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SUMMARY

Vitamin C (vitC) is a vital nutrient for health and also used as a therapeutic agent in diseases such
as cancer. However, the mechanisms underlying vitC’s effects remain elusive. Here we report that
vitC directly modifies lysine without enzymes to form vitcyl-lysine, termed “vitcylation”, in a
dose-, pH-, and sequence-dependent manner across diverse proteins in cells. We further discover
that vitC vitcylates K298 site of STAT1, which impairs its interaction with the phosphatase PTPN2,
preventing STAT1 Y701 dephosphorylation and leading to increased STATI1-mediated IFN
pathway activation in tumor cells. As a result, these cells have increased MHC/HLA class-I
expression and activate immune cells in co-cultures. Tumors collected from vitC-treated tumor-
bearing mice have enhanced vitcylation, STAT1 phosphorylation and antigen presentation. The
identification of vitcylation as a novel PTM and the characterization of its effect in tumor cells
opens a new avenue for understanding vitC in cellular processes, disease mechanisms, and

therapeutics.
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INTRODUCTION

Humans, unlike most animals, have lost the ability to synthesize vitamin C (vitC) due to a mutation
in the gene encoding the enzyme responsible for its production !. As a result, humans rely on
dietary intake to meet their vitC requirements. Low doses of vitC are essential for maintaining
overall health and preventing diseases associated with vitC deficiency, such as scurvy 2. However,
the use of high-dose vitC for treating diseases like cancer has been a topic of controversy over the

last half-century 3.

Recent understanding of vitC pharmacokinetics through exploration of implications for both oral
and intravenous administration has renewed interest and prompted further investigation into the
clinical potential of vitC in cancer patients *®. Despite the growing interest in high-dose vitC
utilization, the mechanisms behind its potential anti-cancer effects are not fully understood. One
proposed mechanism is that vitC generates reactive oxygen species (ROS), which can selectively
kill cancer cells. For example, several studies have shown that pharmacologic vitC can act as a
prodrug for H>O: formation, leading to the direct killing of cancer cells #%%/3, VitC has also been
shown to selectively kill KRAS and BRAF mutant cancer cells via ROS accumulation in cells '+
16

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

demethylation mediated by TET enzymes, where vitC functions as a cofactor 72!,

VitC, also known as ascorbic acid (176 Da), exists in two main redox states: ascorbate anion
(reduced form, 175 Da) and dehydroascorbic acid (DHA, oxidized form, 174 Da) ?>23. Under
physiological conditions, the predominant form of vitC is ascorbate anion (> 99%), which is more
stable and biologically active than its oxidized counterpart, DHA (< 1%) 2?4, Previous studies
have shown that, under low pH conditions (~pH 2.0), DHA can undergo further oxidation to
produce diketogulonate (DKG) . This oxidative process of DHA to DKG can lead to the
formation of various chemical species that can modify specific amino acid residues, particularly
cysteine or lysine residues, on proteins. These modifications, referred to as ascorbylations, occur

primarily in plants, food products, and certain human tissues, such as the lens of the eyes 26-%°.
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Protein post-translational modifications (PTMs) are increasingly appreciated for their crucial roles
in physiological regulation due to their wide prevalence *°-33. Side-chain modifications involving
the chemical alteration of specific amino acid residues, such as lysine, arginine, cysteine, serine,
threonine, and tyrosine residues, within a protein are common forms of PTM 32, Some of the well-
known side-chain modifications include acetylation, methylation, phosphorylation, and
glycosylation, among others -3¢, Recent advancements in mass spectrometric technologies have
led to the discovery of several novel side-chain modifications, such as cysteine carboxyethylation
37, glutamine dopaminylation | lysine lactylation 3°, cysteine itaconate alkylation %°, and lysine
aminoacylations *!. These modifications can modulate protein-protein interactions, enzymatic
activity, protein stability, subcellular localization, and signaling pathways. By altering the chemical
and physical properties of amino acids, side-chain modifications can have profound effects on

protein structure and function.

In this study, we describe for the first time that ascorbate anion, the predominant form of vitC, can
perform enzyme-free modifications on lysine residues in peptides and proteins under physiological
conditions in a pH- and dose-dependent manner. We designate this novel PTM as “vitcylation” to
distinguish it from the previously described ascorbylation induced by DHA. We provide evidence
with cell-free biochemical and cellular biological assays to show that ascorbate anion is capable
of directly modifying the g-amine group of lysine in peptides and proteins. We further identify a
broad range of vitcylated proteins by vitC, which cast lysine vitcylation as a form of side-chain
modification that provides an enormous potential capacity for the cell to respond to fluctuation in
vitC level. We demonstrate that vitC vitcylates the signal transducer and activator of transcription-
1 (STATTI) at lysine-298 (K298) in cancer cells and that this modification results in increased
STAT1 tyrosine 701 (Y701) phosphorylation and nuclear translocation. In seeking a mechanism
underlying the relationship of STAT1 vitcylation and phosphorylation, we find that STAT1 K298
vitcylation impairs the interaction of STAT1 with protein tyrosine phosphatase non-receptor type
2 (PTPN2, also known as TC45), a STAT1 protein tyrosine phosphatase 4>*3, leading to increased

