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SUMMARY 27 

Vitamin C (vitC) is a vital nutrient for health and also used as a therapeutic agent in diseases such 28 

as cancer. However, the mechanisms underlying vitC’s effects remain elusive. Here we report that 29 

vitC directly modifies lysine without enzymes to form vitcyl-lysine, termed “vitcylation”, in a 30 

dose-, pH-, and sequence-dependent manner across diverse proteins in cells. We further discover 31 

that vitC vitcylates K298 site of STAT1, which impairs its interaction with the phosphatase PTPN2, 32 

preventing STAT1 Y701 dephosphorylation and leading to increased STAT1-mediated IFN 33 

pathway activation in tumor cells. As a result, these cells have increased MHC/HLA class-I 34 

expression and activate immune cells in co-cultures. Tumors collected from vitC-treated tumor-35 

bearing mice have enhanced vitcylation, STAT1 phosphorylation and antigen presentation. The 36 

identification of vitcylation as a novel PTM and the characterization of its effect in tumor cells 37 

opens a new avenue for understanding vitC in cellular processes, disease mechanisms, and 38 

therapeutics. 39 

  40 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


INTRODUCTION 41 

Humans, unlike most animals, have lost the ability to synthesize vitamin C (vitC) due to a mutation 42 

in the gene encoding the enzyme responsible for its production 1. As a result, humans rely on 43 

dietary intake to meet their vitC requirements. Low doses of vitC are essential for maintaining 44 

overall health and preventing diseases associated with vitC deficiency, such as scurvy 2. However, 45 

the use of high-dose vitC for treating diseases like cancer has been a topic of controversy over the 46 

last half-century 3.  47 

Recent understanding of vitC pharmacokinetics through exploration of implications for both oral 48 

and intravenous administration has renewed interest and prompted further investigation into the 49 

clinical potential of vitC in cancer patients 4-8. Despite the growing interest in high-dose vitC 50 

utilization, the mechanisms behind its potential anti-cancer effects are not fully understood. One 51 

proposed mechanism is that vitC generates reactive oxygen species (ROS), which can selectively 52 

kill cancer cells. For example, several studies have shown that pharmacologic vitC can act as a 53 

prodrug for H2O2 formation, leading to the direct killing of cancer cells 4-6,9-13. VitC has also been 54 

shown to selectively kill KRAS and BRAF mutant cancer cells via ROS accumulation in cells 14-55 

16. Other reports have shown that vitC may exert its anti-tumor activity through DNA 56 

demethylation mediated by TET enzymes, where vitC functions as a cofactor 17-21.  57 

VitC, also known as ascorbic acid (176 Da), exists in two main redox states: ascorbate anion 58 

(reduced form, 175 Da) and dehydroascorbic acid (DHA, oxidized form, 174 Da) 22,23. Under 59 

physiological conditions, the predominant form of vitC is ascorbate anion (> 99%), which is more 60 

stable and biologically active than its oxidized counterpart, DHA (< 1%) 22-24. Previous studies 61 

have shown that, under low pH conditions (~pH 2.0), DHA can undergo further oxidation to 62 

produce diketogulonate (DKG) 25. This oxidative process of DHA to DKG can lead to the 63 

formation of various chemical species that can modify specific amino acid residues, particularly 64 

cysteine or lysine residues, on proteins. These modifications, referred to as ascorbylations, occur 65 

primarily in plants, food products, and certain human tissues, such as the lens of the eyes 26-29. 66 
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Protein post-translational modifications (PTMs) are increasingly appreciated for their crucial roles 67 

in physiological regulation due to their wide prevalence 30-33. Side-chain modifications involving 68 

the chemical alteration of specific amino acid residues, such as lysine, arginine, cysteine, serine, 69 

threonine, and tyrosine residues, within a protein are common forms of PTM 32. Some of the well-70 

known side-chain modifications include acetylation, methylation, phosphorylation, and 71 

glycosylation, among others 34-36. Recent advancements in mass spectrometric technologies have 72 

led to the discovery of several novel side-chain modifications, such as cysteine carboxyethylation 73 

37, glutamine dopaminylation 38, lysine lactylation 39, cysteine itaconate alkylation 40, and lysine 74 

aminoacylations 41. These modifications can modulate protein-protein interactions, enzymatic 75 

activity, protein stability, subcellular localization, and signaling pathways. By altering the chemical 76 

and physical properties of amino acids, side-chain modifications can have profound effects on 77 

protein structure and function. 78 

In this study, we describe for the first time that ascorbate anion, the predominant form of vitC, can 79 

perform enzyme-free modifications on lysine residues in peptides and proteins under physiological 80 

conditions in a pH- and dose-dependent manner. We designate this novel PTM as “vitcylation” to 81 

distinguish it from the previously described ascorbylation induced by DHA. We provide evidence 82 

with cell-free biochemical and cellular biological assays to show that ascorbate anion is capable 83 

of directly modifying the ε-amine group of lysine in peptides and proteins. We further identify a 84 

broad range of vitcylated proteins by vitC, which cast lysine vitcylation as a form of side-chain 85 

modification that provides an enormous potential capacity for the cell to respond to fluctuation in 86 

vitC level. We demonstrate that vitC vitcylates the signal transducer and activator of transcription-87 

1 (STAT1) at lysine-298 (K298) in cancer cells and that this modification results in increased 88 

STAT1 tyrosine 701 (Y701) phosphorylation and nuclear translocation. In seeking a mechanism 89 

underlying the relationship of STAT1 vitcylation and phosphorylation, we find that STAT1 K298 90 

vitcylation impairs the interaction of STAT1 with protein tyrosine phosphatase non-receptor type 91 

2 (PTPN2, also known as TC45), a STAT1 protein tyrosine phosphatase 42,43, leading to increased 92 

STAT1 phosphorylation and upregulation of STAT1-mediated gene expression and activation of 93 
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interferon (IFN) response pathway, thereby elucidating a pathway from STAT1 vitcylation by vitC 94 

to the immune responses both in vitro and in vivo. Our findings overall provide a molecular 95 

understanding of the role of vitC in protein modification and immune regulation with important 96 

implications for health and disease. 97 

 98 

RESULTS 99 

VitC directly modifies lysine to form vitcyl-lysine in cell-free systems in a pH- and dose-100 

dependent manner 101 

Previous studies have demonstrated that anhydride intermediates can react with lysine in proteins 102 

to form acyl-lysine protein modifications 44. For example, succinic anhydride reacts with lysine 103 

residues to form succinyl-lysine in proteins (succinylation) 44,45 (Figure S1A). In addition, 104 

homocysteine (Hcy) can be converted to a reactive thioester intermediate, Hcy thiolactone (HTL), 105 

which in turn reacts with lysine residues to form homocysteinyl-lysine in proteins (N-106 

homocysteinylation) 46 (Figure S1B). Anhydride intermediates and HTL possess a shared lactone 107 

structure that exhibits reactivity with lysine residues. We observed that vitC also contains a reactive 108 

lactone structure resembling those found in anhydride intermediates and HTL (Figure 1A). Based 109 

on this observation, we hypothesized that vitC may potentially modify the ε-amine group of lysine 110 

residues in peptides and proteins through its reactive lactone structure, resulting in the modified 111 

lysine, designated vitcyl-lysine (Figure 1A). To test this hypothesis, was generated three lysine-112 

containing peptides as utilized in our previous study 41, and incubated them with vitC in a 113 

physiological pH condition (pH7.4). The Matrix-assisted laser desorption/ionization time-of-114 

flight/time-of-flight mass spectrometry (MALDI-TOF/TOF MS) analysis unveiled a peptide mass 115 

shift of 175 Da (Figure 1B), indicating that it is the predominant form of vitC, ascorbate anion 116 

(175 Da), modified the ε-amine group of a lysine residue, forming vitcyl-lysine (Figures 1A and 117 

S1C). 118 

Previous studies have shown that under low pH conditions (~pH 2.0), the oxidized form of vitC, 119 
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DHA (174 Da), can undergo further oxidation to produce DKG, which in turn modifies cysteine 120 

or lysine residues of proteins in plants, food products, and the human lens with a mass shift ranging 121 

from 58 Da to 148 Da, and these modifications were termed “ascorbylations” (Figure S1D) 26-29. 122 

To determine whether DHA can form the modification under a physiological condition, we 123 

incubated the same three lysine-containing peptides with ascorbate anion or DHA at the same 124 

concentration (2 mM) and pH 7.4 in our cell-free system. Results showed that the incubation of 125 

the lysine-containing peptides with ascorbate anion, but not with DHA, formed vitcyl-lysine 126 

(Figure S1E). Thus we designate this ascorbate anion-induced lysing modification as “vitcylation” 127 

to distinguish it from the previously described ascorbylation induced by DHA. 128 

To validate this ascorbate anion (vitC)-derived lysine modification, we incubated lysine-containing 129 

peptides with isotopic 1-13C-vitC (Figure S1F). Subsequent MALDI-TOF/TOF MS analyses 130 

showed that lysine 1-13C-vitcylation has a 176 Da mass shift (Figure 1B). Further MS/MS analysis 131 

of peptides with or without vitcylation or 1-13C-vitcylation confirmed that the lysine-containing 132 

vitcylated fragments have a 175 Da mass shift, and lysine-containing 1-13C-vitcylated fragments 133 

have a 176 Da mass shift (compared to the corresponding non-vitcylated fragments) (Figures 1C, 134 

S1G, and S1H).  135 

To further confirm this new lysine-specific modification induced by vitC, we substituted the lysine 136 

residue in these peptides with arginine or alanine. Substituting lysine with arginine or alanine 137 

abolished the vitcylation induced by vitC (Figures 1D and 1E). Furthermore, we determined that 138 

this lysine modification by vitC displayed a sequence-specific preference, as the same modification 139 

was not observed in other lysine-containing peptides that we tested (Figure S1I). Together, these 140 

results demonstrate that vitC can directly modify peptides via vitcylation of lysine residues in our 141 

cell-free system, and this lysine vitcylation is at least partially sequence-specific. 142 

We next sought to measure lysine vitcylation with a range of vitC concentrations from 0.1 mM to 143 

10 mM in our cell-free system (plasma vitC concentrations greater than 10 mM are easily achieved 144 

in humans without significant toxicity) 47,48, as well as with a pH scale from pH 4.0 to pH 11.5 to 145 
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encompass the physiological pH across different subcellular compartments from 6.5 to 8.2 49-51. 146 

The vitC dose titration (0.1-10 mM) showed that increasing concentrations of vitC resulted in 147 

increasing levels of vitcylation with an EC50 value of approximately 2 mM (Figure 1F). We then 148 

performed a pH titration of vitcylation on lysine-containing peptides with vitC at 2 mM. Notably, 149 

we observed a steep elevation of vitcylation levels from pH 7.0 to pH 9.5-10.0 followed by a quick 150 

decline at higher pH (Figure 1G). Together, our data indicate that lysine vitcylation is a hitherto 151 

unknown modification by vitC in the ascorbate anion form in our cell-free and enzyme-free 152 

systems in a dose-, pH-, and sequence-dependent manner.  153 

VitC modifies lysine in cellular proteins to form lysine-vitcylated proteins 154 

We subsequently conducted vitcylation with the whole cell protein mix isolated and purified from 155 

E0771 cell lysates by acetone precipitation 52. Reaction mixtures of vitC (1 mM) with purified 156 

proteins were established in two different pH conditions, pH 7.2 and pH 8.0, respectively. High-157 

performance liquid chromatography (HPLC)–MS/MS analysis revealed that vitC generated more 158 

abundant lysine vitcylation in proteins at pH 8.0 than at pH 7.2 (Figure S2A; Tables S1- S3). 159 

We further show that vitC treatment leads to a substantial rise in the cellular concentration of vitC 160 

within both cultured human cancer cells (Cal-51) and murine cancer cells (E0771 and PP) in a 161 

dose-dependent manner (Figures 2A). PP is a recently developed syngeneic mouse breast tumor 162 

model driven by the concurrent loss of PTEN and p53 in the Zhao lab 53. To investigate whether 163 

vitC can modify cellular proteins within intact cells, we treated human Cal-51 and mouse E0771 164 

cells with 2 mM vitC and prepared cell lysates for analysis of vitcylation of cellular proteins. Mass 165 

spectrometry analysis identified 573 and 1450 proteins with vitcylations in Cal-51 and E0771 cells, 166 

respectively, with 94 shared between both cell lines (Figures 2B and 2C; Tables S4-S6). Further 167 

bioinformatic analysis revealed that the vitcylated proteins are widely distributed across different 168 

subcellular locations with potential biological roles in multiple cellular processes and signaling 169 

pathways (Figures 2D-2G and S2B-S2E). Consistent with the sequence-specific feature of vitC-170 

mediated vitcylation in lysine-containing synthetic peptides (Figure S1I), we found enriched 171 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


lysine vitcylation motifs in proteins, although we did not identify a strong consensus sequence for 172 

vitcylation (Figure S2F).  173 

We next determined whether the lysine-vitcylation induced by vitC in cellular proteins is the same 174 

modification observed in synthetic peptides in our cell-free system described above (Figure 1). To 175 

achieve this, we employed HPLC–MS/MS to separate and analyze the vitcylated peptides from 176 

E0771 cells treated with vitC and compared them with lysine-containing synthetic peptides treated 177 

with vitC in the cell-free system. Indeed, each pair of peptides co-eluted from HPLC had 178 

comparable MS/MS spectra (Figures 2H, S2G, and S2H). Treatment of the cells with isotopic 1-179 

13C-vitC followed by MS/MS analysis further validates that vitC induces lysine vitcylation in 180 

proteins within cells (Figures 2I, S2I, and S2J). Overall, these results demonstrate that vitC 181 

treatment leads to lysine vitcylation in cellular proteins. 182 

To further validate lysine vitcylation in cells, we developed polyclonal antibody against vitcyl-183 

lysine and confirmed its specificity by dot-blot assay (Figure S2K). Western blot (WB) analysis 184 

using this anti-vitcylation antibody detected specific bands in cell lysates prepared from vitC-185 

treated cancer cells (Figure 2J). Notably, these bands could be outcompeted by vitcylated peptides 186 

in a WB experiment (Figure 2K), suggesting that this antibody indeed recognizes lysine 187 

vitcylation and supports the occurrence of vitcylation in cells. Further WB analysis with the anti-188 

vitcylation antibody demonstrated that lysine vitcylation levels in cells respond to vitC in a dose-, 189 

time-, and pH-dependent manner (Figures 2L-2N). Taken together, these results demonstrate that 190 

vitC in the form of ascorbate anion can modify lysine in proteins in human and murine cells with 191 

vitcylatiion. 192 

STAT1 K298 vitcylation enhances STAT1 phosphorylation and activation 193 

We proceeded to explore a potential functional role of lysine vitcylation in cells. Expression 194 

analysis across a panel of 4,604 cancer- and immune-related genes from E0771 cells treated with 195 

vitC revealed that the expression of genes within gene ontology (GO) terms relating to immune 196 

activities and inflammatory responses were upregulated by vitC (Figure 3A). We further 197 
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conducted gene set enrichment analysis (GSEA) and found that the top-ranked genes and their 198 

associated cellular processes in vitC-treated cells were related to the ‘IFNγ response’, ‘IFNα 199 

response’ and ‘inflammatory response’ (Figures 3B, S3A, and S3B).  200 

Since STAT1 activation initiates most IFN response transcription programs 54, and our initial 201 

analysis of vitC-induced vitcylated proteins revealed that STAT1 lysine-298 (K298) in cells was 202 

vitcylated upon vitC treatment (Table S4; Figure S3C), we decided to further investigate STAT1 203 

modification in response to vitC treatment. STAT1 K298 is a crucial regulatory site for STAT1 204 

activity and is an evolutionarily conserved site in vertebrate animals (Figure S3D) 55-57. We 205 

performed more detailed analyses specifically on the vitcylation of STAT1 K298 in human Cal-51 206 

and murine E0771 cell lines. HPLC-MS/MS analysis was used to compare the vitcylated peptides 207 

derived from STAT1 K298 in vitC-treated cells with those derived from vitC-treated synthetic 208 

peptides containing STAT1 K298. Notably, each pair of peptides co-eluted in HPLC and had 209 

comparable MS/MS spectra (Figures 3C and S3E). Treatment of the cells with isotopic 1-13C-210 

vitC followed by MS/MS analysis further confirmed that vitC modified STAT1 K298 to form 211 

vitcyl-K298 in both human and mouse cells (Figures 3D and S3F).  212 

We next investigated whether STAT1 vitcylation contributed to the increased cellular immunity 213 

and inflammatory response seen upon vitC treatment. Since phosphorylation of STAT1 at tyrosine 214 

701 (pSTAT1) is crucial for its nuclear translocation and subsequent IFN responses in cells 58,59, 215 

we hypothesized that vitcylation of STAT1 may impact its phosphorylation. To test this, we 216 

examined the correlation between STAT1 vitcylation and phosphorylation in cancer cells treated 217 

with vitC. STAT1 vitcylation was assessed by pull-down of GFP-tagged STAT1 (STAT1-GFP) 218 

expressed in cells with GFP-antibody followed by WB analysis with anti-vitcylation antibody. We 219 

observed that vitC treatment dose-dependently increased both vitcylation and phosphorylation 220 

levels of STAT1 in Cal-51, E0771, and PP cells (Figures 3E and 3F). Moreover, the levels of both 221 

vitcylation and phosphorylation in STAT1 were found to increase in response to vitC treatment, 222 

exhibiting a pH-dependent pattern ranging from pH 7.0 to 8.0 (Figures 3G and 3H). This 223 

observation is consistent with our previous finding that vitC induces pH-dependent vitcylation in 224 
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our cell-free system (Figure 1G). Additionally, we confirmed enhanced STAT1 nuclear 225 

translocation in cells upon vitC treatment (Figure S3G). These results suggest that vitC-induced 226 

lysine vitcylation of STAT1 is closely associated with its phosphorylation and subsequent nuclear 227 

translocation, providing a potential mechanism for the observed enhanced cellular immunity and 228 

inflammatory response. 229 

To further study the role of STAT1 vitcylation in the regulation of STAT1 phosphorylation and 230 

activation, we generated STAT1-null PP tumor cells via CRISPR/Cas9-mediated gene editing 231 

(Figure S3H), and reintroduced either wild-type STAT1 (STAT1-WT) or a vitcylation defective 232 

K298R mutant STAT1 (STAT1-K298R) (Figure S3I). Notably, adding back STAT1-WT, but not 233 

STAT1-K298R, into STAT1-null PP cells restored STAT1 vitcylation, as well as enhanced STAT1 234 

phosphorylation and STAT1 nuclear accumulation upon vitC treatment (Figures 3I-3K). These 235 

results further validate that STAT1 vitcylation modulates phosphorylation and activation of STAT1 236 

in tumor cells.  237 

STAT1 K298 vitcylation prevent STAT1 from dephosphorylation by its phosphatase PTPN2 238 

We next sought to further understand the molecular mechanism underlying the relationship 239 

between STAT1 phosphorylation and vitcylation. A set of STAT1 gain-of-function (GOF) 240 

mutations has been identified as the genetic etiology of chronic mucocutaneous candidiasis (CMC), 241 

an autoimmune disorder 60. This GOF mechanism involves impaired STAT1 dephosphorylation 242 

that results in STAT1 hyperphosphorylation at Y701 in response to type I and II IFNs stimulation 243 

60,61. Interestingly, one of these GOF mutations is K298N, and cells with STAT1-K298N exhibit 244 

higher pSTAT1 levels both in basal conditions and after IFNγ stimulation 55. Furthermore, many 245 

STAT1 GOF mutations are located close to K298 in the STAT1 secondary/tertiary structure 246 

