 

DISCUSSION 369 

How cells integrate metabolic status with programmed cell death decisions is a 370 

fundamental question in biology. Here, we provide an answer by uncovering a 371 

nutrient-sensitive post-translational checkpoint that couples glucose availability to 372 

RIPK1-dependent necroptosis. We show that O-GlcNAcylation of RIPK1 at Ser331 373 

acts as a molecular brake on necroptosis, and that loss of this modification—driven by 374 

impaired HBP flux or nucleolar stress—unleashes cell death and tissue inflammation. 375 

This work establishes a direct link between glucose metabolism, protein glycosylation, 376 

and cell death signaling, with broad implications for understanding how metabolism 377 

controls cell fate in health and disease. 378 

Epidermal homeostasis requires a tightly regulated balance between cell survival 379 

and death. In severe drug eruptions such as SJS/TEN, this balance is disrupted by 380 

massive keratinocyte necroptosis [1]. While immune-derived cytokines such as 381 
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TNF-α and IFN-γ are known triggers [2], the intracellular metabolic disturbances that 382 

license RIPK1-dependent necroptosis in keratinocytes have remained unexplored. In 383 

this study, we identify a previously unrecognized metabolic checkpoint in which 384 

glucose flux through the HBP controls O-GlcNAcylation of RIPK1 at Ser331, thereby 385 

preventing aberrant necroptosis and maintaining epidermal integrity. Disruption of 386 

this checkpoint—by impaired HBP activity or nucleolar stress—derepresses RIPK1, 387 

increases necroptosis, and exacerbates inflammatory responses (Fig. 9). Our findings 388 

establish pharmacological restoration of the checkpoint via OGA inhibition not only 389 

rescues skin pathology but also normalises systemic metabolic parameters, 390 

highlighting the therapeutic opportunity of targeting this glycosylation switch. 391 

Abnormalities in O-GlcNAcylation are closely related to the occurrence of 392 

necroptosis [15, 17]. Based on this information, we performed integrated proteomic 393 

and O-GlcNAcylomic analyses and observed a significant reduction in 394 

O-GlcNAcylation levels and OGT expression in SJS/TEN skin lesions and in 395 

LL-37/Ac2-26-treated keratinocytes, suggesting a failure of cytoprotective 396 

glycosylation mechanisms under causative drug-induced stress response. Importantly, 397 

the reductions in O-GlcNAcylation and OGT expression in SJS/TEN skin lesions and 398 

their restoration following corticosteroid therapy indicate that monitoring 399 

O-GlcNAcylation levels may provide insights into disease activity. In addition, the 400 

reduction in O-GlcNAcylation correlated with increased expression of necroptotic 401 

markers. These data support the hypothesis that O-GlcNAcylation serves as a 402 

metabolic checkpoint that restrains the inappropriate activation of necroptosis in 403 

keratinocytes. 404 

A key conceptual advance of this study is the identification that SJS/TEN lesions 405 

exhibit profound metabolic dysfunction, specifically in glucose utilization and HBP 406 

activity. The HBP converts fructose-6-phosphate to UDP-GlcNAc [35]. Importantly, 407 

glucosamine-6-phosphate deficiency is a possible risk factor for the development of 408 

SJS/TEN [36, 37]. We found that UDP-GlcNAc and glucosamine-6-phosphate levels 409 

are markedly reduced in patients’ skin and serum, samples accompanied by decreased 410 

expression of the rate-limiting enzymes GFAT and GNA1 as well as the glucose 411 
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transporters GLUT1/GLUT3. Given that the availability of UDP-GlcNAc directly 412 

regulates OGT activity [11], this metabolic dysregulation contributes to the reduction 413 

in O-GlcNAcylation observed in diseased tissues. Notably, TNF-α, which is abundant 414 

in SJS/TEN lesions, is known to inhibit glucose transport [38, 39], suggesting the 415 

possibility of a feed-forward loop in which inflammation exacerbates metabolic 416 

compromise and further suppresses O-GlcNAc signaling. These findings provide a 417 

novel perspective on SJS/TEN as a disease involving not only immune dysregulation 418 

but also profound metabolic disturbances of the epidermis. 419 

Mechanistically, we identified that nucleolar stress serves as a driver of OGT 420 

downregulation in SJS/TEN. Ribosome biogenesis is highly sensitive to the cellular 421 

energy status and stress signals [40]. We observed fragmentation of the nucleoli, 422 

reduced rRNA transcription, and translocation of nucleolar proteins. These changes 423 

led to the increased binding of RPL5/RPL11 to MDM2, p53 activation, and the 424 

subsequent transcriptional repression of OGT. These results suggest that drug-induced 425 

nucleolar stress may initiate a signaling cascade culminating in OGT downregulation 426 

and the subsequent promotion of RIPK1-dependent necroptosis, linking ribosome 427 

dysfunction—a classical metabolic stress response—directly to the O-GlcNAcylation 428 

machinery. This pathway represents a novel paradigm for determining how drug 429 

exposure may trigger disease. 430 

In support of these results, we identified RIPK1 as a direct OGT substrate, with the 431 

major modification site localized to Ser331 in its intermediate domain. The loss of 432 