STAT1 phosphorylation and upregulation of STAT1-mediated gene expression and activation of
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94 interferon (IFN) response pathway, thereby elucidating a pathway from STAT1 vitcylation by vitC
95 to the immune responses both in vitro and in vivo. Our findings overall provide a molecular
96  understanding of the role of vitC in protein modification and immune regulation with important

97  implications for health and disease.
98
99 RESULTS

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

101  dependent manner

102  Previous studies have demonstrated that anhydride intermediates can react with lysine in proteins
103 to form acyl-lysine protein modifications *4. For example, succinic anhydride reacts with lysine
104  residues to form succinyl-lysine in proteins (succinylation) *+*> (Figure S1A). In addition,
105  homocysteine (Hcy) can be converted to a reactive thioester intermediate, Hey thiolactone (HTL),
106 ~ which in turn reacts with lysine residues to form homocysteinyl-lysine in proteins (N-
107  homocysteinylation) ¢ (Figure S1B). Anhydride intermediates and HTL possess a shared lactone
108  structure that exhibits reactivity with lysine residues. We observed that vitC also contains a reactive
109  lactone structure resembling those found in anhydride intermediates and HTL (Figure 1A). Based
110  on this observation, we hypothesized that vitC may potentially modify the e-amine group of lysine
111 residues in peptides and proteins through its reactive lactone structure, resulting in the modified
112 lysine, designated vitcyl-lysine (Figure 1A). To test this hypothesis, was generated three lysine-

I and incubated them with vitC in a

113 containing peptides as utilized in our previous study *
114  physiological pH condition (pH7.4). The Matrix-assisted laser desorption/ionization time-of-
115  flight/time-of-flight mass spectrometry (MALDI-TOF/TOF MS) analysis unveiled a peptide mass
116 shift of 175 Da (Figure 1B), indicating that it is the predominant form of vitC, ascorbate anion
117 (175 Da), modified the e-amine group of a lysine residue, forming vitcyl-lysine (Figures 1A and

118 SIC).

119  Previous studies have shown that under low pH conditions (~pH 2.0), the oxidized form of vitC,
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120 DHA (174 Da), can undergo further oxidation to produce DKG, which in turn modifies cysteine
121 or lysine residues of proteins in plants, food products, and the human lens with a mass shift ranging
122 from 58 Da to 148 Da, and these modifications were termed “ascorbylations” (Figure S1D) 26-%°.
123 To determine whether DHA can form the modification under a physiological condition, we
124  incubated the same three lysine-containing peptides with ascorbate anion or DHA at the same
125  concentration (2 mM) and pH 7.4 in our cell-free system. Results showed that the incubation of
126  the lysine-containing peptides with ascorbate anion, but not with DHA, formed vitcyl-lysine
127 (Figure S1E). Thus we designate this ascorbate anion-induced lysing modification as “vitcylation”

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

129  To validate this ascorbate anion (vitC)-derived lysine modification, we incubated lysine-containing
130  peptides with isotopic 1-'3C-vitC (Figure S1F). Subsequent MALDI-TOF/TOF MS analyses
131 showed that lysine 1-'3C-vitcylation has a 176 Da mass shift (Figure 1B). Further MS/MS analysis
132 of peptides with or without vitcylation or 1-'3C-vitcylation confirmed that the lysine-containing
133 vitcylated fragments have a 175 Da mass shift, and lysine-containing 1-'*C-vitcylated fragments
134  have a 176 Da mass shift (compared to the corresponding non-vitcylated fragments) (Figures 1C,

135  S1G, and S1H).

136 To further confirm this new lysine-specific modification induced by vitC, we substituted the lysine
137  residue in these peptides with arginine or alanine. Substituting lysine with arginine or alanine
138  abolished the vitcylation induced by vitC (Figures 1D and 1E). Furthermore, we determined that
139 this lysine modification by vitC displayed a sequence-specific preference, as the same modification
140  was not observed in other lysine-containing peptides that we tested (Figure S1I). Together, these
141  results demonstrate that vitC can directly modify peptides via vitcylation of lysine residues in our

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

143 We next sought to measure lysine vitcylation with a range of vitC concentrations from 0.1 mM to
144 10 mM in our cell-free system (plasma vitC concentrations greater than 10 mM are easily achieved