(Figure 4A). Therefore, we hypothesized that STAT1-K298 vitcylation may prevent STAT1 from 247 

dephosphorylation by its phosphatase. To test this idea, we performed co-immunoprecipitation of 248 

STAT1 with its phosphatase PTPN2, a STAT1 protein tyrosine phosphatase 42,43, in the presence 249 

or absence of vitC treatment. Indeed, although STAT1 was able to co-immunoprecipitate PTPN2, 250 
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vitC treatment abolished this association (Figure 4B). In addition, although vitC treatment has 251 

little effect on the association of STAT1 with its protein kinase JAK1 (Figure S4A) 54, STAT1 252 

phosphorylation in vitC-treated cells was sustained following the treatment with tyrosine kinase 253 

inhibitor staurosporine upon IFNγ stimulation (Figures 4C and S4B). Collectively, these results 254 

demonstrate that STAT1 vitcylation enhances STAT1 phosphorylation by impairing STAT1 255 

dephosphorylation by its phosphatase. 256 

Previous studies have shown that IFNγ stimulation results in the formation of parallel pSTAT1 257 

homodimers and their recruitment to gamma interferon activation sites (GAS DNA elements), both 258 

key events in the IFN signaling pathway 62-64. Interestingly, recent studies have shown that a rapid 259 

conformational rearrangement of pSTAT1 dimers from a parallel to an antiparallel dimer 260 

conformation seems to be required for binding to PTPN2 65-67. To assess whether STAT1-K298 261 

modifications, such as the K298-vitcylation and K298N mutation, impede the transition to the 262 

antiparallel dimer conformation, we employed the Rosetta atom energy function system for 263 

biomolecular modeling to identify and analyze the structural conformation changes with pSTAT1-264 

K298 modifications. Stability changes in Rosetta energy unit (REU) showed that both K298 265 

vitcylation and K298N had significant destabilizing effects on the antiparallel dimer form of 266 

STAT1 (with REU 6.9 and 9.5 respectively) (Figure 4D). The total stability changes were further 267 

decomposed into different energy terms in the Rosetta scoring function (Figure S4C). Both vitcyl-268 

K298 and K298N mutation have lost the salt bonds that of K298 forms with E281 and E284 in 269 

their antiparallel dimer conformation (Figures 4E and S4D). Together, these data suggest that both 270 

STAT1-vitcyl-K298 and STAT1-K298N have impaired rearrangement of pSTAT1 parallel dimers 271 

(required for DNA binding) to an antiparallel dimer conformation (required for dephosphorylation 272 

by PTPN2), resulting in increased STAT1 phosphorylation and activation. Interestingly, while 273 

STAT1-K298N is a GOF genetic mutation and STAT1-K298-vitcylation is a chemical modification 274 

by vitC, they share a common underlying molecular mechanism for their enhancement of the 275 

immune response. 276 

STAT1 K298 vitcylation enhances MHC/HLA class I expression and immunogenicity in 277 
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tumor cells 278 

Since STAT1 phosphorylation and activation lead to IFN-mediated antigen processing and 279 

presentation in cells 68, we performed real-time quantitative polymerase chain reaction (RT-PCR) 280 

expression analysis of genes associated with antigen processing and presentation, and flow 281 

cytometry analyses of major histocompatibility complex (MHC/HLA) class I expression. We 282 

found that vitC treatment significantly upregulated the expression of multiple antigen processing 283 

and presentation genes, such as Tap1, Lmp2, H2k1, B2m and Irf1 in PP cells and HLA-B, TAP1, 284 

TAP2, LMP2 and B2M in Cal51 cells (Figure S5A). Moreover, we observed a dose- and pH-285 

dependent increase in surface protein levels of MHC class I in PP cells and HLA class I in Cal-51 286 

cells following vitC treatment (Figures 5A and 5B). We further show that vitC-induced 287 

MHC/HLA class I expression was abolished by the loss of STAT1, and overexpression of STAT1-288 

WT, but not the STAT1-K298R mutant, rescued vitC-induced MHC/HLA class I expression in 289 

STAT1-null PP cells (Figures 5C and S5B). These results suggest that STAT1 vitcylation induced 290 

by vitC contributes to the activation of STAT1 and the upregulation of MHC/HLA class I 291 

components in these cells. 292 

Previous reports have shown that many of the physiological functions of vitC involve its ability to 293 

increase the levels of ROS and act as a cofactor for ten-eleven translocation (TETs) enzymes and 294 

hypoxia-inducible factor 1-alpha (HIF1α) prolyl hydroxylases (PHDs) in cells 4,11,33,69-73. To assess 295 

whether the increased MHC/HLA class I expression is associated with changes of ROS levels in 296 

the presence of vitC, we measured ROS levels along with MHC/HLA class I expression in cells in 297 

the presence of increasing concentrations of vitC. Notably, while vitC at a higher dose (2 mM) led 298 

to a significantly increased ROS level compared to the control (without vitC), lower doses of vitC 299 

(ranging from 0.1 to 1 mM) resulted in reduced ROS levels in these cells (Figure S5C), which is 300 

consistent with prior reports that vitC possesses both antioxidative and pro-oxidative properties, 301 

and at lower doses, it inhibits the formation of ROS in cells 74-76. Unlike the opposing effects of 302 

vitC on ROS at higher vs. lower concentrations, vitC induced MHC/HLA class I expression in a 303 

dose-dependent linear fashion from low to high concentrations (Figure S5D), suggesting that the 304 
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induction of MHC/HLA class I expression is not mediated by an increase in ROS levels. To 305 

determine whether vitC induces MHC/HLA class I expression by acting as a co-factor for TET or 306 

PHD enzymes, we used Bobcat 339, a TET inhibitor 77, and IOX2, a PHD inhibitor 78, to inhibit 307 

their activities in cells. The TET inhibitor and PHD inhibitor were effective in reducing TET 308 

activity and increasing HIF1α levels in cells, respectively (Figures S5E and S5F). However, these 309 

inhibitors did not affect the vitC-induced increase in pSTAT1 and MHC/HLA class I expression 310 

(Figure S5G), suggesting that the increased levels of pSTAT1 and MHC/HLA class I expression 311 

induced by vitC are unlikely caused by the activation of TET and PHD enzymes in cells. 312 

We next conducted co-culture experiments to explore the impact of vitC treatment on tumor cell 313 

interactions with immune cells. To assess whether vitC-pretreated PP tumor cells could activate 314 

antigen-presenting cells (APCs), we cocultured vitC-pretreated PP tumor cells with dendritic cells 315 

(DCs) derived from the bone marrow of naïve syngeneic FVB mice (Figure 5D). Notably, vitC-316 

pretreated PP cells activated DCs, as evidenced by increased levels of MHC class II (MHC II), and 317 

co-stimulatory molecules CD86 and CD80 79,80 (Figures 5E and S5H). To further investigate the 318 

functional consequences of increased MHC/HLA class I expression on tumor cells induced by vitC, 319 

we employed ovalbumin (OVA)-expressing mouse tumor cell lines, B16-OVA and EL4-OVA 68. 320 

We confirmed that vitC increased pSTAT1 and MHC-I expression in both B16-OVA and EL4-OVA 321 

cells (Figures 5F and S5I). Co-culture of vitC-pretreated B16-OVA or EL4-OVA cells with MHC-322 

I-restricted OVA-specific CD8+ T cells harvested from OT-I mice significantly increased CD8+ T 323 

cell proliferation (indicated by the negative CFSE population in CD8+ T cells) and production of 324 

anti-tumor cytokines, including IFNγ and tumor-necrosis factor-α (TNFα) 68 (Figures 5G, 5H, S5J, 325 

and S5K), indicating that vitC-pretreated tumor cells are able to stimulate T cell activation in vitro. 326 

Taken together, these results demonstrate that vitC treatment enhances the immunogenicity of 327 

tumor cells and their ability to activate immune cells. 328 

VitC induces vitcylation in tumor cells and enhances the STAT1-mediated immune responses 329 

in vivo 330 
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Finally, we examined how the tumor and tumor immune microenvironment respond to vitC 331 

treatment in vivo. We transplanted PP tumor cells into the mammary fat pads of syngeneic FVB 332 

mice and treated PP tumor-bearing mice with vitC (intraperitoneal injection, 4g/kg/day, 7 days), 333 

and tumors were harvested for analysis (Figure 6A). Consistent with our in vitro findings, we 334 

detected increased vitcylation and induced type I and II IFN responses in tumors upon vitC 335 

treatment (Figures 6B and 6C). Flow cytometry analysis showed that vitC treatment significantly 336 

increased pSTAT1 and MHC class I expression in tumor cells (Figures 6D and 6E). Additionally, 337 

we observed in the tumor microenvironment a significant increase in multiple immune cell 338 

populations, including DCs, CD4+, and CD8+ T cells, as well as enhanced activation of DCs and 339 

T cells (Figures 6F-7H). Similar results were obtained in E0771 tumor-bearing mice treated with 340 

vitC (Figures S6A-S6F). While we cannot exclude the direct effect of vitC on immune cells in 341 

vivo, our results suggest that vitcylation of tumor cells contributed, at least in part, to the activation 342 

of the immune milieu in vivo. Collectively, our in vitro and in vivo results suggest that STAT1 343 

vitcylation induced by vitC enhances STAT1 phosphorylation and subsequently increases antigen 344 

processing and presentation in tumor cells, which in turn can activate multiple populations of 345 

immune cells, including DCs and T cells, in the tumor microenvironment (Figure 7). 346 

 347 

DISCUSSION 348 

The understanding of vitC as a potential avenue for cancer therapy is still evolving. In this study, 349 

we show that vitC can perform enzyme-independent modifications on lysine in peptides and 350 

proteins through a process that we termed “vitcylation” to distinguish it from the previously 351 

described ascorbylation induced by DHA 26-29. In contrast to DHA-induced ascorbylation/glycation 352 

under acidic pH conditions, vitcylation occurs across a broader range of pH levels, ranging from 353 

7 to 10, with the peak activity observed around pH 9-10. This suggests that vitC's modification 354 

activity is optimal under alkaline conditions rather than acidic conditions. Furthermore, the pH and 355 

dose-dependent nature of this modification may provide evidence for the potential therapeutic 356 
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efficacy of high-dose vitC and suggest that high-dose vitC may have specific benefits and effects 357 

that are distinct from lower doses. Understanding the pH and dose-dependent mechanisms of vitC's 358 

activity adds to the body of knowledge surrounding this compound and its potential therapeutic 359 

applications such as cancer treatment. 360 

By modifying lysine residues, vitcylation may regulate protein-protein interactions, enzymatic 361 

activity, or protein stability, thereby influencing the function of the modified proteins. The 362 

discovery of vitcylation as a form of PTM opens a new avenue for understanding the role of vitC 363 

in cellular processes and disease mechanisms. We described here the broad range of vitcylated 364 

proteins and their associated functions, including metabolic pathway regulation, DNA repair, 365 

signal transduction, ATPase activity, and telomere maintenance. Further identification and 366 

characterization of these vitcylated proteins will provide valuable insights into how vitC may 367 

contribute to the regulation of cell physiology and influencing multiple aspects of cellular 368 

functions. 369 

Furthermore, lysine vitcylation has the potential to serve as a tangible biomarker for various 370 

physiological and pathological conditions. By studying the specific vitcylated proteins and their 371 

modification patterns, researchers can potentially identify unique signatures or patterns associated 372 

with certain diseases or physiological states. These vitcylation markers could be used to develop 373 

diagnostic tools or biomarker panels for assessing the status of certain conditions or monitoring 374 

treatment responses. This information can potentially guide treatment decisions and improve 375 

patient outcomes, especially in cancer treatment, since a major challenge in studying high-dose 376 

vitC as a cancer therapy is the determination of appropriate vitC dosage and developing reliable 377 

biomarkers to monitor effects. 378 

Going beyond the identification of vitcylation, we further found that vitcylation of STAT1-K298 379 

has significant implications for the conformational transition and subsequent function of STAT1. 380 

A Rosetta molecular modeling analysis revealed that this modification interferes with the transition 381 

of pSTAT1 from a parallel conformation to an anti-parallel conformation, which is crucial for the 382 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


binding of PTPN2 and the subsequent dephosphorylation of pSTAT1. As a result, this altered 383 

interaction prevents dephosphorylation of pSTAT1, leading to elevated pSTAT1 levels and 384 

enhanced STAT1-mediated IFN response pathway and immune responses.  385 

Interestingly, the genetic mutation STAT1-K298N has been identified as a causative factor in 386 

certain autoimmune diseases. This mutation involves the substitution of lysine (K) with asparagine 387 

(N) at position 298 within the STAT1 protein. Our Rosetta molecular modeling analysis also 388 

predicted that this alteration affects the ability of pSTAT1 to transition from a parallel conformation 389 

to an anti-parallel conformation, leading to compromised binding of PTPN2 for dephosphorylation. 390 

This is consistent with the previous report that STAT1-K298N has impaired binding to PTPN2 and 391 

increased pSTAT1 55. The shared underlying molecular mechanism between STAT1-K298N and 392 

STAT1-vitcyl-K298 suggests a critical role for this specific lysine residue in the regulation of 393 

STAT1 signaling and immune responses. However, it is important to differentiate between the 394 

mutation and the modification, as they have opposite effects on immune regulation. While the 395 

STAT1-K298N mutation can lead to chronic upregulation of immune responses, contributing to 396 

autoimmune diseases, the STAT1-K298-vitcylation, by contrast, can augment immune function in 397 

a manner that is beneficial for combating pathological conditions, such as cancer and viral 398 

infections.  399 

Finally, lysine vitcylation not only provide a unique window into the understanding the role of 400 

vitC in protein modification and cellular regulation, but also expands our broader knowledge of 401 

protein modifications and their contributions to health and disease. It highlights the significance 402 

of vitC as a regulatory factor and underscores the complex interplay between nutrients, cellular 403 

processes, and physiology. Further research will help elucidate the full extent of the vitcylation 404 

and its relevance in various biological processes, including potential implications for cancer 405 

treatment and other therapeutic interventions.  406 

  407 
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FIGURE LEGENDS 429 

Figure 1. VitC modifies lysine residues of peptides to form vitcyl-lysine in cell-free systems 430 

(A) Proposed mechanism of lysine vitcylation formation by ascorbate anion. The reactive lactone 431 

bond on ascorbate anion is circled. 432 

(B) Representative results of vitC-induced vitcylation formation in vitro. Synthetic lysine-433 

containing peptides (sequences of the peptides were listed on the left of the spectrum, ‘Ac-’ means 434 

the N terminus of the peptide is protected by acetyl group, hereafter for MALDI-TOF/TOF MS 435 

detection, unless indicated otherwise) were incubated with either a vehicle, 2 mM vitC or 2 mM 436 

1-13C-vitC at 37℃ for 3 hours. The formation of vitcylated peptides was detected by MALDI-437 

TOF/TOF MS, with the m/z range of each spectrum displayed above the spectrum. The m/z of 438 

unmodified peptides and modified peptides were listed. 439 

(C) MS/MS spectrum of the unmodified peptide, vitcylated peptide, and 1-13C-vitcylated peptide 440 

(Ac-VLSPKAVQRF) detected by MALDI-TOF/TOF MS/MS. Lysine-containing unmodified 441 

fragments, vitcylated fragments, and 1-13C-vitcylated fragments are marked with green, blue, and 442 

red colors, respectively. 443 

(D and E) Synthetic arginine-containing peptides (D) and alanine-containing peptides (E) were 444 

incubated with either a vehicle or 2 mM vitC at 37℃ for 3 hours. The formation of vitcylated 445 

peptides was detected by MALDI-TOF/TOF MS.  446 

(F) Synthetic lysine-containing peptides were incubated with varying concentrations of vitC at 37℃ 447 

for 3 hours. The formation of vitcylated peptides was detected by MALDI-TOF/TOF MS. The 448 

relative vitcylation levels were quantified (right, n = 3). Data are represented as mean ± SEM. 449 

(G) Synthetic lysine-containing peptides were incubated with 2 mM vitC in different pH Tris-HCl 450 

buffer at 37℃ for 3 hours. The formation of vitcylated peptides was detected by MALDI-451 

TOF/TOF MS, and the relative vitcylation levels were quantified (right, n = 3). Data are 452 

represented as mean ± SEM. 453 
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See also Figure S1. 454 

Figure 2. VitC induces lysine vitcylation on cellular proteins 455 

(A) Intracellular vitC levels were measured in Cal-51, E0771, and PP cells cultured in different 456 

concentrations of vitC for 12 hours (n = 3). Data are represented as mean ± SEM. 457 

(B) Numbers of vitcylated proteins and sites identified in Cal-51 (human) and E0771 cells (mouse) 458 

are summarized. 459 

(C) Venn diagram of shared vitcylation proteins identified in Cal-51 cells (human) and E0771 cells 460 

(mouse). 461 

(D) Subcellular locations of lysine vitcylated proteins identified in Cal-51 cells. The locations are 462 

classified into nuclear, cytosol, plasma membrane, extracellular, mitochondrial, cytosol_nuclear, 463 

and other compartments. 464 

(E) Top ten gene ontology molecular function enrichment of vitcylated proteins identified in Cal-465 

51 cells. 466 

(F) Top ten KEGG-based enrichment of lysine vitcylated proteins identified in Cal-51 cells. 467 

(G) Top ten gene ontology biological process enrichment of vitcylated proteins identified in Cal-468 

51 cells. 469 

(H) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS analysis 470 

of a vitcylated peptide (human GAPDH, K5) derived from Cal-51 cells (cellular peptide), its in 471 

vitro generated counterpart (synthetic peptide), and their mixture. The b ion refers to the N-terminal 472 

parts of the peptide, and the y ion refers to the C-terminal parts of the peptide (hereafter for HPLC-473 

MS/MS analysis). 474 

(I) Extracted MS/MS spectra from HPLC-MS/MS analysis of 1-13C-vitcylated peptides and 475 

vitcylated peptides (human GAPDH, K5) derived from Cal-51 cells (in cells, the lysine-containing 476 
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1-13C-vitcylated fragments and vitcylated fragments were marked by red and blue colors, 477 

respectively). 478 

(J) Intracellular lysine vitcylation levels were measured from PP, E0771, Cal-51, and MCF7 cells 479 

cultured in medium containing a vehicle or vitC for 12 hours (2 mM vitC for PP and E0771 culture, 480 

0.5 mM vitC for Cal-51 and MCF7 culture). Protein levels in each sample were normalized by 481 

coomassie staining, hereafter for global vitcylation detection.  482 

(K) Vitcylation signals of indicated cells were competed off by vitcylated peptide (Ac-483 

VLSPKAVQRF peptide pre-incubated with 2 mM vitC at 37℃ for 3 hours). 484 

(L) Intracellular lysine vitcylation levels were measured from E0771 cells cultured in medium 485 

containing different concentrations of vitC for 12 hours. 486 

(M) Intracellular lysine vitcylation levels were measured in E0771 cells cultured in medium 487 

containing 2 mM vitC for the indicated times. 488 

(N) Intracellular lysine vitcylation levels were measured from E0771 cultured in medium 489 

containing a vehicle or 2 mM vitC for 12 hours under different pH conditions. 490 

See also Figure S2 and Tables S1-S6. 491 

Figure 3. Vitcylation of STAT1 K298 regulates the phosphorylation and activation of STAT1 492 

(A and B) Top-ranked upregulated GO terms (A) and upregulated GSEA signatures (B) in E0771 493 

cells treated with 1 mM vitC for 2 days (n = 2). 494 

(C) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS analysis 495 

of a vitcylated peptide (human STAT1, K298) derived from Cal-51 cells (cellular peptide), its in 496 

vitro generated counterpart (synthetic peptide) and their mixture. 497 

(D) Extracted MS/MS spectra from HPLC-MS/MS analysis of vitcylated peptide (upper) and 1-498 