S331A significantly reduced the O-GlcNAcylation signal of RIPK1, enhanced 433 

RIPK1–RIPK3 interaction, and promoted keratinocyte necroptosis, indicating that 434 

O-GlcNAcylation at this site acts as a brake on necroptotic signaling. At the molecular 435 

level, O-GlcNAcylation at Ser331 maintained the K63-linked ubiquitination of RIPK1 436 

at Lys377—a modification that stabilizes cytoprotective complexes and restrains 437 

kinase activation [41]. Conversely, the loss of O-GlcNAcylation promoted 438 

recruitment of the deubiquitinase CYLD, reduced K63‑linked ubiquitination, 439 

disrupted the formation of RIPK1/FADD/caspase‑8 complex. These data establish a 440 

direct crosstalk between O‑GlcNAcylation and ubiquitination of RIPK1, positioning 441 
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OGT as a gatekeeper that couples metabolic status to necroptosis machinery. 442 

Molecular dynamics simulations provided additional insights into how Ser331 443 

glycosylation induces conformational changes in the ID, potentially hindering the 444 

access of CYLD to Lys377. This dual regulation—metabolic sensing through 445 

O-GlcNAc and effector function through ubiquitination—represents a paradigm for 446 

how nutrient signals control cell death. 447 

These therapeutic implications are underscored by our in vivo experiments. 448 

Previous studies have demonstrated that increasing O-GlcNAcylation through TMG 449 

protects the cardiovascular system from damage resulting from sepsis[42]. In our 450 

study, pharmacological inhibition of OGA with TMG or PugNAc increased RIPK1 451 

O-GlcNAcylation, reduced cutaneous expression of necroptosis markers, and 452 

attenuated skin pathology in an SM164-induced TEN mouse model. These treatments 453 

also normalized elevated blood glucose and serum liver enzyme levels, indicating that 454 

the metabolic benefits extend beyond the skin. In contrast, OSMI-1, an OGT inhibitor, 455 

exacerbated disease, underscoring the importance of maintaining O-GlcNAc 456 

homeostasis. Importantly, the administration of a RIPK1 Ser331 O-GlcNAc peptide 457 

exacerbated pathology, further supporting the functional relevance of this specific 458 

modification. Notably, TMG and PugNAc are already under investigation in other 459 

disease contexts, and repurposing them for SJS/TEN could accelerate clinical 460 

translation. 461 

Several limitations should be acknowledged. First, while we identified Ser331 as a 462 

major O-GlcNAcylation site on RIPK1, we cannot exclude the possibility that other 463 

residues also contribute to the observed effects. Second, although our mouse model 464 

recapitulates key features of TEN, it does not fully capture the complexity of 465 

drug-specific, immune-driven pathogenesis in humans. Third, the interplay between 466 

HBP metabolism and O-GlcNAcylation in other cell types involved in SJS/TEN 467 

pathogenesis warrants further investigation. Future studies using human skin 468 

equivalents or patient-derived organoids may provide additional insights.  469 

In summary, our work reveals a metabolic checkpoint in which O‑GlcNAcylation 470 

of RIPK1 at Ser331 couples glucose availability and nucleolar function to necroptotic 471 
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cell death. This checkpoint normally restrains inappropriate cell death, preserving 472 

tissue homeostasis. In SJS/TEN, HBP dysfunction and nucleolar stress disable the 473 

checkpoint, unleashing necroptosis and inflammation. OGA inhibition represents a 474 

conceptually novel approach to treating severe drug-induced eruptions and, potentially, 475 

other inflammatory diseases driven by necroptosis. Beyond the therapeutic 476 

implications, this study provides a paradigm for how nutrient signals are translated 477 

into cell fate decisions through post-translational modification crosstalk—a principle 478 

that may extend to many other tissues and disease contexts. 479 
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 633 