13C-vitcylated peptide (lower) (human STAT1, K298) derived from Cal-51 cells. Lysine-containing 499 
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vitcylated fragments and 1-13C-vitcylated fragments are marked by blue and red colors, 500 

respectively. 501 

(E) STAT1 vitcylation levels were measured from STAT1-GFP expressing cells (Cal-51 and PP 502 

cells) cultured in different pH mediums with or without vitC for 12 hours (2 mM vitC for PP cell 503 

culture, 0.5 mM vitC for Cal-51 cell culture). 504 

(F) pSTAT1 flow cytometric analysis of Cal-51 and PP cells cultured in different pH mediums with 505 

or without vitC for 2 days (2 mM vitC for PP cell culture, 0.5 mM vitC for Cal-51 cell culture, n 506 

= 3). Data are represented as mean ± SEM. ***p < 0.001, ****p < 0.0001. 507 

(G) STAT1 vitcylation levels were measured from STAT1-GFP expressing cells (Cal-51 and PP 508 

cells) cultured in different pH mediums with or without vitC for 12 hours (2 mM vitC for PP cell 509 

culture, 0.5 mM vitC for Cal-51 cell culture). 510 

(H) pSTAT1 flow cytometric analysis of Cal-51 and PP cells cultured in different pH mediums 511 

with or without vitC for 2 days (2 mM vitC for PP cell culture, 0.5 mM vitC for Cal-51 cell culture, 512 

n = 3). Data are represented as mean ± SEM. ***p < 0.001, ****p < 0.0001. 513 

(I) Measurement of STAT1-WT and STAT1-K298R vitcylation levels in PP-sgSTAT1_1 cell re-514 

expressing STAT1-WT-GFP or STAT1-K298R-GFP cultured in 2 mM vitC-containing or control 515 

medium for 12 hours. 516 

(J) pSTAT1 flow cytometric analysis of PP-sgSTAT1_1 cell re-expressing STAT1-WT-GFP or 517 

STAT1-K298R-GFP cultured in different concentrations of vitC for 2 days (n = 3). Data are 518 

represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 519 

(K) Nuclear translocation of STAT1 in PP-sgSTAT1_1 cell re-expressing STAT1-WT-GFP or re-520 

expressing STAT1-K298R-GFP treated with 2 mM vitC for 2 days was assessed by 521 

immunofluorescence (scale bar, 50 μM). 522 

See also Figure S3 and Table S4. 523 
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Figure 4. Vitcylation of STAT1 K298 prevents its dephosphorylation by PTPN2 524 

(A) Ribbon representation of human STAT1. The K298 site and several gain-of-function mutation 525 

sites were marked by red and blue colors, respectively. The side chain of K298 was shown. 526 

(B) HeLa cells co-expressing STAT-GFP and PTPN2-HA were treated with vehicle or 300 μM 527 

vitC for 1 day, followed by stimulation with 100 ng/ml IFNγ for 15 min. Interaction between 528 

STAT1 and PTPN2 was assayed by co-immunoprecipitation.   529 

(C) Cells were pretreated with vehicle or vitC (0.2 mM vitC for Cal-51 cell culture, 1 mM vitC for 530 

PP cell culture) for 2 days, then cells were stimulated with 100 ng/ml IFNγ for 15 min followed 531 

by incubation with 1 μM staurosporine for indicated times. The relative pSTAT1+ populations 532 

were measured by flow cytometry immediately (n = 3). Data are represented as mean ± SEM. 533 

****p < 0.0001. 534 

(D) Stability change in Rosetta energy unit (REU) of STAT1 caused by K298 vitcylation and 535 

K298N mutation as determined by the Rosetta atom energy function model system. 536 

(E) Structures of wild-type and K298 vitcylated pSTAT1 in the antiparallel dimer conformation 537 

from the last snapshot of MD simulation. Vitcyl-K298 loses the salt bridges of K298/E281 and 538 

K298/E284 in STAT1. 539 

See also Figure S4. 540 

Figure 5. Vitcylation of STAT1 K298 enhances the expression of MHC/HLA class I and 541 

promotes immunogenicity in tumor cells 542 

(A) Representative flow cytometry plots (left) and quantifications (right) of MHC class I 543 

expression on PP (upper) and Cal-51 cells (lower) cultured with different concentrations of vitC 544 

for 2 days (n=3). Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001. 545 

(B) Flow cytometric analysis of MHC class I expression on PP (upper) and Cal-51 cells (lower) 546 

cultured in different pH mediums with or without vitC for 2 days (2 mM vitC for PP cell culture, 547 
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0.5 mM vitC for Cal-51 cell culture) (n = 3). Data are represented as mean ± SEM. *p < 0.05, 548 

****p < 0.0001. 549 

(C) Flow cytometric analysis of MHC class I expression on PP-sgSTAT1_1 cell overexpressed 550 

with STAT1-WT-GFP (2 single clones) or STAT1-K298R-GFP (2 single clones) cultured with 551 

different concentrations of vitC for 2 days (n = 3). Data are represented as mean ± SEM. **p < 552 

0.01, ***p < 0.001, ****p < 0.0001. 553 

(D) Workflow for co-culturing of vitC-treated PP cells with bone marrow-derived DCs.  554 

(E) Flow cytometry analysis of DCs co-cultured with vitC-pretreated PP cells. DCs (CD45+ 555 

CD11c+) were plotted and quantifications as MHC II+, CD86+ and CD80+ to identify DCs activity 556 

(n = 3). Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001. 557 

(F) Flow cytometric analysis of H-2Kb and pSTAT1 expression on B16-OVA cells treated with 558 

different doses of vitC for 3 days (n = 3). Data are represented as mean ± SEM. *p < 0.05, **p < 559 

0.01. 560 

(G) Workflow for co-culturing of vitC-treated B16-OVA or EL4-OVA cells with OT-I mice spleen-561 

derived CD8+ T cells. 562 

(H) Flow cytometric analysis of CD8+ T (OT-I) cells co-cultured with B16-OVA cells pretreated 563 

with 2 mM vitC. T cells (CD45+ CD3+ CD8+) proliferation and activity were quantified as CFSE- 564 

and IFNγ+, TNFα+ cells, respectively (n = 3). Data are represented as mean ± SEM. *p < 0.05, 565 

***p < 0.001, ****p < 0.0001. 566 

See also Figure S5. 567 

Figure 6. VitC induces vitcylation in tumor cells in vivo with increased STAT1-mediated 568 

immune responses 569 

(A) Workflow for analyzing vitcylation level and immune cell infiltration in tumors in vivo. PP 570 

tumor cells were injected into the mammary fat pads of syngeneic females. Tumor-bearing mice 571 
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were administered vitC (i.p. 3mg/kg, qd) when tumor volume reached approximately 300 mm3. 572 

After treatment, tumor tissues were harvested for analyses for vitcylation and immune response. 573 

(B) Vitcylation levels in PP tumors were measured by WB with anti-vitcylation antibody (n = 6 574 

for each group). Protein levels were normalized by coomassie staining. 575 

(C) Top-ranked upregulated GSEA signatures in the tumor tissue of vitC-treated PP tumor-bearing 576 

mice at 7 days (n = 3). 577 

(D and E) Flow cytometry analysis of pSTAT1 (D), H-2Kq, and B2M (E) expression on PP tumor 578 

cells (CD45-) from vehicle- or vitC-treated mice (vehicle n = 14, vitC treated n = 13). Data are 579 

represented as mean ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001. 580 

(F) Flow cytometry analysis of DCs (CD45+ CD11c+) population, and the MHC II and CD86 581 

expression in DCs in PP tumor tissue from vehicle- or vitC-treated mice (vehicle n = 14, vitC 582 

treated n = 13). Data are represented as mean ± SEM. ***p < 0.001, ****p < 0.0001. 583 

(G) Flow cytometry analysis of CD4+, CD4+ TNFα+, and CD4+ IFNγ+ T cells (CD45+ CD3+) 584 

isolated from PP tumors tissue from vehicle- or vitC-treated mice (vehicle n = 14, vitC treated n = 585 

13). Data are represented as mean ± SEM. ***p < 0.001, ****p < 0.0001. 586 

(H) Flow cytometry analysis of CD8+, CD8+ TNFα+ and CD8+ IFNγ+ T cells (CD45+ CD3+) 587 

isolated from PP tumors tissue from vehicle- or vitC-treated mice (vehicle n = 14, vitC treated n = 588 

13). Data are represented as mean ± SEM. ***p < 0.001, ****p < 0.0001. 589 

See also Figure S6. 590 

Figure 7. STAT1 vitcylation by vitC enhances STAT1-mediated IFN signaling pathway and 591 

immune response in tumor cells 592 

VitC can be actively imported into cells through sodium-ascorbate co-transporters, also referred to 593 

as sodium-dependent vitamin C transporters (SVCTs). VitC vitcylates STAT1in cells, resulting in 594 

sustained phosphorylation and nuclear localization of STAT1 through attenuation of 595 
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dephosphorylation by protein phosphatase PTPN2. This in turn upregulates STAT1-mediated gene 596 

expression and IFN pathway activation, leading to enhanced antigen processing and presentation 597 

and antitumor immunity in tumor cells.   598 
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STAR ★ METHODS 599 

RESOURCE AVAILABILITY 600 

Lead contact 601 

Further information and requests for resources and reagents should be directed to and will be 602 

fulfilled by the lead contact, Jean J. Zhao (jean_zhao@dfci.harvard.edu) 603 

Materials availability 604 

Plasmids generated in this study are available from the lead contact upon request. 605 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 606 

Cell lines 607 

Cells were cultured under standard conditions in a humidified incubator with 5% CO2 at 37℃. 608 

Cal-51, MCF7, E0771, PC-9, HCT116, and HeLa cells were obtained from the American Type 609 

Culture Collection (ATCC), verified to be negative for mycoplasma, and authenticated by short 610 

tandem repeat analysis using the Promega GenePrint 10 System. Cal-51, MCF7, PC-9, HCT116, 611 

and HeLa cells were cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum 612 

(FBS) (Life Technologies) and PenStrep (Hyclone). E0771 cells were cultured in RPMI 1640 613 

supplemented with 10% FBS, PenStrep, and 10 mM HEPES (Life Technologies, 15630080). B16-614 

OVA and EL4-OVA cells were cultured in DMEM (Gibco) supplemented with 10% FBS and 250 615 

μg/ml G418 (Invitrogen). PP cells were derived from mouse mammary tumors and cultured in 616 

DMEM/F12 media supplemented with 10% FBS, 25 ng/ml hydrocortisone, 5 μg/ml insulin, 8.5 617 

ng/ml cholera toxin, 0.125 ng/ml epidermal growth factor (EGF), 5 μM Y-27632 Rock1 inhibitor, 618 

and PenStrep, as previously described 81. 619 

Animals 620 

All mouse experiments were conducted in compliance with federal laws and institutional 621 

guidelines, as approved by the Institutional Animal Care and Use Committees of Dana-Farber 622 
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Cancer Institute and Harvard Medical School. The relevant animal protocols limited the maximum 623 

tumor diameter to 25 mm, which was not exceeded in any experiment. CO2 inhalation was used to 624 

euthanize the mice. Female wild-type FVB and C57BL/6 mice, aged six-to-eight weeks, were 625 

obtained from the Jackson Laboratory. For tumor formation assays, 5×105 PP cells or 105 E0771 626 

cells were injected into the thorracic fat pad in 50% matrigel. VitC (Sigma-Aldrich, A4034) was 627 

prepared daily by resuspending the powder in PBS (Hyclone). Intraperitoneal administration of 628 

vitC was conducted at a dose of 4 g/kg, qd. Mice in the control group were treated with PBS. 629 

METHOD DETAILS 630 

Transcriptome methodology 631 

An Ion AmpliSeq Custom Panel containing 4,604 cancer- and immune-associated genes (designed 632 

by Thermo Fisher using Ion AmpliSeq designer) was utilized for our studies, as previously 633 

described 68. For each sample, 10 ng total RNA was used to prepare the cDNA library. Libraries 634 

were multiplexed and amplified using an Ion OneTouch 2 System and sequenced on an Ion Torrent 635 

Proton system (Thermo Fisher). Count data was generated using Thermo Fisher’s Torrent suite and 636 

ampliSeqRNA analysis plugin. For Gene Ontology enrichment and KEGG pathway analysis, 637 

genes with a mean fold change (vitC treated vs control) greater than 2 or lesser than 0.5 were 638 

utilized. Gene Ontology enrichment and KEGG pathway analysis were carried out using 639 

Cytoscape Software and STRING plugin. For GSEA analysis, genes were first ranked according 640 

to log2(fold change) and then analyzed using the GSEAPreanked tool with MsigDB v7.1 641 

Hallmarks gene sets and the ’classic’ method 83.  642 

Bioinformatic analysis 643 

The subcellular localization of vitcylated proteins was predicted using WoLF PSORT, a subcellular 644 

localization prediction program (https://wolfpsort.hgc.jp) 84. Gene Ontology enrichment analysis 645 

for the vitcylated proteins was carried out using DAVID bioinformatics resources 6.8 646 

(https://david.ncifcrf.gov/home.jsp) 85. KEGG pathway analysis was performed using KOBAS 647 

(http://kobas.cbi.pku.edu.cn/genelist/) 86. For vitcylation motif analysis, the 10 amino acid residues 648 
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(-10 to +10) on either side of the vitcylation site were selected and a consensus logo was generated 649 

using the WebLogo webserver (http://weblogo.berkeley.edu/logo.cgi) 87.  650 

Flow cytometry 651 

For tumor cell lines, one million cells were stained with the appropriate antibodies diluted in PBS 652 

(Hyclone) plus 2% FBS (Life Technologies) for 30 min on ice. For tumor samples, tumors were 653 

mechanically disrupted by chopping and chemically digested in dissociation buffer (2 mg/ml 654 

collagenase type IV (Worthington Biochemical), 0.02 mg/ml DNase (Sigma Aldrich) in DMEM 655 

(Life Technologies) containing 5% FBS (Life Technologies), PenStrep (Hyclone) with agitation at 656 

37℃ for 45 min. After lysing of red blood cells (BD Biosciences), single-cell suspensions were 657 

incubated with appropriate antibodies for 30 min on ice. 658 

For human antibodies, antibodies were purchased from BioLegend unless otherwise indicated: 659 

pSTAT1(Y701) (clone A17012A), HLA (clone W6/32), B2M (clone A17082A). Mouse antibodies: 660 

pSTAT1(Y701) (Cell Signaling Technology, 8062S), H-2Kq (clone KH114), H-2Kb (clone 28-8-661 

6), B2M (clone A16041A), CD45 (clone 30-F11), CD3 (clone 145-2C11), CD4 (clone RM4-5), 662 

CD8 (clone HIT8a), IFNγ (clone XMG12), TNFα (clone MP6-XT22), CD11c (clone N418), CD86 663 

(clone GL-1), CD80 (clone 16-10A1), MHC II (clone M5/114.15.2), CD103 (clone 2E7). Anti-664 

mouse/rat FoxP3 staining set (eBioscience) was used for intracellular staining according to the 665 

manufacturer‘s instructions. For IFNγ and TNFα analysis, cells were stimulated in vitro with the 666 

Leukocyte Activation Cocktail with protein transport inhibitor Brefeldin A (BD Biosciences, 667 

550583).  668 

Western blots 669 

Western blotting was performed as previously described 68 using the following antibodies: anti-670 

vitcylation antibody (generated by Abclonal Technology) and Cell Signaling Technology 671 

antibodies to STAT1 (14994S), GAPDH (5174S), ACTIN (4967S), GFP (2955S), HA (2367S), 672 

and COX4 (4850S).  673 
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Dot-blot assays 674 

Peptides were spotted on nitrocellulose membranes. After the membrane dried, the membrane was 675 

blocked with 5% skimmed milk in TBST for 1 hour, followed by the incubation with the anti-676 

vitcylation antibody overnight at 4℃ and the secondary antibody overnight at 4℃. After washing 677 

three times with TBST, the membrane was scanned by Odyssey Dlx Imaging System (LI-COR). 678 

Thermostability change calculation 679 

The antiparallel dimer structure from PDB 1YVL (Asymmetric Unit) is initially considered with 680 

3.00Å X-ray resolution. The whole calculation includes several steps as below: 681 

1. The input structure preparation 682 

The wild type K298, the mutation K298N and the vitcyl-K298 (in two chains) were relaxed with 683 

Cartesian coordination type and constraints 88-90. The option/flag was set as follows. 684 

-nstruct 200 685 

-ex1 686 

-ex2 687 

-relax:constrain_relax_to_start_coords 688 

-ramp_constraints true 689 

-use_input_sc 690 

-flip_HNQ 691 

-no_optH false 692 

-relax:cartesian 693 

-beta_nov16_cart 694 

-corrections::beta_nov16 695 

-crystal_refine 696 

-in:auto_setup_metals 697 

-extra_res PTM.params 698 

The structures with the lowest scores were used in the next step. 699 
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2. The preparation of params and rotlib files  700 

To make the vitcyl-K298 recognized by Rosetta, the params and rotlib files were generated by 701 

related modules using Lysine as reference 91,92. 702 

3. MD sampling 703 

The side chain of vitcyl-K298 has more than 10 chi angles, which is beyond the recommended 704 

limitation of Rosetta. To better find the low energy conformations of vitcyl-K298, we adopted 705 

molecular dynamics (MD) simulations to perform the sampling. Ff14SB was used to parameterize 706 

the protein 93. The vitcyl-K298 was parameterized using GAFF and its partial charge was 707 

parameterized using RESP 94,95. 708 

10ns MD simulations were performed using Amber20 and 100 frames of snapshots were extracted 709 

from the last 5ns scoring using Rosetta. A 100kcal/mol positional restraints were given on residues 710 

9 Å away from α-carbon of K298 to minimize the noise arose from the thermal fluctuation during 711 

the MD simulations. 712 

4. Scoring and ddG calculation 713 

The score_jd2 module was used with the following options 96,97.  714 

-beta_nov16_cart 715 

-corrections::beta_nov16 716 

-fa_max_dis 9.0 717 

-extra_res VLY.params 718 

Average scores for K298, N298 and vitcyl-K298 were calculated on the 100 frames of snapshots. 719 

Values of ddG were calculated from the difference as: 720 

ddG = Score avg(Mut/Mod) – Score ave(WT) 721 

Cellular levels of vitC, ROS, and TET activity assay 722 

Cellular vitC assay kit (Cayman, 700420), ROS/superoxide detection assay kit (abcam, ab139476), 723 

and epigenase 5mC-hydroxylase TET activity/inhibition assay kit (Epigentek, P-3086-48) were 724 

used for cellular vitC level assay, ROS level assay, and TET activity assay according to the 725 
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manufacturer’s instructions, respectively. 726 

RT-PCR 727 

RT-PCR was performed as previously described 98. Primer sequences used for RT-PCR were as 728 

follows. Tap1 (mouse) forward: 5’- GGACTTGCCTTGTTCCGAGAG-3’; reverse: 5’-729 

GCTGCCACATAACTGATAGCGA-3’. Lmp2 (mouse) forward: 5’-730 

ATGTGGTACTCAATTCACAAGCA-3’; reverse: 5’-AAGCAAGGATGGTTCCTGGAG-3’. 731 

B2m (mouse) forward: 5’-TTCTGGTGCTTGTCTCACTGA-3’; reverse: 5’-732 

CAGTATGTTCGGCTTCCCATTC-3’. Irf1 (mouse) forward: 5’- 733 

GTTGTGCCATGAACTCCCTG-3’; reverse: 5’-GTGTCCGGGCTAACATCTCC-3’. H2k1 734 

(mouse) forward: 5’- CAGGTGGAGCCCGAGTATTG-3’; reverse: 5’- 735 

CGTACATCCGTTGGAACGTG-3’. Actin (mouse) forward: 5’- 736 

CGCCACCAGTTCGCCATGGA-3’; reverse: 5’- TACAGCCCGGGGAGCATCGT-3’. HLA-B 737 

(human) forward: 5’- CAGTTCGTGAGGTTCGACAG-3’; reverse: 5’-738 

CAGCCGTACATGCTCTGGA-3’. TAP1 (human) forward: 5’-CTGGGGAAGTCACCCTACC-739 

3’; reverse: 5’- CAGAGGCTCCCGAGTTTGTG-3’. TAP2 (human) forward: 5’- 740 

TGGACGCGGCTTTACTGTG-3’; reverse: 5’- GCAGCCCTCTTAGCTTTAGCA-3’. LMP2 741 

(human) forward: 5’- GCACCAACCGGGGACTTAC-3’; reverse: 5’- 742 

CACTCGGGAATCAGAACCCAT-3’. B2M (human) forward: 5’- 743 

GAGGCTATCCAGCGTACTCCA-3’; reverse: 5’- CGGCAGGCATACTCATCTTTT-3’. ACTIN 744 

(human) forward: 5’-CACCAACTGGGACGACAT-3’; reverse: 5’-745 

ACAGCCTGGATAGCAACG-3’. Relative copy number was determined by calculating the fold 746 

change difference in the gene of interest relative to Actin (mouse) or ACTIN (human). RT-PCR 747 

was performed on an Applied Biosystems 7300 machine. 748 

Generation of mouse DCs 749 

Mouse DCs were obtained from the bone marrow of FVB/NJ mice by modifying the previously 750 

described protocol 99. For DC generation, bone marrow cells were cultured in RPMI 1640 751 
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supplemented with 20 ng/ml GM-CSF (Stem Cell Technologies, 78017), 10% FBS, and 100 μg/ml 752 

PenStrep. Fresh RPMI 1640 with 20 ng/ml GM-CSF, 10% FBS, and 100 μg/ml PenStrep was 753 

added after 3 days, and non-adherent cells (DCs) were harvested and co-cultured with PP cells 754 

after another 2 days. 755 

Co-culture experiments 756 

For in vitro co-culture of tumor cells with CD8+ T cells, B16-OVA and EL4-OVA cells were 757 

pretreated with vitC or PBS for 3 days. CD8+ T cells were isolated from spleens of OT-I mice using 758 

a CD8a+ T-cell isolation kit (StemCell Technologies ) with an autoMACS Pro Separator. Isolated 759 

CD8+ T cells were suspended in RPMI 1640 medium (Gibco) with 5% FBS, labeled with 5 μM 760 

CFSE (Biolegend) for 10 min in the dark at room temperature, and washed twice in 10× volume 761 

of T cell media (RPMI 1640 with 10% FBS and 55 μM 2-mercaptoethanol (Gibco)). One hundred 762 

thousand CD8+ T cells were co-cultured with vitC- or control-pretreated tumor cells at a ratio of 763 

1:8 tumor cells: T cells in RPMI 1640 supplemented with CD3/CD28 Dynabeads (1:1 ratio of cells: 764 

beads, ThermoFisher) 2.5 ng/ml IL-7 (Biolegend), 50 ng/ml IL-15 (Biolegend), and 2 ng/ml IL-2 765 

(Biolegend) for 2 days at 37℃ in the dark. At the experimental endpoint, CD8+ T cell proliferation 766 

and activation were analyzed by flow cytometry. 767 

For in vitro co-culture of tumor cells with DCs, PP cells were pretreated with vitC or PBS for 3 768 

days. One hundred thousand mouse bone marrow-derived DCs were co-cultured with vitC- or 769 

control-pretreated PP cells at a ratio of 1:4 tumor cells: DCs in RPMI 1640 supplemented with 20 770 

ng/ml GM-CSF, 10% FBS and lipofectamine 3000 (2 μl/ml, Invitrogen) for 2 days at 37℃. At the 771 

experimental endpoint, DCs activation was analyzed by flow cytometry. 772 

Generation of STAT1-deficient cells 773 

CRISPR-Cas9 genome editing systems were used to generate STAT1-deficient cells 100. Oligos 774 

sequences for guide RNAs were as follows. Stat1 (mouse) #1 forward: 5’- 775 

CACCGGAACCCCCCGTGCGCGTGG-3’; #1 reverse: 5’- 776 

AAACCCACGCGCACGGGGGGTTCC-3’. Stat1 (mouse) #2 forward: 5’- 777 
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CACCGGTCGCAAACGAGACATCAT-3’; #2 reverse: 5’- 778 

AAACATGATGTCTCGTTTGCGACC-3’. Annealed guide oligos were cloned into the CRISPR-779 

Cas9 expression vector PX458. The constructed sgStat1(mouse)-PX458 plasmids were transfected 780 

into PP cells. The next day, single GFP+ cells were sorted into 96-well plates by flow cytometry. 781 

Two weeks later, colonies emerged and single colonies were expanded into 6 well plates. STAT1 782 

knockout cells and control cells were selected by western blot. 783 

Co-immunoprecipitation (Co-IP) and immunoprecipitation (IP) 784 

Cells were lysed using lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl and 0.1% NP-40 785 

(for Co-IP) or 0.5% NP-40 (for IP)) at 4℃ for 30 minutes. Cell lysates were then centrifuged at 786 

12,000 rcf for 15 min and the supernatants were collected and incubated with GFP-Trap magnetic 787 

agarose (Chromotek, gtma-20) overnight at 4℃. After washing the beads with lysis buffer three 788 

times, they were resuspended in 1× western blotting loading buffer and denatured at 95℃ for 10 789 

minutes. 790 

Immunofluorescence 791 

For endogenous STAT1 immunofluorescence, cultured cells were fixed with 4% formaldehyde in 792 

PBS for 15 min at room temperature. The fixative was aspirated, and the cells were rinsed three 793 

times in PBS for 5 min each. The cells were then covered with ice-cold 100% methanol and 794 

incubated for 10 min at -20℃. After incubation, the cells were rinsed in PBS for 5 min. The 795 

specimen was blocked in blocking buffer (5% normal serum from the same species as the 796 

secondary antibody and 0.3% Triton X-100 in PBS) for 60 min. The blocking solution was 797 

aspirated, and diluted STAT1 antibody (Cell Signaling Technology, 14994) was applied and 798 

incubated overnight at 4℃. The cells were rinsed three times in PBS for 5 min each, followed by 799 

incubation with a fluorochrome-conjugated secondary antibody (ThermoFisher, A-11008) diluted 800 

in antibody dilution buffer (1% BSA and 0.3% Triton X-100 in PBS) for 2 hours at room 801 

temperature in the dark. The cells were then rinsed in PBS and incubated in PBS with DAPI (Cell 802 

Signaling Technology, 8961). Specimens were examined immediately using the appropriate 803 
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excitation wavelength. For overexpressed STAT1-GFP immunofluorescence, cultured cells were 804 

fixed with 4% formaldehyde in PBS for 15 min at room temperature. The fixative was aspirated, 805 

and the cells were rinsed three times in PBS for 5 min each. The cells were then incubated in PBS 806 

with DAPI (Cell Signaling Technology, 8961). Specimens were examined immediately using the 807 

appropriate excitation wavelength. 808 

QUANTIFICATION AND STATISTICAL ANALYSIS 809 

Statistical analysis was performed with Prism 9 (Graphpad Software Inc.). Two-way ANOVA with 810 

Tukey’s multiple comparisons test was used for tumor growth analysis. For other analysis, 811 

unpaired two-tailed Student’s test (for normally distributed data) and Mann-Whitney 812 

nonparametric test (for skewed data that deviated from normality) were used to compare two 813 

conditions. One-way ANOVA with Tukey’s multiple comparisons test (for normally distributed 814 

data) and Kruskal-Wallis nonparametric test (for skewed data) were used to compare three or more 815 

means. Quantitative data are expressed as means ± SEM. Differences with P < 0.05 were 816 

considered statistically significant; ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** 817 

P < 0.0001. 818 

  819 
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SUPPLEMENTAL FIGURE LEGENDS 820 

Figure. S1. Formation of vitC-derived lysine vitcylation in vitro, related to figure 1 821 

(A and B) Molecular mechanisms of lysine succinylation (A) and homocysteinylation formation 822 

(B) are presented, with the reactive lactone bonds circled for clarity. 823 

(C) The structures, molecular weights, and pKa’s of ascorbic acid, ascorbate anion, and 824 

dehydroascorbic acid are shown. 825 

(D) The structures of cysteine ascorbylation and lysine ascorbylations were illustrated to 826 

differentiate them from lysine vitcylation. 827 

(E) Synthetic lysine-containing peptides were incubated with vehicle, 2 mM vitC or 2 mM DHA 828 

at 37℃ for 3 hours, and the formation of vitcylated peptides was detected by MALDI-TOF/TOF 829 

MS. 830 

(F) The structures of vitC (left) and 1-13C-vitC (right), which were used in this study, are displayed. 831 

(G and H) MALDI-TOF/TOF MS/MS spectra of the unmodified peptide, vitcylated peptide, and 832 

1-13C-vitcylated peptide (Ac-YAPVAKDLASR (G) and Ac-VSSPKVLQRL (H)) are shown, with 833 

lysine-containing unmodified fragments, vitcylated fragments, and 1-13C-vitcylated fragments 834 

marked by green, blue, and red colors, respectively.  835 

(I) Synthetic lysine-containing peptides (peptide sequences were listed above the spectrum) were 836 

incubated with vehicle or 2 mM vitC at 37℃ for 3 hours. The formation of vitcylated peptides was 837 

detected by MALDI-TOF/TOF MS.   838 

Figure. S2. Lysine vitcylation exists in cells, related to figure 2 839 

(A) Numbers of vitcylated proteins and sites identified in E0771 proteomic and E0771 proteomic 840 

incubated with vitC (1 mM for 12 hours) in indicated pH Tris-HCl buffer in vitro are summarized. 841 

E0771 proteomic was extracted by acetone.  842 

(B) Subcellular locations of lysine vitcylated proteins identified in E0771 (mouse) cells. The 843 
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locations are classified as nuclear, cytosol, plasma membrane, extracellular, mitochondrial, 844 

cytosol_nuclear, and other compartments. 845 

(C) Top ten gene ontology molecular function enrichment of vitcylationo proteins identified in 846 

E0771 cells (mouse). 847 

(D) Top ten KEGG-based enrichment of lysine vitcylation proteins identified in E0771 cells 848 

(mouse). 849 

(E) Top ten gene ontology biological process enrichment of vitcylation proteins identified in E0771 850 

cells (mouse). 851 

(F) Sequence probability logos of significantly enriched vitcylation site motifs for ±10 amino acids 852 

around the lysine vitcylation sites identified in Cal-51 cells (human) and E0771 cells (mouse). The 853 

size of each letter represents the frequency of the amino acid residue at that position. 854 

(G and H) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS 855 

analysis of vitcylated peptides (mouse SMC1A, K129 (G) and mouse CKAP2L, K240 (H)) derived 856 

from E0771 (cellular peptide) respectively, their in vitro generated counterparts (synthetic peptide), 857 

and their mixture. 858 

(I and J) Extracted MS/MS spectra from HPLC-MS/MS analysis of 1-13C-vitcylated peptides and 859 

vitcylated peptides (mouse SMC1A, K129 (I) and mouse CKAP2L, K240 (J)) derived from E0771 860 

cells (in cells, the lysine-containing 1-13C-vitcylated fragments and vitcylated fragments were 861 

marked by red and blue colors, respectively).  862 

(K) The pan anti-vitcylation antibody was tested for its reactivity with vitcylated peptide (pep. + 863 

vitC, peptide pre-incubated with 2 mM vitC at 37℃ for 3 hours) and cross-reactivity with 864 

unmodified (pep. and pep. (K/R) + vitC), DHA-derived modification peptide (pep. + DHA, peptide 865 

pre-incubated with 2 mM DHA at 37℃ for 3 hours), as well as synthetic acetylated, succinylated, 866 

leucylated and lactylated peptides (peptide sequence: Ac-VLSPKAVQRF). 867 

Figure. S3. Vitcylation of STAT1 K298 activates STAT1, related to Figure 3 868 
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(A and B) Upregulated (A) and downregulated (B) GSEA signatures were observed in E0771 cells 869 

treated with 2 mM vitC for 2 days (n = 3).  870 

(C) Levels of vitcylation of human STAT1 K298 were determined by HPLC-MS/MS analysis. 871 

Data are represented as mean ± SEM. 872 

(D) Sequence analysis of STAT1 K298 site from multiple vertebrate species. 873 

(E) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS analysis 874 

of a vitcylated peptide (mouse STAT1, K298) derived from E0771 (cellular peptide), its in vitro 875 

generated counterparts (synthetic peptide), and their mixture.  876 

(F) Extracted MS/MS spectra from HPLC-MS/MS analysis of vitcylated peptides (upper) and 1-877 

13C-vitcylated peptides (lower) (mouse STAT1, K298) derived from E0771 cells. The lysine-878 

containing vitcylated fragments and 1-13C-vitcylated fragments were marked by blue and red 879 

colors, respectively). 880 

(G) Nuclear translocation of endogenous STAT1 in Cal-51 and PP cells cultured in vehicle- or 881 

vitC-containing medium for 2 days was assessed by immunofluorescence (0.5 mM vitC for Cal-882 

51 culture, 2 mM vitC for PP culture). Green represents anti-STAT1 and blue represents DAPI, 883 

with merged images allowing assessment of nuclear localization of STAT1, hereafter referred to 884 

as STAT1 immunofluorescence (scale bar, 50 μM). 885 

(H) Western blots for STAT1 and Actin in PP-sg_NC, PP-sgSTAT1_1 and PP-sgSTAT1_2 cells. 886 

(I) Western blots for STAT1 and Actin in PP-sgNC, PP-sgSTAT1_1 and PP-sgSTAT1 cells re-887 

expressing STAT1-WT-GFP or re-expressing STAT1-K298R-GFP. 888 

Figure. S4. STAT1 K298 vitcylation impairs STAT1 dephosphorylation, related to Figure 4 889 

(A) HeLa cells co-expressing STAT-GFP and JAK1-HA were treated with vehicle or 300 μM vitC 890 

for 1 day, followed by stimulation with 100 ng/ml IFNγ for 15 min. Interaction between STAT1 891 

and JAK1 was assayed by co-immunoprecipitation. 892 
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(B) Cells were pretreated with vehicle or vitC (0.2 mM vitC for Cal-51 cell culture, 1 mM vitC for 893 

PP cell culture) for 2 days, then cells were stimulated with 100 ng/ml IFNγ for 15 min followed 894 

by incubation with 1 μM staurosporine for indicated times. The pSTAT1 levels were measured by 895 

flow cytometry immediately (n = 3). Data are represented as mean ± SEM. 896 

(C) Energy contribution difference of STAT1 K298N and K298 vitcylation. Numbers are reported 897 

in Rosetta energy unit. 898 

(D) Structures of pSTAT1 with K298N mutation in the antiparallel dimer conformation from the 899 

last snapshot of MD simulation. STAT1 K298N lose the salt bridges of K298/E281 and K298/E284. 900 

Figure. S5. STAT1 K298 vitcylation facilitates MHC/HLA class I expression, related to 901 

Figure 5 902 

(A) Quantitative PCR analysis of antigen processing and presentation genes expression in Cal-51 903 

cells (n = 4) and PP cells (n = 3) treated with either vehicle or vitC for 2 days (0.5 mM vitC for 904 

Cal-51 cell treatment, 2 mM vitC for PP cell treatment). Data are represented as mean ± SEM. 905 

****p < 0.0001. 906 

(B) Flow cytometry analysis of MHC class I expression in PP-sgControl, PP-sgSTAT1_1, and PP-907 

sgSTAT1_2 cells cultured in different concentrations of vitC for 2 days (n = 3). Data are 908 

represented as mean ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001. 909 

(C) ROS levels were measured in Cal-51, E0771, and PP cells treated with various concentrations 910 

of vitC for 2 days (n = 3). Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 911 

0.001. 912 

(D) Flow cytometric analysis of MHC/HLA class I expression on Cal-51, E0771, and PP cells 913 

treated with different concentrations of vitC for 2 days (n = 3). Data are represented as mean ± 914 

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 915 

(E) TET activity was measured in Cal-51, E0771, and PP cells treated with vehicle or 10 μM 916 

Bobcat 339 for 6 hours (n = 3). Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001, 917 
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****p < 0.0001. 918 

(F) HIF1α level was measured in Cal-51, E0771, and PP cells treated with vehicle or 0.2 μM IOX2 919 

for 6 hours. 920 

(G) Flow cytometric analysis of pSTAT1 and MHC/HLA class I expression in Cal-51, E0771, and 921 

PP cells cultured in medium supplemented with the vehicle, vitC (48 hours), 10 μM Bobcat 339 922 

(52 hours), vitC + 10 μM Bobcat 339, 0.2 μM IOX2 (52 hours) or vitC + 0.2 μM IOX2 (n = 3). 923 

Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 924 

(H) Flow cytometry gating strategy for the DCs population. Hereafter for DCs gating. 925 

Representative plots are shown.  926 

(I) Flow cytometric analysis of H-2Kb and pSTAT1 expression on EL4-OVA cells treated with 927 

different doses of vitC for 3 days (n = 3). Data are represented as mean ± SEM. *p < 0.05, **p < 928 

0.01, ***p < 0.001, ****p < 0.0001. 929 

(J) Flow cytometry gating strategy for T cells population. Hereafter for T cells gating. 930 

Representative plots are shown.  931 

(K) Flow cytometric analysis of CD8+ T (OT-I) cells co-cultured with EL4-OVA cells pretreated 932 

with 2 mM vitC. T cells (CD45+ CD3+ CD8+) proliferation and activity were quantified as CFSE- 933 

and IFNγ+, TNFα+ cells, respectively (n = 3). Data are represented as mean ± SEM. *p < 0.05, **p 934 

< 0.01, ***p < 0.001, ****p < 0.0001. 935 

Figure. S6. VitC treatment modulates the immune milieu in vivo, related to Figure 6 936 

(A) Vitcylation levels in E0771 tumors were measured by WB with anti-vitcylation antibody (n = 937 

6 for each group). Protein levels were normalized by coomassie staining. 938 

(B and C) Flow cytometry analysis of pSTAT1 (B), H-2Kb and B2M (C) expression on E0771 939 

tumor cells (CD45-) from vehicle- or vitC-treated mice (vehicle n = 10, vitC treated n = 10). Data 940 

are represented as mean ± SEM. **p < 0.01, ****p < 0.0001. 941 
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(D) Flow cytometry analysis of DCs (CD45+ CD11c+) population, and the MHC II and CD86 942 

expression in DCs in E0771 tumor tissue from vehicle- or vitC-treated mice (vehicle n = 10, vitC 943 

treated n = 10). Data are represented as mean ± SEM. *p < 0.05, **p < 0.01. 944 

(E) Flow cytometry analysis of CD4+, CD4+ TNFα+, and CD4+ IFNγ+ T cells (CD45+ CD3+) 945 

isolated from E0771 tumors tissue from vehicle- or vitC-treated mice (vehicle n = 10, vitC treated 946 

n = 10). Data are represented as mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001. 947 