FIGURE LEGENDS 634 

Fig. 1 OGT is downregulated in SJS/TEN skin lesions and correlates with 635 

necroptosis pathways. (A) Bar chart quantifying DEPs in skin lesions from SJS/TEN 636 

patients, MPE patients, and healthy control tissues. (B) Volcano plot depicting 637 

changes in protein abundance changes in SJS/TEN lesions. (C) Heatmap of the 638 

hierarchical clustering of DEPs. (D) KEGG pathway enrichment analysis. TM: 639 

SJS/TEN VS MPE; TN: SJS/TEN VS Normal. (E) GSEA results linking low OGT 640 

expression with necroptosis-related pathways. (F) The protein‒protein network was 641 

analyzed with the STRING database. (G) Volcano plot showing significant 642 

differences in mRNA glycosylation and (H) KEGG pathway enrichment analysis of 643 

differentially expressed genes. (I) Time-dependent decrease of total O-GlcNAcylation 644 

and OGT. 645 

Fig. 2 Impaired O-GlcNAcylation signaling in patients and mouse models with 646 

SJS/TEN. (A) Western blots showing the levels of total O-GlcNAcylation, OGT, and 647 

OGA in skin lesions from TEN patients. (B) Total O-GlcNAcylation and OGT 648 
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immunostaining. Bar = 100 µm. (C) Western blots showing necroptosis-related 649 

protein expression in TEN lesions. (D) O-GlcNAcylation and OGT levels in TEN 650 

lesions before and after treatment with systemic corticosteroids or (E) in skin lesions 651 

and non-lesional skin from TEN patients. (F) Western blots and (G) immunostaining 652 

showing the total O-GlcNAcylation and OGT levels in an SM164-induced TEN-like 653 

mouse model. Bar = 100 µm. ns, not significant. *P < 0.05, **P < 0.01, and ***P < 654 

0.001. 655 

Fig. 3 Nucleolar stress is evident in SJS/TEN skin lesions and cell models. (A) 656 

Volcano plot depicting changes in protein abundance in SJS/TEN lesions compared 657 

with MPE lesions and healthy control tissues. (B) KEGG pathway enrichment 658 

analysis. (C–E) SJS/TEN lesions and keratinocytes were treated with LL-37/Ac2-26 659 

and observed using TEM. Bar = 200 nm. (F–G) Keratinocytes were subjected to 660 

immunostaining followed by SIM. Bar = 50 µm. (H) Immunoprecipitated with an 661 

anti-MDM2 antibody and detected with anti-RPL5 and anti-RPL11 antibodies. (I) 662 

Representative images of the EU assay and fluorescence intensity values. Bar = 50 663 

µm. (J) The expression of pre-rRNAs and 18S, 5.8S, and 28S rRNAs was determined 664 

using RT‒PCR (n = 5). (K) Western blots showing the expression level of p53. ns, not 665 

significant. **P < 0.01, and ***P < 0.001. 666 

Fig. 4 Overview of the proteins and peptides modified by O-GlcNAcylation. (A) 667 

Flowchart for the enrichment and identification of O-GlcNAcylated peptides by a 668 

proteomic analysis. (B) Summary of the O-GlcNAcylated peptides and proteins 669 

identified across all samples; conserved O-GlcNAcylation motifs are shown. (C) 670 

Numerical distribution of modified sites. Volcano plot (D) and Heatmap (E) showing 671 

differentially expressed O-GlcNAcylated proteins. GO (F) and KEGG pathway (G) 672 

enrichment analyses of differentially expressed O-GlcNAcylated proteins. Circos 673 

plots of regulated-WikiPathway (H) and Reactome pathway annotations (I). n=3 674 

technical replicates per group. 675 

Fig. 5 RIPK1 O-GlcNAcylation at Ser331 inhibits the RIPK1–RIPK3 interaction. 676 

(A) AlphaFold-predicted structure of RIPK1 with Ser331 (black sphere) localized to 677 

the intermediate domain (ID). (B) MS/MS spectrum confirming the O-GlcNAcylation 678 
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of RIPK1 at Ser331. (C) Construction of the RIPK1WT and RIPK1S331A mutant 679 

plasmids and validation by Sanger sequencing. (D–F) Co-IP assays using (D) 680 

anti-O-GlcNAc and (E, F) anti-Flag antibodies to detect the O-GlcNAcylation of WT 681 

RIPK1 versus S331A mutant in HaCaT cells. (G) A co-IP assay was performed to 682 

validate the potential O-GlcNAcylation sites of RIPK1 after OSMI-1 and TMG 683 

treatment. (H) Western blot validation of a custom Ser331 O-GlcNAc-specific 684 

antibody in HaCaT and OGT-KO cells. (I) Co-IP confirming OGT-mediated 685 

O-GlcNAcylation of RIPK1 at Ser331. (J–K) Co-IP results showing that OGT 686 

overexpression reduces RIPK1–RIPK3 complex formation and RIPK1 687 

phosphorylation. (L–M) The interactions between RIPK1WT or RIPK1S331A and 688 

RIPK3 determined by Co-IP. Data represent three independent experiments. 689 

Fig. 6 RIPK1 O-GlcNAcylation at Ser331 regulates the formation of the 690 

FADD/Caspase-8 complex and K63-linked ubiquitination. Co-IP assays showing 691 

that (A) OSMI-1 treatment and (B) OGT-KO or (C) RIPK1S331A expression reduce 692 

RIPK1/FADD/Caspase-8 complex formation. Co-IP confirming RIPK1 ubiquitination 693 

in (D) OSMI-1-treated and (E) OGT-KO cells or (F) a dose-dependent increase in 694 