(F) Flow cytometry analysis of CD8+, CD8+ TNFα+, and CD8+ IFNγ+ T cells (CD45+ CD3+) 948 

isolated from E0771 tumors tissue from vehicle- or vitC-treated mice (vehicle n = 10, vitC treated 949 

n = 10). Data are represented as mean ± SEM. ****p < 0.0001. 950 

951 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


REFERENCES 952 

1. Nishikimi, M., and Yagi, K. (1991). Molecular basis for the deficiency in humans of gulonolactone 953 
oxidase, a key enzyme for ascorbic acid biosynthesis. Am J Clin Nutr 54, 1203S-1208S. 954 
10.1093/ajcn/54.6.1203s. 955 

2. Meisel, K., Daggubati, S., and Josephson, S.A. (2015). Scurvy in the 21st century?: Vitamin C deficiency 956 
presenting to the neurologist. Neurol Clin Pract 5, 491-493. 10.1212/CPJ.0000000000000158. 957 

3. Ngo, B., Van Riper, J.M., Cantley, L.C., and Yun, J. (2019). Targeting cancer vulnerabilities with high-958 
dose vitamin C. Nat Rev Cancer 19, 271-282. 10.1038/s41568-019-0135-7. 959 

4. Chen, Q., Espey, M.G., Krishna, M.C., Mitchell, J.B., Corpe, C.P., Buettner, G.R., Shacter, E., and Levine, 960 
M. (2005). Pharmacologic ascorbic acid concentrations selectively kill cancer cells: action as a pro-drug 961 
to deliver hydrogen peroxide to tissues. Proc Natl Acad Sci U S A 102, 13604-13609. 962 
10.1073/pnas.0506390102. 963 

5. Chen, Q., Espey, M.G., Sun, A.Y., Lee, J.H., Krishna, M.C., Shacter, E., Choyke, P.L., Pooput, C., Kirk, K.L., 964 
Buettner, G.R., and Levine, M. (2007). Ascorbate in pharmacologic concentrations selectively generates 965 
ascorbate radical and hydrogen peroxide in extracellular fluid in vivo. Proc Natl Acad Sci U S A 104, 966 
8749-8754. 10.1073/pnas.0702854104. 967 

6. Chen, Q., Espey, M.G., Sun, A.Y., Pooput, C., Kirk, K.L., Krishna, M.C., Khosh, D.B., Drisko, J., and Levine, 968 
M. (2008). Pharmacologic doses of ascorbate act as a prooxidant and decrease growth of aggressive 969 
tumor xenografts in mice. Proc Natl Acad Sci U S A 105, 11105-11109. 10.1073/pnas.0804226105. 970 

7. Bottger, F., Valles-Marti, A., Cahn, L., and Jimenez, C.R. (2021). High-dose intravenous vitamin C, a 971 
promising multi-targeting agent in the treatment of cancer. J Exp Clin Cancer Res 40, 343. 972 
10.1186/s13046-021-02134-y. 973 

8. Magri, A., Germano, G., Lorenzato, A., Lamba, S., Chila, R., Montone, M., Amodio, V., Ceruti, T., Sassi, 974 
F., Arena, S., et al. (2020). High-dose vitamin C enhances cancer immunotherapy. Sci Transl Med 12. 975 
10.1126/scitranslmed.aay8707. 976 

9. Verrax, J., and Calderon, P.B. (2009). Pharmacologic concentrations of ascorbate are achieved by 977 
parenteral administration and exhibit antitumoral effects. Free Radic Biol Med 47, 32-40. 978 
10.1016/j.freeradbiomed.2009.02.016. 979 

10. Espey, M.G., Chen, P., Chalmers, B., Drisko, J., Sun, A.Y., Levine, M., and Chen, Q. (2011). Pharmacologic 980 
ascorbate synergizes with gemcitabine in preclinical models of pancreatic cancer. Free Radic Biol Med 981 
50, 1610-1619. 10.1016/j.freeradbiomed.2011.03.007. 982 

11. Ma, Y., Chapman, J., Levine, M., Polireddy, K., Drisko, J., and Chen, Q. (2014). High-dose parenteral 983 
ascorbate enhanced chemosensitivity of ovarian cancer and reduced toxicity of chemotherapy. Sci 984 
Transl Med 6, 222ra218. 10.1126/scitranslmed.3007154. 985 

12. Serrano, O.K., Parrow, N.L., Violet, P.C., Yang, J., Zornjak, J., Basseville, A., and Levine, M. (2015). 986 
Antitumor effect of pharmacologic ascorbate in the B16 murine melanoma model. Free Radic Biol Med 987 
87, 193-203. 10.1016/j.freeradbiomed.2015.06.032. 988 

13. Xia, J., Xu, H., Zhang, X., Allamargot, C., Coleman, K.L., Nessler, R., Frech, I., Tricot, G., and Zhan, F. 989 
(2017). Multiple Myeloma Tumor Cells are Selectively Killed by Pharmacologically-dosed Ascorbic Acid. 990 
EBioMedicine 18, 41-49. 10.1016/j.ebiom.2017.02.011. 991 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


14. Yun, J., Mullarky, E., Lu, C., Bosch, K.N., Kavalier, A., Rivera, K., Roper, J., Chio, II, Giannopoulou, E.G., 992 
Rago, C., et al. (2015). Vitamin C selectively kills KRAS and BRAF mutant colorectal cancer cells by 993 
targeting GAPDH. Science 350, 1391-1396. 10.1126/science.aaa5004. 994 

15. Di Tano, M., Raucci, F., Vernieri, C., Caffa, I., Buono, R., Fanti, M., Brandhorst, S., Curigliano, G., Nencioni, 995 
A., de Braud, F., and Longo, V.D. (2020). Synergistic effect of fasting-mimicking diet and vitamin C 996 
against KRAS mutated cancers. Nat Commun 11, 2332. 10.1038/s41467-020-16243-3. 997 

16. Aguilera, O., Munoz-Sagastibelza, M., Torrejon, B., Borrero-Palacios, A., Del Puerto-Nevado, L., 998 
Martinez-Useros, J., Rodriguez-Remirez, M., Zazo, S., Garcia, E., Fraga, M., et al. (2016). Vitamin C 999 
uncouples the Warburg metabolic switch in KRAS mutant colon cancer. Oncotarget 7, 47954-47965. 1000 
10.18632/oncotarget.10087. 1001 

17. Agathocleous, M., Meacham, C.E., Burgess, R.J., Piskounova, E., Zhao, Z., Crane, G.M., Cowin, B.L., 1002 
Bruner, E., Murphy, M.M., Chen, W., et al. (2017). Ascorbate regulates haematopoietic stem cell 1003 
function and leukaemogenesis. Nature 549, 476-481. 10.1038/nature23876. 1004 

18. Cimmino, L., Dolgalev, I., Wang, Y., Yoshimi, A., Martin, G.H., Wang, J., Ng, V., Xia, B., Witkowski, M.T., 1005 
Mitchell-Flack, M., et al. (2017). Restoration of TET2 Function Blocks Aberrant Self-Renewal and 1006 
Leukemia Progression. Cell 170, 1079-1095 e1020. 10.1016/j.cell.2017.07.032. 1007 

19. Liu, M., Ohtani, H., Zhou, W., Orskov, A.D., Charlet, J., Zhang, Y.W., Shen, H., Baylin, S.B., Liang, G., 1008 
Gronbaek, K., and Jones, P.A. (2016). Vitamin C increases viral mimicry induced by 5-aza-2'-1009 
deoxycytidine. Proc Natl Acad Sci U S A 113, 10238-10244. 10.1073/pnas.1612262113. 1010 

20. Shenoy, N., Bhagat, T., Nieves, E., Stenson, M., Lawson, J., Choudhary, G.S., Habermann, T., Nowakowski, 1011 
G., Singh, R., Wu, X., et al. (2017). Upregulation of TET activity with ascorbic acid induces epigenetic 1012 
modulation of lymphoma cells. Blood Cancer J 7, e587. 10.1038/bcj.2017.65. 1013 

21. Gustafson, C.B., Yang, C., Dickson, K.M., Shao, H., Van Booven, D., Harbour, J.W., Liu, Z.J., and Wang, 1014 
G. (2015). Epigenetic reprogramming of melanoma cells by vitamin C treatment. Clin Epigenetics 7, 51. 1015 
10.1186/s13148-015-0087-z. 1016 

22. Figueroa-Mendez, R., and Rivas-Arancibia, S. (2015). Vitamin C in Health and Disease: Its Role in the 1017 
Metabolism of Cells and Redox State in the Brain. Front Physiol 6, 397. 10.3389/fphys.2015.00397. 1018 

23. Du, J., Cullen, J.J., and Buettner, G.R. (2012). Ascorbic acid: chemistry, biology and the treatment of 1019 
cancer. Biochim Biophys Acta 1826, 443-457. 10.1016/j.bbcan.2012.06.003. 1020 

24. Padayatty, S.J., and Levine, M. (2016). Vitamin C: the known and the unknown and Goldilocks. Oral Dis 1021 
22, 463-493. 10.1111/odi.12446. 1022 

25. Smirnoff, N. (2018). Ascorbic acid metabolism and functions: A comparison of plants and mammals. 1023 
Free Radic Biol Med 122, 116-129. 10.1016/j.freeradbiomed.2018.03.033. 1024 

26. Hasenkopf, K., Ronner, B., Hiller, H., and Pischetsrieder, M. (2002). Analysis of glycated and 1025 
ascorbylated proteins by gas chromatography-mass spectrometry. J Agric Food Chem 50, 5697-5703. 1026 
10.1021/jf020411u. 1027 

27. Linetsky, M., Shipova, E., Cheng, R., and Ortwerth, B.J. (2008). Glycation by ascorbic acid oxidation 1028 
products leads to the aggregation of lens proteins. Biochim Biophys Acta 1782, 22-34. 1029 
10.1016/j.bbadis.2007.10.003. 1030 

28. Ahammer, L., Unterhauser, J., Eidelpes, R., Meisenbichler, C., Nothegger, B., Covaciu, C.E., Cova, V., 1031 
Kamenik, A.S., Liedl, K.R., Breuker, K., et al. (2022). Ascorbylation of a Reactive Cysteine in the Major 1032 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


Apple Allergen Mal d 1. Foods 11. 10.3390/foods11192953. 1033 
29. Fan, X., and Monnier, V.M. (2008). Inhibition of crystallin ascorbylation by nucleophilic compounds in 1034 

the hSVCT2 mouse model of lenticular aging. Invest Ophthalmol Vis Sci 49, 4945-4952. 1035 
10.1167/iovs.08-1813. 1036 

30. Walsh, C.T., Garneau-Tsodikova, S., and Gatto, G.J., Jr. (2005). Protein posttranslational modifications: 1037 
the chemistry of proteome diversifications. Angew Chem Int Ed Engl 44, 7342-7372. 1038 
10.1002/anie.200501023. 1039 

31. Witze, E.S., Old, W.M., Resing, K.A., and Ahn, N.G. (2007). Mapping protein post-translational 1040 
modifications with mass spectrometry. Nat Methods 4, 798-806. 10.1038/nmeth1100. 1041 

32. Keenan, E.K., Zachman, D.K., and Hirschey, M.D. (2021). Discovering the landscape of protein 1042 
modifications. Mol Cell 81, 1868-1878. 10.1016/j.molcel.2021.03.015. 1043 

33. Shenoy, N., Creagan, E., Witzig, T., and Levine, M. (2018). Ascorbic Acid in Cancer Treatment: Let the 1044 
Phoenix Fly. Cancer Cell 34, 700-706. 10.1016/j.ccell.2018.07.014. 1045 

34. Shi, L., and Tu, B.P. (2015). Acetyl-CoA and the regulation of metabolism: mechanisms and 1046 
consequences. Curr Opin Cell Biol 33, 125-131. 10.1016/j.ceb.2015.02.003. 1047 

35. Detich, N., Hamm, S., Just, G., Knox, J.D., and Szyf, M. (2003). The methyl donor S-Adenosylmethionine 1048 
inhibits active demethylation of DNA: a candidate novel mechanism for the pharmacological effects 1049 
of S-Adenosylmethionine. J Biol Chem 278, 20812-20820. 10.1074/jbc.M211813200. 1050 

36. Nagata, R., Fujihashi, M., Sato, T., Atomi, H., and Miki, K. (2018). Identification of a pyrophosphate-1051 
dependent kinase and its donor selectivity determinants. Nat Commun 9, 1765. 10.1038/s41467-018-1052 
04201-z. 1053 

37. Zhai, Y., Chen, L., Zhao, Q., Zheng, Z.H., Chen, Z.N., Bian, H., Yang, X., Lu, H.Y., Lin, P., Chen, X., et al. 1054 
(2023). Cysteine carboxyethylation generates neoantigens to induce HLA-restricted autoimmunity. 1055 
Science 379, eabg2482. 10.1126/science.abg2482. 1056 

38. Lepack, A.E., Werner, C.T., Stewart, A.F., Fulton, S.L., Zhong, P., Farrelly, L.A., Smith, A.C.W., 1057 
Ramakrishnan, A., Lyu, Y., Bastle, R.M., et al. (2020). Dopaminylation of histone H3 in ventral tegmental 1058 
area regulates cocaine seeking. Science 368, 197-201. 10.1126/science.aaw8806. 1059 

39. Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., Liu, W., Kim, S., Lee, S., Perez-Neut, M., et 1060 
al. (2019). Metabolic regulation of gene expression by histone lactylation. Nature 574, 575-580. 1061 
10.1038/s41586-019-1678-1. 1062 

40. Mills, E.L., Ryan, D.G., Prag, H.A., Dikovskaya, D., Menon, D., Zaslona, Z., Jedrychowski, M.P., Costa, 1063 
A.S.H., Higgins, M., Hams, E., et al. (2018). Itaconate is an anti-inflammatory metabolite that activates 1064 
Nrf2 via alkylation of KEAP1. Nature 556, 113-117. 10.1038/nature25986. 1065 

41. He, X.D., Gong, W., Zhang, J.N., Nie, J., Yao, C.F., Guo, F.S., Lin, Y., Wu, X.H., Li, F., Li, J., et al. (2018). 1066 
Sensing and Transmitting Intracellular Amino Acid Signals through Reversible Lysine Aminoacylations. 1067 
Cell Metab 27, 151-166 e156. 10.1016/j.cmet.2017.10.015. 1068 

42. Mo, W., Zhang, L., Yang, G., Zhai, J., Hu, Z., Chen, Y., Chen, X., Hui, L., Huang, R., and Hu, G. (2008). 1069 
Nuclear beta-arrestin1 functions as a scaffold for the dephosphorylation of STAT1 and moderates the 1070 
antiviral activity of IFN-gamma. Mol Cell 31, 695-707. 10.1016/j.molcel.2008.06.017. 1071 

43. ten Hoeve, J., de Jesus Ibarra-Sanchez, M., Fu, Y., Zhu, W., Tremblay, M., David, M., and Shuai, K. (2002). 1072 
Identification of a nuclear Stat1 protein tyrosine phosphatase. Mol Cell Biol 22, 5662-5668. 1073 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


10.1128/MCB.22.16.5662-5668.2002. 1074 
44. Wagner, G.R., Bhatt, D.P., O'Connell, T.M., Thompson, J.W., Dubois, L.G., Backos, D.S., Yang, H., Mitchell, 1075 

G.A., Ilkayeva, O.R., Stevens, R.D., et al. (2017). A Class of Reactive Acyl-CoA Species Reveals the Non-1076 
enzymatic Origins of Protein Acylation. Cell Metab 25, 823-837 e828. 10.1016/j.cmet.2017.03.006. 1077 

45. Zhang, Z., Tan, M., Xie, Z., Dai, L., Chen, Y., and Zhao, Y. (2011). Identification of lysine succinylation as 1078 
a new post-translational modification. Nat Chem Biol 7, 58-63. 10.1038/nchembio.495. 1079 

46. Perla-Kajan, J., Twardowski, T., and Jakubowski, H. (2007). Mechanisms of homocysteine toxicity in 1080 
humans. Amino Acids 32, 561-572. 10.1007/s00726-006-0432-9. 1081 

47. Stephenson, C.M., Levin, R.D., Spector, T., and Lis, C.G. (2013). Phase I clinical trial to evaluate the safety, 1082 
tolerability, and pharmacokinetics of high-dose intravenous ascorbic acid in patients with advanced 1083 
cancer. Cancer Chemother Pharmacol 72, 139-146. 10.1007/s00280-013-2179-9. 1084 

48. Hoffer, L.J., Levine, M., Assouline, S., Melnychuk, D., Padayatty, S.J., Rosadiuk, K., Rousseau, C., Robitaille, 1085 
L., and Miller, W.H., Jr. (2008). Phase I clinical trial of i.v. ascorbic acid in advanced malignancy. Ann 1086 
Oncol 19, 1969-1974. 10.1093/annonc/mdn377. 1087 

49. Prescott, D.M., Charles, H.C., Poulson, J.M., Page, R.L., Thrall, D.E., Vujaskovic, Z., and Dewhirst, M.W. 1088 
(2000). The relationship between intracellular and extracellular pH in spontaneous canine tumors. Clin 1089 
Cancer Res 6, 2501-2505. 1090 

50. Hou, Y., Kitaguchi, T., Kriszt, R., Tseng, Y.H., Raghunath, M., and Suzuki, M. (2017). Ca(2+)-associated 1091 
triphasic pH changes in mitochondria during brown adipocyte activation. Mol Metab 6, 797-808. 1092 
10.1016/j.molmet.2017.05.013. 1093 

51. Casey, J.R., Grinstein, S., and Orlowski, J. (2010). Sensors and regulators of intracellular pH. Nat Rev 1094 
Mol Cell Biol 11, 50-61. 10.1038/nrm2820. 1095 

52. Simpson, D.M., and Beynon, R.J. (2010). Acetone precipitation of proteins and the modification of 1096 
peptides. J Proteome Res 9, 444-450. 10.1021/pr900806x. 1097 

53. Bergholz, J.S., Wang, Q., Wang, Q., Ramseier, M., Prakadan, S., Wang, W., Fang, R., Kabraji, S., Zhou, 1098 
Q., Gray, G.K., et al. (2023). PI3Kbeta controls immune evasion in PTEN-deficient breast tumours. 1099 
Nature. 10.1038/s41586-023-05940-w. 1100 

54. Platanias, L.C. (2005). Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat Rev 1101 
Immunol 5, 375-386. 10.1038/nri1604. 1102 

55. Martinez-Martinez, L., Martinez-Saavedra, M.T., Fuentes-Prior, P., Barnadas, M., Rubiales, M.V., Noda, 1103 
J., Badell, I., Rodriguez-Gallego, C., and de la Calle-Martin, O. (2015). A novel gain-of-function STAT1 1104 
mutation resulting in basal phosphorylation of STAT1 and increased distal IFN-gamma-mediated 1105 
responses in chronic mucocutaneous candidiasis. Mol Immunol 68, 597-605. 1106 
10.1016/j.molimm.2015.09.014. 1107 

56. Liu, S., Jiang, M., Wang, W., Liu, W., Song, X., Ma, Z., Zhang, S., Liu, L., Liu, Y., and Cao, X. (2018). Nuclear 1108 
RNF2 inhibits interferon function by promoting K33-linked STAT1 disassociation from DNA. Nat 1109 
Immunol 19, 41-52. 10.1038/s41590-017-0003-0. 1110 

57. Chang, W., Luo, Q., Wu, X., Nan, Y., Zhao, P., Zhang, L., Luo, A., Jiao, W., Zhu, Q., Fu, Y., and Liu, Z. 1111 
(2022). OTUB2 exerts tumor-suppressive roles via STAT1-mediated CALML3 activation and increased 1112 
phosphatidylserine synthesis. Cell Rep 41, 111561. 10.1016/j.celrep.2022.111561. 1113 

58. Darnell, J.E., Jr., Kerr, I.M., and Stark, G.R. (1994). Jak-STAT pathways and transcriptional activation in 1114 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


response to IFNs and other extracellular signaling proteins. Science 264, 1415-1421. 1115 
10.1126/science.8197455. 1116 

59. Villarino, A.V., Kanno, Y., and O'Shea, J.J. (2017). Mechanisms and consequences of Jak-STAT signaling 1117 
in the immune system. Nat Immunol 18, 374-384. 10.1038/ni.3691. 1118 

60. Okada, S., Asano, T., Moriya, K., Boisson-Dupuis, S., Kobayashi, M., Casanova, J.L., and Puel, A. (2020). 1119 
Human STAT1 Gain-of-Function Heterozygous Mutations: Chronic Mucocutaneous Candidiasis and 1120 
Type I Interferonopathy. J Clin Immunol 40, 1065-1081. 10.1007/s10875-020-00847-x. 1121 

61. Yamazaki, Y., Yamada, M., Kawai, T., Morio, T., Onodera, M., Ueki, M., Watanabe, N., Takada, H., 1122 
Takezaki, S., Chida, N., et al. (2014). Two novel gain-of-function mutations of STAT1 responsible for 1123 
chronic mucocutaneous candidiasis disease: impaired production of IL-17A and IL-22, and the 1124 
presence of anti-IL-17F autoantibody. J Immunol 193, 4880-4887. 10.4049/jimmunol.1401467. 1125 

62. Shuai, K., Horvath, C.M., Huang, L.H., Qureshi, S.A., Cowburn, D., and Darnell, J.E., Jr. (1994). Interferon 1126 
activation of the transcription factor Stat91 involves dimerization through SH2-phosphotyrosyl 1127 
peptide interactions. Cell 76, 821-828. 10.1016/0092-8674(94)90357-3. 1128 

63. Schindler, C., Shuai, K., Prezioso, V.R., and Darnell, J.E., Jr. (1992). Interferon-dependent tyrosine 1129 
phosphorylation of a latent cytoplasmic transcription factor. Science 257, 809-813. 1130 
10.1126/science.1496401. 1131 

64. Horvath, C.M., Wen, Z., and Darnell, J.E., Jr. (1995). A STAT protein domain that determines DNA 1132 
sequence recognition suggests a novel DNA-binding domain. Genes Dev 9, 984-994. 1133 
10.1101/gad.9.8.984. 1134 

65. Mertens, C., Zhong, M., Krishnaraj, R., Zou, W., Chen, X., and Darnell, J.E., Jr. (2006). Dephosphorylation 1135 
of phosphotyrosine on STAT1 dimers requires extensive spatial reorientation of the monomers 1136 
facilitated by the N-terminal domain. Genes Dev 20, 3372-3381. 10.1101/gad.1485406. 1137 

66. Staab, J., Herrmann-Lingen, C., and Meyer, T. (2013). A rapid conformational rearrangement of STAT1 1138 
dimers is required for termination rather than for amplification of interferon-gamma signaling. 1139 
JAKSTAT 2, e23576. 10.4161/jkst.23576. 1140 

67. Zhong, M., Henriksen, M.A., Takeuchi, K., Schaefer, O., Liu, B., ten Hoeve, J., Ren, Z., Mao, X., Chen, X., 1141 
Shuai, K., and Darnell, J.E., Jr. (2005). Implications of an antiparallel dimeric structure of 1142 
nonphosphorylated STAT1 for the activation-inactivation cycle. Proc Natl Acad Sci U S A 102, 3966-1143 
3971. 10.1073/pnas.0501063102. 1144 

68. Goel, S., DeCristo, M.J., Watt, A.C., BrinJones, H., Sceneay, J., Li, B.B., Khan, N., Ubellacker, J.M., Xie, S., 1145 
Metzger-Filho, O., et al. (2017). CDK4/6 inhibition triggers anti-tumour immunity. Nature 548, 471-1146 
475. 10.1038/nature23465. 1147 

69. Tronci, L., Serreli, G., Piras, C., Frau, D.V., Dettori, T., Deiana, M., Murgia, F., Santoru, M.L., Spada, M., 1148 
Leoni, V.P., et al. (2021). Vitamin C Cytotoxicity and Its Effects in Redox Homeostasis and Energetic 1149 
Metabolism in Papillary Thyroid Carcinoma Cell Lines. Antioxidants (Basel) 10. 1150 
10.3390/antiox10050809. 1151 

70. Hwang, N.R., Yim, S.H., Kim, Y.M., Jeong, J., Song, E.J., Lee, Y., Lee, J.H., Choi, S., and Lee, K.J. (2009). 1152 
Oxidative modifications of glyceraldehyde-3-phosphate dehydrogenase play a key role in its multiple 1153 
cellular functions. Biochem J 423, 253-264. 10.1042/BJ20090854. 1154 

71. Blaschke, K., Ebata, K.T., Karimi, M.M., Zepeda-Martinez, J.A., Goyal, P., Mahapatra, S., Tam, A., Laird, 1155 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


D.J., Hirst, M., Rao, A., et al. (2013). Vitamin C induces Tet-dependent DNA demethylation and a 1156 
blastocyst-like state in ES cells. Nature 500, 222-226. 10.1038/nature12362. 1157 

72. Miles, S.L., Fischer, A.P., Joshi, S.J., and Niles, R.M. (2015). Ascorbic acid and ascorbate-2-phosphate 1158 
decrease HIF activity and malignant properties of human melanoma cells. BMC Cancer 15, 867. 1159 
10.1186/s12885-015-1878-5. 1160 

73. Brabson, J.P., Leesang, T., Mohammad, S., and Cimmino, L. (2021). Epigenetic Regulation of Genomic 1161 
Stability by Vitamin C. Front Genet 12, 675780. 10.3389/fgene.2021.675780. 1162 

74. Kazmierczak-Baranska, J., Boguszewska, K., Adamus-Grabicka, A., and Karwowski, B.T. (2020). Two 1163 
Faces of Vitamin C-Antioxidative and Pro-Oxidative Agent. Nutrients 12. 10.3390/nu12051501. 1164 

75. Fukumura, H., Sato, M., Kezuka, K., Sato, I., Feng, X., Okumura, S., Fujita, T., Yokoyama, U., Eguchi, H., 1165 
Ishikawa, Y., and Saito, T. (2012). Effect of ascorbic acid on reactive oxygen species production in 1166 
chemotherapy and hyperthermia in prostate cancer cells. J Physiol Sci 62, 251-257. 10.1007/s12576-1167 
012-0204-0. 1168 

76. Heiser, P., Sommer, O., Schmidt, A.J., Clement, H.W., Hoinkes, A., Hopt, U.T., Schulz, E., Krieg, J.C., and 1169 
Dobschutz, E. (2010). Effects of antipsychotics and vitamin C on the formation of reactive oxygen 1170 
species. J Psychopharmacol 24, 1499-1504. 10.1177/0269881109102538. 1171 

77. Chua, G.N.L., Wassarman, K.L., Sun, H., Alp, J.A., Jarczyk, E.I., Kuzio, N.J., Bennett, M.J., Malachowsky, 1172 
B.G., Kruse, M., and Kennedy, A.J. (2019). Cytosine-Based TET Enzyme Inhibitors. ACS Med Chem Lett 1173 
10, 180-185. 10.1021/acsmedchemlett.8b00474. 1174 

78. Murray, J.K., Balan, C., Allgeier, A.M., Kasparian, A., Viswanadhan, V., Wilde, C., Allen, J.R., Yoder, S.C., 1175 
Biddlecome, G., Hungate, R.W., and Miranda, L.P. (2010). Dipeptidyl-quinolone derivatives inhibit 1176 
hypoxia inducible factor-1alpha prolyl hydroxylases-1, -2, and -3 with altered selectivity. J Comb 1177 
Chem 12, 676-686. 10.1021/cc100073a. 1178 

79. Worbs, T., Hammerschmidt, S.I., and Forster, R. (2017). Dendritic cell migration in health and disease. 1179 
Nat Rev Immunol 17, 30-48. 10.1038/nri.2016.116. 1180 

80. Eisenbarth, S.C. (2019). Dendritic cell subsets in T cell programming: location dictates function. Nat 1181 
Rev Immunol 19, 89-103. 10.1038/s41577-018-0088-1. 1182 

81. Berrueta, L., Bergholz, J., Munoz, D., Muskaj, I., Badger, G.J., Shukla, A., Kim, H.J., Zhao, J.J., and Langevin, 1183 
H.M. (2018). Stretching Reduces Tumor Growth in a Mouse Breast Cancer Model. Sci Rep 8, 7864. 1184 
10.1038/s41598-018-26198-7. 1185 

82. Schulze, W.X., and Usadel, B. (2010). Quantitation in mass-spectrometry-based proteomics. Annu Rev 1186 
Plant Biol 61, 491-516. 10.1146/annurev-arplant-042809-112132. 1187 

83. Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A., Paulovich, A., 1188 
Pomeroy, S.L., Golub, T.R., Lander, E.S., and Mesirov, J.P. (2005). Gene set enrichment analysis: a 1189 
knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U 1190 
S A 102, 15545-15550. 10.1073/pnas.0506580102. 1191 

84. Horton, P., Park, K.J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C.J., and Nakai, K. (2007). WoLF 1192 
PSORT: protein localization predictor. Nucleic Acids Res 35, W585-587. 10.1093/nar/gkm259. 1193 

85. Huang da, W., Sherman, B.T., and Lempicki, R.A. (2009). Systematic and integrative analysis of large 1194 
gene lists using DAVID bioinformatics resources. Nat Protoc 4, 44-57. 10.1038/nprot.2008.211. 1195 

86. Bu, D., Luo, H., Huo, P., Wang, Z., Zhang, S., He, Z., Wu, Y., Zhao, L., Liu, J., Guo, J., et al. (2021). KOBAS-1196 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


i: intelligent prioritization and exploratory visualization of biological functions for gene enrichment 1197 
analysis. Nucleic Acids Res 49, W317-W325. 10.1093/nar/gkab447. 1198 

87. Crooks, G.E., Hon, G., Chandonia, J.M., and Brenner, S.E. (2004). WebLogo: a sequence logo generator. 1199 
Genome Res 14, 1188-1190. 10.1101/gr.849004. 1200 

88. Conway, P., Tyka, M.D., DiMaio, F., Konerding, D.E., and Baker, D. (2014). Relaxation of backbone bond 1201 
geometry improves protein energy landscape modeling. Protein Sci 23, 47-55. 10.1002/pro.2389. 1202 

89. Khatib, F., Cooper, S., Tyka, M.D., Xu, K., Makedon, I., Popovic, Z., Baker, D., and Players, F. (2011). 1203 
Algorithm discovery by protein folding game players. Proc Natl Acad Sci U S A 108, 18949-18953. 1204 
10.1073/pnas.1115898108. 1205 

90. Tyka, M.D., Keedy, D.A., Andre, I., Dimaio, F., Song, Y., Richardson, D.C., Richardson, J.S., and Baker, D. 1206 
(2011). Alternate states of proteins revealed by detailed energy landscape mapping. J Mol Biol 405, 1207 
607-618. 10.1016/j.jmb.2010.11.008. 1208 

91. Renfrew, P.D., Choi, E.J., Bonneau, R., and Kuhlman, B. (2012). Incorporation of noncanonical amino 1209 
acids into Rosetta and use in computational protein-peptide interface design. PLoS One 7, e32637. 1210 
10.1371/journal.pone.0032637. 1211 

92. Drew, K., Renfrew, P.D., Craven, T.W., Butterfoss, G.L., Chou, F.C., Lyskov, S., Bullock, B.N., Watkins, A., 1212 
Labonte, J.W., Pacella, M., et al. (2013). Adding diverse noncanonical backbones to rosetta: enabling 1213 
peptidomimetic design. PLoS One 8, e67051. 10.1371/journal.pone.0067051. 1214 

93. Maier, J.A., Martinez, C., Kasavajhala, K., Wickstrom, L., Hauser, K.E., and Simmerling, C. (2015). ff14SB: 1215 
Improving the Accuracy of Protein Side Chain and Backbone Parameters from ff99SB. J Chem Theory 1216 
Comput 11, 3696-3713. 10.1021/acs.jctc.5b00255. 1217 

94. Wang, J., Wolf, R.M., Caldwell, J.W., Kollman, P.A., and Case, D.A. (2004). Development and testing of 1218 
a general amber force field. J Comput Chem 25, 1157-1174. 10.1002/jcc.20035. 1219 

95. Woods, R.J., and Chappelle, R. (2000). Restrained electrostatic potential atomic partial charges for 1220 
condensed-phase simulations of carbohydrates. Theochem 527, 149-156. 10.1016/S0166-1221 
1280(00)00487-5. 1222 

96. Alford, R.F., Leaver-Fay, A., Jeliazkov, J.R., O'Meara, M.J., DiMaio, F.P., Park, H., Shapovalov, M.V., 1223 
Renfrew, P.D., Mulligan, V.K., Kappel, K., et al. (2017). The Rosetta All-Atom Energy Function for 1224 
Macromolecular Modeling and Design. J Chem Theory Comput 13, 3031-3048. 1225 
10.1021/acs.jctc.7b00125. 1226 

97. Park, H., Bradley, P., Greisen, P., Jr., Liu, Y., Mulligan, V.K., Kim, D.E., Baker, D., and DiMaio, F. (2016). 1227 
Simultaneous Optimization of Biomolecular Energy Functions on Features from Small Molecules and 1228 
Macromolecules. J Chem Theory Comput 12, 6201-6212. 10.1021/acs.jctc.6b00819. 1229 

98. Goel, S., Wang, Q., Watt, A.C., Tolaney, S.M., Dillon, D.A., Li, W., Ramm, S., Palmer, A.C., Yuzugullu, H., 1230 
Varadan, V., et al. (2016). Overcoming Therapeutic Resistance in HER2-Positive Breast Cancers with 1231 
CDK4/6 Inhibitors. Cancer Cell 29, 255-269. 10.1016/j.ccell.2016.02.006. 1232 

99. Guo, X., Zhou, Y., Wu, T., Zhu, X., Lai, W., and Wu, L. (2016). Generation of mouse and human dendritic 1233 
cells in vitro. J Immunol Methods 432, 24-29. 10.1016/j.jim.2016.02.011. 1234 

100. Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A., and Zhang, F. (2013). Genome engineering 1235 
using the CRISPR-Cas9 system. Nat Protoc 8, 2281-2308. 10.1038/nprot.2013.143. 1236 

 1237 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


A B

C
y9

Ac-V L S P KVitC A V Q R F

y8 y7 y5 y4 y3 y2 y1

b1 b2 b3 b4 b5 b6 b7 b8 b9

y9

Ac-V L S P K1-13C-vitC A V Q R F

y8 y7 y5 y4 y3 y2 y1

b1 b2 b3 b4 b5 b6 b7 b8 b9

Ac-V L S P K A V Q R F

b1 b2 b3 b4

y9 y8 y7 y5 y4 y3 y2 y1

b5 b6 b7 b8 b9

D F GE

Ctrl VitC 1-13C-vitC

Ac
-V

LS
PK

AV
Q

R
F

Ac
-V

SS
PK

VL
Q

R
L

Ac
-Y

AP
VA

K
D

LA
SR

1186.4

1168.4

1232.6

1186.4

1168.4

1232.6

1186.4

1168.4

1232.6

1361.4

1343.4

1407.6

1362.4

1344.4

1408.6

m / z

In
te

ns
ity

1176-1196 1351-1371 1176-1196 1351-1371 1176-1196 1351-1371

1158-1178 1333-1353 1158-1178 1333-1353 1158-1178 1333-1353

1222-1242 1397-1417 1222-1242 1397-1417 1222-1242 1397-1417

m/z: 9-300

m/z: 300-420

m/z: 420-500

m/z: 500-610

m/z: 610-700

m/z: 700-950

m/z: 950-1408

m/z: 9-300

m/z: 300-420

m/z: 420-500

m/z: 500-610

m/z: 610-700

m/z: 700-950

m/z: 950-1408

In
te

ns
ity

m/z: 9-300

m/z: 300-420

m/z: 420-500

m/z: 500-610

m/z: 610-700

m/z: 700-950

m/z: 950-1408

b3-b2
201.0783

b8-b6
228.1053

b2
255.0997

y2-17
305.1116

y2
322.1165

b3-18
324.1286 b3

342.1469

b5-b3
401.1478

b4-18
421.1623

y3-17
433.1932

b4
438.1945

y3
450.1725

b6-b3
472.1649

b5-b2
488.1506

y5
620.2633 b7-b2-28

630.2064

b7-b2
658.308 b6-b1

672.2408

b8-b3
699.2694

b5-18
724.4649

b5
742.3444

b6
813.3212

b9-b3-17
838.2692

y7-17
1003.3585

y7
1020.4371

b9+18
1214.5604y8-17

1090.4876

y8
1107.4963

b6-b2-28
531.1897

b7-b3-28
543.1635 y4

549.2422

b7-b3-17
555.1769

b6-b2
559.1841

b7-b3
571.2275

b5-b1
601.1860

b3-b2
201.0582

b8-b6
228.0928

b2
255.1160

y2-17
305.1304

y2
322.1142 b3-18

324.1140

b3
342.1304 b5-b3

402.1407

b4-18
421.1948

y3-17
433.1309

b4
438.1816

y3
450.1788

b6-b3
473.1617

b5-b2
489.1547

b6-b2-28
532.1984

b7-b3-28
544.1531 y4

549.2267

b7-b3-17
556.1495 b6-b2

560.1788

b7-b3
572.2034

b5-b1
602.3142

y5-17
603.1965

y5
620.2722 b7-b2

659.2496

b6-b1
673.2557

b8-b3
700.2017 b6

814.3245
b9-b3-17
839.2938

b5
743.3374

y7-17
1004.3987

y7
1021.4115

y8-17
1091.3706

y8
1108.4063

b9+18
1215.5394

b3-b2
201.0917 b8-b6

228.1025

b2
255.1278

y2-17
305.1056

y2
322.1307

b3-18
324.1338

b3
342.1413

b4-18
421.1849y3-17

433.1416

b4
438.1659

y3
450.1615

y4; b5-18
549.2073 y5-17

603.2200

y5
620.2633

b5-b3
226.1186

b6-b3
297.1386

b5-b2
488.1506 b6-b2-28

356.1574
b7-b3-28
368.2002

b6-b2
384.1562

b7-b3
396.1901

b5-b1
426.2017 b7-b2-28

455.2082 b7-b2
483.2038

b6-b1
497.2126

b8-b3
524.2205

b5
567.2336

b6
638.2761 b9-b3-17

663.3051

y7-17
828.3183

y7
845.3069

y8-17
915.3165 y8

932.3182

b9+18
1039.4103

y5-17
603.2353

VitC
(Ascorbate anion)

Lysine Vitcyl-lysine

O

-O OH

OHO
OH NHOH

O
HO

OH

-O OH

N
H

H
C C

O

CH2
CH2
CH2
CH2
NH2

CH2

CH2

CH2

CH2

H
C C

O
N
H

0 0.1 0.2 0.5 1 2 5 10
0

5

10

15

Vi
ta
cy
la
tio
n

VitC (mM)