OGT-overexpressing cells. (G) Co-IP demonstrating the reduced ubiquitination of 695 

RIPK1 S331A versus WT. (H–I) Co-IP using K63- and K48-specific ubiquitin 696 

antibodies showing that (H) OSMI-1/OGT-KO and (I) RIPK1 S331A specifically 697 

reduce RIPK1 K63-linked ubiquitination. (J) Co-IP results showing the reduced 698 

ubiquitination of RIPK1 K377R versus WT. (K) Schematic representation of the 699 

predicted K63 ubiquitination sites in the RIPK1 ID. (L) Exogenous ubiquitination 700 

assays of lysine residue mutants of RIPK1 in HaCaT cells. Data are representative of 701 

three independent experiments. 702 

Fig. 7 RIPK1 O-GlcNAcylation at Ser331 suppresses the ID-mediated RIPK1–703 

RIPK3 interaction and kinase activation. (A) Schematic of the RIPK1 domain 704 

architecture: kinase domain (KD), intermediate domain (ID), RIP homotypic 705 

interaction motif (RHIM), and death domain (DD). (B) RIPK1 serine 331 is highly 706 

conserved in mammals. (C) Western blots showing the levels of p-RIPK1 and 707 

p-MLKL in cells expressing RIPK1 WT or RIPK1 S331A. (D–F) Co-IP assays 708 
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showing that WT OGT, but not K908A/H508A, inhibits RIPK1–RIPK3 binding and 709 

RIPK1 phosphorylation (D–E); this effect is abrogated in RIPK1 S331A-expressing 710 

cells (F). (G) Schematic representation of RIPK1 deletion mutants (ΔDI, ΔKI, and 711 

ΔD). (H–J) Immunoprecipitation with anti-FLAG (H and J) and anti-GFP (I) 712 

antibodies followed by immunoblotting for O-GlcNAc, p-RIPK1 or RIPK3. Data are 713 

representative of three independent experiments. 714 

Fig. 8 O-GlcNAcase inhibition alleviates TEN severity in vivo and improves 715 

metabolic parameters. (A–J) C57BL/6J mice were treated with OSMI-1 (1 mg/kg), 716 

TMG (20 mg/kg), or PugNAc (10 mg/kg) before SM164-induced TEN; n = 7 mice 717 

per group. (A) Clinical assessment. (B) Histology. (C) Changes in body weight. (D) 718 

Lesion size. (E) Clinical score. (F–G) The expression of necroptosis-related proteins 719 

were analyzed using ELISA and (H) western blotting. (I) Spleen weight relative to 720 

body weight. (J) Serum levels of LDH, ALT, AST, and CK-MB. *P < 0.05, **P < 721 

0.01, and ***P < 0.001. 722 

Fig. 9 Proposed model of RIPK1 O-GlcNAcylation at Ser331 in SJS/TEN 723 

pathogenesis. Schematic summarizing how nucleolar stress and impaired glucose 724 

metabolism triggers the OGT-mediated O-GlcNAcylation of RIPK1 at Ser331 and 725 

regulates keratinocyte necroptosis in individuals with SJS/TEN (Sensitizing drugs 726 

trigger immune cell activation and a massive inflammatory cytokine storm with 727 

abundant TNF-α release. This cascade impairs epidermal glucose uptake, HBP activity, 728 

and nucleolar stress consequently reducing OGT abundance. Downregulated OGT 729 

further diminishes O-GlcNAcylation of RIPK1 at Ser331 residue, removing the 730 

protective molecular "brake" imposed by this glycosylation modification on RIPK1. 731 

Loss of Ser331 O-GlcNAcylation attenuates K63-linked ubiquitination of RIPK1 and 732 

disrupts assembly of the cytoprotective RIPK1/FADD/Caspase-8 complex, while 733 

simultaneously boosting formation of the CYLD/RIPK1/cIAP2 complex. These 734 

molecular alterations facilitate necrosome assembly, activate necroptotic signaling in 735 

keratinocytes, and ultimately drive the progression of SJS/TEN lesions). 736 
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