0 0.1 0.2 0.5 1 2 5 10
0

4

8

12

Vi
ta
cy
la
tio
n

0 0.1 0.2 0.5 1 2 5 10
0
1
2
3
4

Vi
ta
cy
la
tio
n

5 6.5 7.2 7.8 8.5 9.510
.5
11
.5

0
5
10
15
20

Vi
ta
cy
la
tio
n

5 6.5 7.2 7.8 8.5 9.510
.5
11
.5

0
5
10
15
20

Vi
ta
cy
la
tio
n

5 6.5 7.2 7.8 8.5 9.510
.5
11
.5

0

2

4

6

Vi
ta
cy
la
tio
n

Ac-VLSPK
AVQRF

Ac-VSSPK
VLQRL

Ac-YAPVAK
DLASR

Ac-VLSPK
AVQRF

Ac-VSSPK
VLQRL

Ac-YAPVAK
DLASR

pH

Ac
-V

LS
PA

AV
Q

R
F

Ac
-V

SS
PA

VL
Q

R
L

Ac
-Y

AP
VA

A
D

LA
SR

1129.2 1129.2

1111.2 1111.2

1175.4 1175.4

1119-1139 1294-1314 1119-1139 1294-1314

1101-1121 1276-1296 1101-1121 1276-1296

1165-1185 1340-1360 1165-1185 1340-1360

Con VitC

In
te

ns
ity

m / z

In
te

ns
ity

Ac
-V

LS
PR

AV
Q

R
F

Ac
-V

SS
PR

VL
Q

R
L

Ac
-Y

AP
VA

R
D

LA
SR

1214.8 1214.8

1196.8 1196.8

1260.4 1260.4

1204-1224 1379-1399 1204-1224 1379-1399

1186-1206 1361-1381 1186-1206 1361-1381

1250-1270 1425-1445 1250-1270 1425-1445

Con VitC

m / z

Figure 1 (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


Vitcylated
proteins

Vitcylated
sites

Cal-51 (human) 573 605

E0771 (mouse) 1450 1669

B

0 0.1 0.2 0.5 1 2 4 8
0

1

2

3

4

5
C

el
lu

la
r v

itC
 le

ve
ls 

(m
M

)

0 0.1 0.2 0.5 1 2 4 8
0

2

4

6

C
el

lu
la

r v
itC

 le
ve

ls
 (m

M
)

0 0.1 0.2 0.5 1 2 4 8
0

3

6

9

12

C
el

lu
la

r v
itC

 le
ve

ls 
(m

M
)

E0771Cal-51 PP

VitC (mM) VitC (mM) VitC (mM)

A

D

Nuclear
45.8%

Cytosol
18.6%

Plasma membrane
14.6%

Extracellular
8.0%

Mitochondria
7.5%

Cytosol_nuclear
4.14% Others

1.4%

Human (Cal-51)

ATP binding
RNA binding

ATPase activity
actin binding

calmodulin binding
protein C-terminus binding

actin filament binding
cadherin binding

protein binding
RNA helicase activity

Molecular function (Cal-51)E

Biological process (Cal-51)

G

positive regulation of telomere maintenance
actomyosin structure organization

positive regulation of telomerase activity
DNA repair

neurogenesis
DNA duplex unwinding

cytoskeleton organization
positive regulation of cation channel activity

mitotic cell cycle
Ras protein signal transduction

F

Metabolic pathways
Focal adhesion

Pathways in cancer
GnRH signaling pathway

Dilated cardiomyopathy (DCM)
Regulation of actin cytoskeleton

Oxytocin signaling pathway
Tight junction

Rap1 signaling pathway
NOD-like receptor signaling pathway

KEGG pathway (Cal-51)

Cal-51
(573)

E0771
(1450)

94 1356479

C

Figure 2

I

hGAPDH K5VitC

y6

V KVitC V  G  V  N  G  F  G  R

y5 y4 y3 y2 y1y9 y8 y7

b2

Cellular peptide

Synthetic peptide

Mixture

Cellular peptide

Synthetic peptide

Mixture

Time (min) m/z

H

hGAPDH K5VitC

y6

V KVitC V  G  V  N  G  F  G  R

y5 y4 y3 y2 y1y9 y8 y7

b2

1-13C-vitC

VitC

m/z

VitC - + - + - + - +

J
PP E0

77
1

C
al

-5
1

M
C

F7

PP E0
77

1

C
al

-5
1

M
C

F7

Vi
tc

yl
at

io
n

Competed by 
ascorbatylated peptides

K

Ca
l-5

1

PP E0
77

1

M
CF

7

Vi
tc

yl
at

io
n

C
oo

m
as

si
e 

st
ai

n

PP E0
77

1

Ca
l-5

1
M

CF
7

- + - + - + - +

VitC - + - + - +

L N

Vi
tc

yl
at

io
n

C
oo

m
as

si
e 

st
ai

n

pH
 7

.0

pH
 7

.5

pH
 8

.0

VitC 0 0.2 0.5 1 2

Vi
tc

yl
at

io
n

C
oo

m
as

si
e 

st
ai

n

Dose (mM)

VitC 0 6 12 24

Vi
tc

yl
at

io
n

C
oo

m
as

si
e 

st
ai

n

Time (hours)

M

0 0.2 0.5 1 2

Dose (mM)

0 6 12 24

Time (hours)

- + - + - +

pH
 7

.0

pH
 7

.5

pH
 8

.0

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


A B

C D

-log10 (p value)
0 2 4 6 8

immune system process
innate immune response

defense response to virus
response to virus

inflammatory response
immune response

positive regulation of humoral immune response mediated by circulating immunoglobulin
positive regulation of dendritic cell antigen processing and presentation

positive regulation of interferon-gamma production
positive regulation of interleukin-1 beta secretion

adaptive immune response

E0771

Inflammatory 
response

IFNγ 
response

IFNα 
response

p value = 0.002
ES = 0.53

NES = 1.59

p value < 0.001
ES = 0.57

NES = 1.78

p value < 0.001
ES = 0.62

NES = 1.73

Up-regulated in VitC treated E0771 cells

N KVitC Q  V  L  W  D  RhSTAT1 K298VitC

y6 y5 y4 y3 y2 y1y7

b2 b3

Cellular peptide

Synthetic peptide

Mixture

Cellular peptide

Synthetic peptide

Mixture

Time (min) m/z

1-13C-vitC

VitC

N KVitC Q  V  L  W  D  RhSTAT1 K298VitC

y6 y5 y4 y3 y2 y1y7

b2 b3

m/z

FE

STAT1-GFP + + + +
VitC (mM) - 0.1 0.2 0.5

+ + + +
- 0.5 1 2

+ + + +
- 0.5 1 2

Vitcy.

GFPIP
:G

FP

Cal-51 E0771 PP

G

STAT1-GFP + + + + + +
VitC - + - + - +

C
al

-5
1

IP
: G

FP

Vitcy.

GFP

Vitcy.

GFP

PP

pH 7.0 pH 7.5 pH 8.0

H

VitC - + - + - + - +

IP
: G

FP Vitcy.

GFP

W
T_

1

W
T_

2

K2
98

R
_1

K2
98

R
_2

1 1 1 1 1 1 1 1 1 1 1 1
0

10

20

30

40

50

pS
TA

T1
+ 

(%
)

**

***

***

****

*
**

*
ns

VitC (mM)

J

I

K

ST
AT

1
D

AP
I

M
er

ge

Ctrl VitC Ctrl VitC

WT_1 WT_2

Ctrl VitC Ctrl VitC

K298R_1 K298R_2

- 1 2 - 1 2 - 1 2 - 1 2

W
T_

1

W
T_

2

1 1 1
0
20
40
60
80

pS
TA
T1
+
（%
）
Ctrl VitC 0.2 VitC 0.5

pS
TA

T1

SSC-A

pS
TA

T1

SSC-A

pS
TA

T1

SSC-A

C
al

-5
1

E0
77

1
PP

- 1 2

Ctrl VitC 1 VitC 2

Ctrl VitC 1 VitC 2

1 1 1
0
25
50
75
100

pS
TA
T1
+
（%
）

1 1 1
0

20

40

60

pS
TA
T1
+
（%
）

- 1 2

- 0.2 0.5

****
****

****
****

***
****

K2
98

R_
2

K2
98

R_
1

VitC (mM)

1 1 1 1 1 1
0

20

40

60

80

100

pS
TA

T1
+ 

(%
)

1 1 1 1 1 1
0

10

20

30

pS
TA

T1
+ 

(%
) ns

****

**** ****
****

***

Cal-51

pH 7.0

PP

pH 7.5 pH 8.0 pH 7.0 pH 7.5 pH 8.0

- + - + - +- + - + - +

Figure 3

VitC (2 mM)VitC (0.5 mM)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


B

STAT1-GFP - + - + + + +
PTPN2-HA - - + + + + +

IFNγ - - - - - + +
VitC - - - - + - +

GFP

HA

GFP

HAIn
pu

t

Cal-51

IP
: H

A
Stability Change in Rosetta

energy unit (REU)

Vitcyl-K298 6.9

K298N 9.5

D

A

K298 D292, P293, I294
L301

Q271 R274 L283, E284, Q285

Y287, T288, Y289

E

pSTAT1 vitcyl-K298

E281

E284

Vitcyl-K298

pSTAT1-WT

E281

E284

K298

Figure 4

C

1 2 4 6
0.0

0.4

0.8

1.2

R
el

at
iv

e 
pS

TA
T1

+

Ctrl
VitC

1 2 4 6
0.0

0.4

0.8

1.2

R
el

at
iv

e 
pS

TA
T1

+

Ctrl
VitC

- 10 20 60Stau. (min) - 10 20 60Stau. (min)

PP

****

****

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


A

1 1 1
0
25
50
75
100

H
-2
Kq
+
（%
）

B2
M

SSC-A
1 1 1

0
20
40
60
80

B2
M
+
（%
）

- 1 2

Ctrl VitC 1 VitC 2

****
****

H
-2

Kq

PP
****

****

B2
M

SSC-A

1 1 1
0

20

40

60

H
LA
+
（%
） ***

***

1 1 1
0

20

40

60

B2
M
+
（%
） **

**H
LA

-
0.

2
0.

5

VitC (mM)

Ctrl VitC 0.2 VitC 0.5

Cal-51

VitC (mM)

B

1 1 1 1 1 1
0

20

40

60

80

H
-2

Kq
+ 

(%
)

1 1 1 1 1 1
0

20

40

60

B2
M

+ 
(%

)

**** ****

*

pH
 7.

0

pH
 7.

5

pH
 8.

0

PP

**** ****

****

1 1 1 1 1 1
0

10

20

30

HL
A+

 (%
) ****

****
*

1 1 1 1 1 1
0

10

20

30

40

50

B2
M

+ 
(%

)

****
****

*

- + - + - + 1 1 1 1 1 1 1 1 1 1 1 1
0

2000

4000

6000

8000

10000

B2
M

 (M
FI

)

W
T_

1

W
T_

2

K2
98

R_
1

K2
98

R_
2

***

****
**

ns
ns ns

ns

**

PP

- 1 2 - 1 2 - 1 2 - 1 2VitC (mM)

pH
 7.

0

pH
 7.

5

pH
 8.

0

- + - + - +

pH
 7.

0

pH
 7.

5

pH
 8.

0

- + - + - +

pH
 7.

0

pH
 7.

5

pH
 8.

0

- + - + - +

C
al

-5
1

GM-CSF 7 days

Bone
(FVB mice)

DCs

Progenitor cells

Tumor cells
(PP)

3 days Ctrl

VitC

DC + PP

DC + VitC treated PP

2 days

Analyses

DC activation

C

D

E

1 1 1
0

30

40
50
60
70

M
H

C
 II

+ 
(%

)

***
***

1 1 1
0

30

40
50
60
70

C
D

86
+ 

(%
)

1 1 1
0

5

10

15

C
D

80
+ 

(%
)

**
***

***
***

DCs (co-cultured with PP)

CD80

Ctrl VitC 0.5 VitC 1

CD86

MHC II

C
ou

nt
s

- 0.5 1

VitC (mM)

- 0.5 1

VitC (mM)

- 0.5 1

VitC (mM)

1 1 1 1
0

65
70

80

90

H
-2

Kb
+ 

(%
) *

*
**

1 1 1 1
0

60

70

80

pS
TA

T1
+ 

(%
)

*
*

**

Ct
rl

0.
2

0.
5

VitC (mM)

1

Ctrl VitC 0.25 VitC 0.5 VitC 1

H-2kb

pSTAT1

C
ou

nt
s

B16-OVA

F

G

Tumor cells
(B16-OVA or 

EL4-OVA)

3 days
Ctrl

VitC

T + B16 or EL4

T + VitC treated B16 or EL4

2 days

CD8+ T cell isolation

Spleen
(OT-I mice)

CD8+ T cells

Analyses
Tumor cell pSTAT1 and 

MHC I expression

Analyses
T cell proliferation 

and activation

IFNγ

1 1 1 1
0

20

30

40

TN
Fα

+ 
(%

)

1 1 1 1
0

15
20

30

40

C
FS

E-
 (%

)

*
*
****

1 1 1 1
0

15
20

30

40

IF
N

γ+
 (%

) ns
ns

***

***
*
****

Ct
rl 0.
2 0.
5

VitC (mM)

1

Ct
rl 0.
2

0.
5

VitC (mM)

1

Ct
rl

0.
2 0.
5

VitC (mM)

1

Ctrl VitC 0.2 VitC 0.5 VitC 1

CD8+ T (OT-I) cells 
(co-cultured with B16-OVA cells)

C
ou

nt
s

TNFα

CFSE

H

Figure 5

VitC (2 mM)

VitC (0.5 mM)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


Vi
tc

yla
tio

n
Co

om
as

sie
 s

ta
in

#1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 #6

Ctrl VitC

PP tumors CA

Treatment with VitC, tumor samples harvested for assays:

WB & RNA-Seq
Vitcylation levels;

Transcriptome

Flow cytometry
§ Tumor cells (CD45-): pSTAT1, 

H-2Kq and B2M levels
§ Immune cells (CD45+): 

Profiling of DCs and T cells

Injection 
(Mammary fat pads)

Start treatment
(Tumor volume ~300mm3)

Ctrl

VitC

F
DCs MHC II CD86pSTAT1 H-2Kq B2M

1 1
0

2000

3000

4000

M
FI

 in
 C

D
45

- c
el

ls

Ctrl VitC

**

1 1
0

60000

120000

M
FI

 in
 C

D
45

- c
el

ls

Ctrl VitC

***

1 1
0

6000

12000

M
FI

 in
 C

D
45

- c
el

ls

Ctrl VitC

****

D

TNFα IFNγ TNFα IFNγ

1 1
0

50000

100000

150000

200000

M
FI

 in
 D

C
 c

el
ls

Ctrl VitC

****

1 1
0

10000

20000

30000

M
FI

 in
 D

C
 c

el
ls

Ctrl VitC

***

1 1
0

10

20

30

%
 o

f C
D

45
+ 

ce
lls

Ctrl VitC

****

1 1
0

20000

40000

60000

M
FI

 in
 C

D
8+

 T
 c

el
ls

Ctrl VitC

***

1 1
0

10000

20000

30000

40000

50000

M
FI

 in
 C

D
8+

 T
 c

el
ls

Ctrl VitC

****

1 1
0

20

40

60

%
 o

f C
D

45
+ 

ce
lls

Ctrl VitC

***

CD4+ CD8+

1 1
0

10000

20000

30000

40000

50000

M
FI

 in
 C

D
4+

 T
 c

el
ls

Ctrl VitC

***

1 1
0

10000

20000

30000

40000

M
FI

 in
 C

D
4+

 T
 c

el
ls

Ctrl VitC

****

1 1
0

10

20

30

40

%
 o

f C
D

45
+ 

ce
lls

Ctrl VitC

****

G H

Figure 6

B

p value = 0.033
ES = 0.38

NES = 1.35

Inflammatory 
response

p value = 0.028
ES = 0.37

NES = 1.37

IFNγ
response

p value = 0.013
ES = 0.49

NES = 1.53

IFNα 
response

Up-regulated in vitC treated tumor tissue

E

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


Figure 7 (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 27, 2023. ; https://doi.org/10.1101/2023.06.27.546774doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.27.546774


Figure S1

A B

Succinic
anhydride

Lysine Succinyl
-lysine

NH

N
H

H
C C

O

CH2
CH2
CH2
CH2
NH2

CH2

CH2

CH2

CH2

H
C C

O
N
H

O

O

O
O

HO

O

Homocysteine
thiolactone

Lysine Homocysteinyl
-lysine

NH

N
H

H
C C

O

CH2
CH2
CH2
CH2
NH2

CH2

CH2

CH2

CH2

H
C C

O
N
H

S

NH2

O O
NH2

HS

C

Ascorbic acid
(+176 Da)

O O

OHHO

HO

OH

Ascorbate anion
(+175 Da)

O O

OH-O

HO

OH

Dehydroascorbic acid
(+174 Da)

O O

OO

HO

OH

pKa = 4.2 pKa = 11.8

> 99% < 1%

Physiological pH

In
te

ns
ity

Ctrl VitC DHA

Ac
-V

LS
P
K

AV
Q

R
F

Ac
-V

SS
PK

VL
Q

R
L

Ac
-Y

AP
VA
K

D
LA

SR

m / z

1343.4

1407.6

1186.4 1361.4

1168.4

1232.6

1186.4

1168.4

1232.6

1186.4

1168.4

1232.6

1176-1196 1351-1371 1176-1196 1351-1371 1176-1196 1351-1371

1158-1178 1333-1353 1158-1178 1333-1353 1158-1178 1333-1353

1222-1242 1397-1417 1222-1242 1397-1417 1222-1242 1397-1417

E

D

HO
OH OH

O O

O
OH

NH2

NH

O

+

Diketogulonate (DKG) Lysine

H
N

NH

O

OH

O

CM-lysine (+58 Da)

H
N

NH

O
OH

O

CE-lysine (+72 Da)

H
N

NH

O
OH

O

OH

CHP-lysine (+102 Da)

N

NH

O

HO
-O

HOP-lysine (+109 Da)

H
N

NH

O

O

OH
OH

Tetrulose-lysine (+102 Da)

H
N

NH

O

O

HO
O

Oxalyl-lysine (+112 Da)

H
N

NH

O

O

HO

Glycoloyl-lysine (+58 Da)

H
N

NH

O

O

OH

HO

Glycerinyl-lysine (+102 Da)

H
N

NH

O

O

OH
HO

HO

Threonyl-lysine (+118 Da)

H
N

NH

O

O

OH
HO

OH

OH

Xylonyl-lysine (+148 Da)

Lysine ascorbylations

HO
OH OH

O O

O
OH

Diketogulonate (DKG)

NH

O
SH

Cysteine

NH

O
S

O
O

O

Ascorbyl-cysteine (+112 Da)

+

Cysteine ascorbylation



F

VitC 1-13C-vitC

12C
O O

OH-O

HO

OH

13C
O O

OH-O

HO

OH

b8-b6-17
226.1013

b4-b1-18
255.0532

y2-17
271.1390

y2
288.1337

b3-18
298.0894

b3
316.0819

b5-b3-28
373.1449

b5-b3-28
401.1487b4-18

395.0978

b9-b6
399.1337

y3
416.1677

b5-b2
488.1526 b6-b3

500.1965

y4-17
512.2329 y4

529.2593

b6-b2-17
570.1544

b5-b1
575.1738 b6-b2

587.2035
b7-b3
613.3094y5-17

612.3055
y5

628.3141

b5-b1
674.2907

b5-17
700.2744b5

716.1710
b8-b3
741.3096

b8-b2-17
811.3488

b9-b3-17
880.5060

y7-17
1011.4515

y7
1028.4580

b9+H2O
1230.5677

m/z: 100-310

m/z: 310-430

m/z: 430-550

m/z: 550-650

m/z: 650-850

m/z: 850-1080

m/z: 1080-1344

b8-b6-17
226.1182

b4-b1-18
255.0651 y2-17

271.1577 y2
288.1678

b3-18
298.0918

b3
316.0942

b5-b3-28
373.1689

b4-18
395.1825

b9-b6
399.1767

b5-b3-28
402.1783 y3

416.1677

b5-b2
489.1733

b6-b3
501.2234

y4-17
512.2040

y4
529.2766

b6-b2-17
571.1827

b5-b1
576.1858 b6-b2

588.2105
y5-17
612.2822

b7-b3
614.2517 y5

628.3425

b5-b1
675.1836

b5
717.2629

b8-b3
742.3730

b9-b3-17
881.3567

y7-17
1012.3196

y7
1029.3561

b9+H2O
1231.3036

In
te

ns
ity

m/z: 100-310

m/z: 310-430

m/z: 430-550

m/z: 550-650

m/z: 650-850

m/z: 850-1080

m/z: 1080-1344

b5-b3-28;
b8-b6-17
226.1250 b4-b1-18

255.1191

y2-17
271.1333y2

288.1599

b3-18
298.1022

b3
316.0976

b6-b2-17;
b4-18
395.0978

b9-b6
399.1747

y3
416.1925

y4-17
512.2264

y4
529.2509

y5-17
612.2728 y5

628.2856

b5-b2
313.1419 b6-b3

325.1740 b5-b1
400.1662

b6-b2
412.1905

b7-b3
438.2371

b5-b1
499.2043 b5-17

525.2507

b5
541.2171

b8-b3
566.2664

b9-b3-17
705.3284

y7-17
836.3644

y7
853.3804

b9+H2O
1055.4285

m/z: 100-310

m/z: 310-430

m/z: 430-550

m/z: 550-650

m/z: 650-850

m/z: 850-1080

m/z: 1080-1344

y1
175.0822

b3-b1
169.0945

y4-y2-28
158.0390

b4-b2
197.0972

y2-17
245.0511

b4-b1-28
240.1288 b2

277.0543

y2
262.0999

b4-b1
268.1116

b1
206.0981

y3
333.0977

b5-b1
339.1277 b3

374.0819

y4
446.1825

b4
473.1391

b7-b4-28
504.1408b7-b4

490.1519

b5
544.1960

y5; b6-b2
561.1835

b8-b4
603.1520

b9-b4
674.1695

b7-b2
686.2689 b7-b1

757.2057
b8-b2
799.2294

b7-b1-28
842.2663

b10-b3
860.3135

b9-18
1127.5562

b10
1232.6647

m/z: 100-200

m/z: 200-300

m/z: 300-450

m/z: 450-600

m/z: 600-800

m/z: 800-1000

m/z: 1000-1408

y4-y2-28
158.0714

b3-b1
169.1011

y1
175.0897

b4-b2
197.0911

b1
206.0539

b4-b1-28
240.1403

y2-17
245.0611 y2

262.0977

b4-b1
268.1125

b2
277.0765

y3
333.1422

b5-b1
339.1650 b3

374.1048

y4
446.2035

b4
473.1678 b7-b4

491.1483

b7-b4-28
505.1490

b5
544.1918 y5

561.2184

b8-b4
604.2811

b9-b4
675.2093

b7-b2
687.2275

b7-b1
758.2849

b8-b2
800.3229

b7-b1-28
843.3372

b10-b3
861.3398

b9-18
1128.4719

b10
1233.5778

m/z: 100-200

m/z: 200-300

m/z: 300-450

m/z: 450-600

m/z: 600-800

m/z: 800-1000

m/z: 1000-1408

In
te

ns
ity

y4-y2-28
158.0889

b3-b1
169.1222

y1
175.1104

b4-b2
197.1176

b1
206.0642

b4-b1-28
240.1564

y2-17
245.1112

y2
262.1335

b4-b1
268.1502

b2
277.1042

y3
333.1637

b5-b1
339.1835 b3

374.1446

b4
473.2122

b5
544.2354

y5
561.2530

b7-b4
315.1396 b6-b2

386.1965

b8-b4
428.2235

b9-b4
499.2585

b7-b2
511.2534

b7-b1
582.2835

b8-b2
624.3146 b7-b1-28

667.3465

b9-18
952.4882

b10
1107.1592

m/z: 100-200

m/z: 200-300

m/z: 300-450

m/z: 450-600

m/z: 600-800

m/z: 800-1000

m/z: 1000-1408

y4
446.2399

G

H

FTEGAFKDWGYQLAR
Ctrl VitC Ctrl VitC

Ac-RDLIFKEREED
Ctrl VitC
Ac-IISKQDDL

Ctrl VitC
Ac-LLDGKNVNAG

Ctrl VitC Ctrl VitC Ctrl VitC Ctrl VitC
Ac-LDNKINEVLALA Ac-EAAWKVTDEC Ac-NNQHKLTLS Ac-VIDIKVVAGA

1789.1 1491.6 1491.6 973.1 973.1 1042.2 1042.2

1170.3 1170.3 1192.3 1192.3 1096.2 1096.2 1026.2 1026.2

m / z

In
te

ns
ity

In
te

ns
ity

1789.1
1614-2139 1614-2139 1316-1841 1316-1841 798-1323 798-1323 867-1392 867-1392

995-1520 995-1520 1017-1542 1017-1542 921-1446 921-1446 851-1376 851-1376

y5 y4 y3 y2 y1

b1 b2 b3 b4 b5 b6 b7 b8 b9

Ac-Y A P V A   KVitC D   L A S   R

b10

Ac-Y A P V A   K1-13C-vitC D   L A S   R

y5

b6

y4 y3 y2 y1

b7 b8 b9 b10b1 b2 b3 b4 b5b1 b2 b3 b4 b5

Ac-Y A P V A   K D   L A S   R

b7 b8 b9

y5

b6

y4 y3 y2 y1

b10

y7 y5 y4 y3 y2 y1

b1 b2 b3 b4 b5 b6 b7 b8 b9
Ac-V S S P KVitC V   L Q R   L Ac-V S S P K1-13C-vitC V   L Q R   L

y7

b1 b2 b3 b4

y5

b5 b8 b9b7

y4 y3 y2 y1

b6

y7

b1 b2 b3 b4
Ac-V S S P K V   L Q R   L

b5

y5 y4

b6

y3 y2 y1

b7 b8 b9

I



E

C

D

B

RNA transport
Regulation of actin cytoskeleton

Thyroid hormone signaling pathway
Oxytocin signaling pathway

Gastric acid secretion
Salivary secretion

Vascular smooth muscle contraction
Huntington disease

cGMP-PKG signaling pathway
Platelet activation

KEGG pathway (E0771)

DNA repair
phosphorylation

microtubule-based movement
protein phosphorylation

cell division
mitotic cytokinesis

cell cycle
chromatin organization

rRNA processing
cellular response to DNA damage stimulus

Biological process (E0771)

ATP binding
protein binding

nucleotide binding
actin filament binding

ATPase activity
actin binding

calmodulin binding
kinase activity

protein kinase activity
chromatin binding

Molecular function (E0771)

Nuclear
50.2%

Cytosol
17.3%

Plasma membrane
14.0%

Extracellular
7.6%

Mitochondria
6.2%

Cytosol_nuclear
2.8% Others

1.9%

Mouse (E0771)

Vitcylated
proteins

Vitcylated
sites

Ctrl 333 349

VitC (pH 7.2) 755 788

VitC (pH 8.0) 1766 2040

A

Figure S2

L  G  I  L  I KVitC A  RmSMC1A K129VitC
y6y5y4y3 y2 y1y7

b2b3 b4 b7

G

Time (min) m/z

Cellular peptide

Synthetic peptide

Mixture

Cellular peptide

Synthetic peptide

Mixture

-1
0 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10N C

Human (Cal-51)

-1
0 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10N C

Mouse (E0771)

Pe
p.

Pe
p.

 +
 V

itC

Pe
p.

 (K
/R

) +
 V

itC

Ac
et

yla
tio

n 
pe

p.

Su
cc

in
yla

tio
n 

pe
p.

Le
uc

yla
tio

n 
pe

p.

La
ct

yla
tio

n 
pe

p.

Vi
tc

yla
tio

n

200

100

50 Pe
pt

id
es

 (n
g)

Pe
p.

 +
 V

itC

Pe
p.

 +
 D

HA

Pe
p.

KF



1-13C-vitC

VitC

J
A  N KVitC Q  F  I  R  N  T  Q  I  RmCKAP2L K240VitC

y6 y5 y4 y2 y1y9 y8 y7

b2

y10

b3 b11

y3

1-13C-vitC

VitC

L  G  I  L  I KVitC A  RmSMC1A K129VitC
y6 y5y4y3 y2 y1y7

b2b3 b4 b7

m/z

I

m/z

H

Time (min) m/z

Cellular peptide

Synthetic peptide

Mixture

Cellular peptide

Synthetic peptide

Mixture

A  N KVitC Q  F  I  R  N  T  Q  I  RmCKAP2L K240VitC
y6 y5 y4 y2 y1y9 y8 y7

b2

y10

b3 b11

y3



E

FD

A B

STAT1 K298

Cellular peptide

Synthetic peptide

Mixture

Cellular peptide

Synthetic peptide

Mixture

N KVitC Q  V  L  S  D  RmSTAT1 K298VitC

y6 y5 y4 y3 y2 y1y7

b2 b3

VitC

1-13C-vitC

P53 pathway
TNFα signaling 

via NFKB

p value = 0.01
ES = 0.46

NES = 1.46

p value = 0.022
ES = 0.47

NES = 1.44

Oxidative 
phosphorylation MYC targets

p value = 0.001
ES = -0.58

NES = -1.89

p value = 0.004
ES = -0.46

NES = -1.62

Down-regulated in vitC treated E0771 cellsUp-regulated in vitC treated E0771 cells

Proteins Sites Vitcylated

levels (%)

STAT1 K298 18.9 ± 1.4

C

N KVitC Q  V  L  S  D  RmSTAT1 K298VitC

y6 y5 y4 y3 y2 y1y7

b2 b3

H IG

STAT1

Actin

Endo.
Over.

W
T

KO KO
+

W
T_

1

KO
+

W
T_

2

KO
+

K2
98

R
_1

KO
+

K2
98

R
_2

sg
N

C

sg
ST

AT
1_

1

sg
ST

AT
1_

2

PP

STAT1

Actin

ST
AT

1
D

AP
I

M
er

ge

Ctrl VitC

Cal-51

Ctrl VitC

PP

Figure S3



Vitcyl-K298 K298N
cart_bonded 5.1 -4.4

fa_atr -12.2 2.6
fa_dun_dev 2.8 4.0
fa_dun_rot 2.4 -5.3

fa_dun_semi 0.0 7.2
fa_elec 8.9 13.6

fa_intra_atr_xover4 -2.8 0.4
fa_intra_elec -6.9 -0.5

fa_intra_rep_xover4 0.3 -0.5
fa_intra_sol_xover4 3.4 0.7

fa_rep 1.4 -0.5
fa_sol 5.1 -10.5

hbond_bb_sc 0.0 0.0
hbond_lr_bb 0.0 0.0

hbond_sc -0.3 3.0
hbond_sr_bb 0.1 0.0

hxl_tors 0.0 0.0
linear_chainbreak 0.0 0.0

lk_ball -1.5 -6.0
lk_ball_bridge 0.0 0.0

lk_ball_bridge_uncpl -0.2 -0.1
lk_ball_iso -2.0 2.4

omega -0.1 0.0
overlap_chainbreak 0.0 0.0

p_aa_pp -0.1 0.6
rama_prepro 0.0 1.3

ref 3.3 1.6
Total 6.9 9.5

C

D
pSTAT1-K298N

E281

K298N

E284

STAT1-GFP - + - + + + +

JAK1-HA - - + + + + +

VC - - - - + - +

IFNγ - - - - - + +

GFP

HA

GFP

HA

IP
:H

A
In

pu
t

A

Figure S4

0 1 2 4 6
0

20

40

60

pS
TA

T1
 (M

FI
)

0 1 2 4 6
0

20

40

60

80

100

pS
TA

T1
+ 

(%
)

0 1 2 4 6
0

10

20

30

40

50

pS
TA

T1
+ 

(%
)

0 1 2 4 6
0

20

40

60

80

100

pS
TA

T1
+ 

(%
)

Con VitC

C
al

-5
1

PP

B

- + + + +

- - 10 20 60

IFNγ

Stau. (min)

- + + + +

- - 10 20 60

- + + + +

- - 10 20 60

IFNγ

Stau. (min)

- + + + +

- - 10 20 60



A

HL
A-
B
TA
P1
TA
P2
LM
P2 B2

M
0

1

2

3

4 Ctrl
R

el
at

iv
e 

m
R

N
A 

le
ve

ls
VitC

B

1 1 1 1 1 1 1 1 1

1000

6000

11000

H
-2

Kq
 (M

FI
)

C

D

E

F

G

Cal-
51

E07
71 PP

0.0

0.5

1.0

1.5

R
el

at
iv

e 
TE

T 
ac

tiv
ity

Ctrl
Bobcat 339

** **** ***

IOX2 - +

PP

HIF1α

Actin

E0771 Cal-51

C
al

-5
1

E0
77

1
PP

1 1 1 1 1 1 1 1 1
0

10

20

30

H
-2

Kb
+ 

(%
)

1 1 1 1 1 1 1 1 1
0

10

20

30

H
LA

+ 
(%

)

1 1 1 1 1 1 1 1 1
0

10

20

30

40

B2
M

+ 
(%

)

1 1 1 1 1 1 1 1 1
0

10

20

30

pS
TA

T1
+ 

(%
)

1 1 1 1 1 1 1 1 1
0

10

20

30

40

B2
M

+ 
(%

)

1 1 1 1 1 1 1 1 1
0

10
20
30
40
50

pS
TA

T1
+ 

(%
)

1 1 1 1 1 1 1 1 1
0

10
20
30
40
50

H
-2

Kq
+ 

(%
)

1 1 1 1 1 1 1 1 1
0

10
20
30
40
50

B2
M

+ 
(%

)

1 1 1 1 1 1 1 1 1
0

20

40

60

80

pS
TA

T1
+ 

(%
)

- 0.1 0.2 - 0.1 0.2 - 0.1 0.2

***

**

****

**

**

* ***

*

****

**

***

**
****

*

****

**

**

*

***
**

**
** ****

**

**
**

**

*
**

*
***

****

***
*

***
*

***

ns

***

ns

***

ns

***

*

***

**

***

**

****

**

****

*

****

**

- + - +

1
0

20

40

60

80

100

G
FP

+ 
(%

, R
O

S 
le

ve
ls

)

*
***

**

***

0 0.1 0.2 0.5 1 2

VitC (mM)

C
al

-5
1

1
0

10

20

30

40

50

G
FP

+ 
(%

, R
O

S 
le

ve
ls

) ***
***

*
ns

E0
77

1

1
0

20

40

60

80

100

G
FP

+ 
(%

, R
O

S 
le

ve
ls

)

****

ns

ns

****

PP

1
0

20

40

60

80

H
LA

+ 
(%

)

C
al

-5
1

1
0

20

40

60

80

H
-2

Kb
+ 

(%
)

E0
77

1

1
0

20

40

60

80

H
-2

Kq
+ 

(%
)

****

*

****
***

**
**

****
****

****
**

PP **

****
****

***
*

- 0.1 0.2 - 0.1 0.2 - 0.1 0.2 - 0.1 0.2 - 0.1 0.2 - 0.1 0.2

- 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5

- 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5 - 0.2 0.5

VitC (mM)

IOX2 Bob.

VitC (mM)

IOX2 Bob.

VitC (mM)

IOX2 Bob.

0 0.1 0.2 0.5 1 2

VitC (mM)

0 0.1 0.2 0.5 1 2

VitC (mM)

0 0.1 0.2 0.5 1 2

VitC (mM)

0 0.1 0.2 0.5 1 2

VitC (mM)

0 0.1 0.2 0.5 1 2

VitC (mM)

Ta
p1
Lm
p2

H2
k1

B2
m Irf1

0

2

4

6

8 Ctrl

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

VitC

1 1 1 1 1 1 1 1 1
0

1000

2000

3000

4000

B2
M

 (M
FI

)

- 1 2 - 1 2 - 1 2VitC (mM)

sg
NC

sg
STA

T1_1
sg

STA
T1_2

- 1 2 - 1 2 - 1 2

sg
NC

sg
STA

T1_1
sg

STA
T1_2

****

****

****

**** ****
****

****

****
**** ****

****

***

ns

ns

ns

ns

**
***

ns

ns

ns

ns

Cal-51 PP

Figure S5

ns

****

***



I K

JH

1 1 1 1
0.0
1.5

2.0

2.5

3.0

C
FS

E-
 (%

) ns
*
*

1 1 1 1
0

15
20

30

40

IF
N

γ+
 (%

)

**

***

1 1 1 1
0
5

10

15

TN
Fα

+ 
(%

) **
*
***

****

TNFα

CFSE

IFNγ

Co
un

ts

CD8+ T cells (co-cultured with EL4-OVA cells)

Ctrl VitC 0.2 VitC 0.5 VitC 1

VitC (mM)

- 0.2 0.5 1

VitC (mM)

- 0.2 0.5 1

VitC (mM)

- 0.2 0.5 1

FSC-A

SS
C

-A

SSC-H

SS
C

-W

SSC-A

Li
ve

/d
ea

d
aq

ua

SSC-A SSC-A

CD
45

CD
3

Total Single cells

Live cells CD45+ cells T cells

H-2kb

pSTAT1

EL4-OVA

Ctrl VitC 0.2 VitC 0.5 VitC 1

Co
un

ts

1 1 1 1
0
5

10
15
20
25

H
-2

Kb
+ 

(%
)

1 1 1 1
0
5

10
15
20
25

pS
TA

T1
+ 

(%
)

***
**
****

*
**

*

VitC (mM)

- 0.2 0.5 1

FSC-A

SS
C-

A

SSC-H

SS
C

-W

SSC-A

Li
ve

/d
ea

d
aq

ua

SSC-A SSC-A

CD
45

CD
11

c

Live cells CD45+ cells DCs

Total Single cells



A

Figure S6

#1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 #6

Ctrl VitC

E0771 tumor tissue

Vi
tc

yl
at

io
n

C
oo

m
as

si
e

st
ai

n

B

H-2Kb

****

1 1
0

800

1000

1200

1400

1600

M
FI

 in
 C

D
45

- c
el

ls

Ctrl VitC

B2M

**

1 1
0

800
1000

2000

3000

M
FI

 in
 C

D
45

- c
el

ls

Ctrl VitC

pSTAT1

****

1 1
0

160

180

200

220

240

M
FI

 in
 C

D
45

- c
el

ls

Ctrl VitC

C

D
ns

DCs

1 1
0

5

10

15

20

%
 o

f C
D

45
+ 

ce
lls

Ctrl VitC

*

CD86

1 1
0

800

1000

1200

1400

1600

M
FI

 in
 D

C
 c

el
ls

Ctrl VitC

**

MHC II

1 1
0

30

40

50

60

70

80

M
FI

 in
 D

C
 c

el
ls

Ctrl VitC

E

1 1
0

10

20

30

40

50

%
 o

f C
D

45
+ 

ce
lls

Ctrl VitC

TNFα

1 1
0

1000

2000

3000

M
FI

 in
 C

D
4+

 T
 c

el
ls

Ctrl VitC

****

IFNγ

1 1
0

200

400

600

800

M
FI

 in
 C

D
4+

 T
 c

el
ls

Ctrl VitC

***

CD4+

* ns

1 1
0

20

40

60

%
 o

f C
D

45
+ 

ce
lls

Ctrl VitC

CD8+

****

1 1
0

1000

2000

3000

M
FI

 in
 C

D
8+

 T
 c

el
ls

Ctrl VitC

TNFα

****

1 1
0

200

400

600

800

M
FI

 in
 C

D
8+

 T
 c

el
ls

Ctrl VitC

IFNγ

F