145  in humans without significant toxicity) 4748, as well as with a pH scale from pH 4.0 to pH 11.5 to
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146  encompass the physiological pH across different subcellular compartments from 6.5 to 8.2 491,
147  The vitC dose titration (0.1-10 mM) showed that increasing concentrations of vitC resulted in
148  increasing levels of vitcylation with an ECso value of approximately 2 mM (Figure 1F). We then
149  performed a pH titration of vitcylation on lysine-containing peptides with vitC at 2 mM. Notably,
150  we observed a steep elevation of vitcylation levels from pH 7.0 to pH 9.5-10.0 followed by a quick
151  decline at higher pH (Figure 1G). Together, our data indicate that lysine vitcylation is a hitherto
152  unknown modification by vitC in the ascorbate anion form in our cell-free and enzyme-free

153  systems in a dose-, pH-, and sequence-dependent manner.
154  VitC modifies lysine in cellular proteins to form lysine-vitcylated proteins

155  We subsequently conducted vitcylation with the whole cell protein mix isolated and purified from
156 E0771 cell lysates by acetone precipitation 2. Reaction mixtures of vitC (1 mM) with purified
157  proteins were established in two different pH conditions, pH 7.2 and pH 8.0, respectively. High-
158  performance liquid chromatography (HPLC)-MS/MS analysis revealed that vitC generated more

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

160  We further show that vitC treatment leads to a substantial rise in the cellular concentration of vitC
161  within both cultured human cancer cells (Cal-51) and murine cancer cells (E0771 and PP) in a
162  dose-dependent manner (Figures 2A). PP is a recently developed syngeneic mouse breast tumor
163 model driven by the concurrent loss of PTEN and p53 in the Zhao lab 3. To investigate whether
164  vitC can modify cellular proteins within intact cells, we treated human Cal-51 and mouse E0771
165  cells with 2 mM vitC and prepared cell lysates for analysis of vitcylation of cellular proteins. Mass
166  spectrometry analysis identified 573 and 1450 proteins with vitcylations in Cal-51 and E0771 cells,
167  respectively, with 94 shared between both cell lines (Figures 2B and 2C; Tables S4-S6). Further
168  bioinformatic analysis revealed that the vitcylated proteins are widely distributed across different
169  subcellular locations with potential biological roles in multiple cellular processes and signaling
170  pathways (Figures 2D-2G and S2B-S2E). Consistent with the sequence-specific feature of vitC-

171  mediated vitcylation in lysine-containing synthetic peptides (Figure S1I), we found enriched
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172 lysine vitcylation motifs in proteins, although we did not identify a strong consensus sequence for

173 viteylation (Figure S2F).

174  We next determined whether the lysine-vitcylation induced by vitC in cellular proteins is the same
175  modification observed in synthetic peptides in our cell-free system described above (Figure 1). To
176 achieve this, we employed HPLC-MS/MS to separate and analyze the vitcylated peptides from
177 EO0771 cells treated with vitC and compared them with lysine-containing synthetic peptides treated
178  with vitC in the cell-free system. Indeed, each pair of peptides co-eluted from HPLC had
179  comparable MS/MS spectra (Figures 2H, S2G, and S2H). Treatment of the cells with isotopic 1-
180  BC-vitC followed by MS/MS analysis further validates that vitC induces lysine vitcylation in
181  proteins within cells (Figures 2I, S2I, and S2J). Overall, these results demonstrate that vitC

182  treatment leads to lysine vitcylation in cellular proteins.

183  To further validate lysine vitcylation in cells, we developed polyclonal antibody against vitcyl-
184  lysine and confirmed its specificity by dot-blot assay (Figure S2K). Western blot (WB) analysis
185  using this anti-vitcylation antibody detected specific bands in cell lysates prepared from vitC-
186  treated cancer cells (Figure 2J). Notably, these bands could be outcompeted by vitcylated peptides
187 in a WB experiment (Figure 2K), suggesting that this antibody indeed recognizes lysine
188  viteylation and supports the occurrence of vitcylation in cells. Further WB analysis with the anti-
189  vitcylation antibody demonstrated that lysine vitcylation levels in cells respond to vitC in a dose-,
190  time-, and pH-dependent manner (Figures 2L.-2N). Taken together, these results demonstrate that
191 vitC in the form of ascorbate anion can modify lysine in proteins in human and murine cells with

192  viteylatiion.
193  STAT1 K298 vitcylation enhances STAT1 phosphorylation and activation

194  We proceeded to explore a potential functional role of lysine vitcylation in cells. Expression
195  analysis across a panel of 4,604 cancer- and immune-related genes from E0771 cells treated with
196  vitC revealed that the expression of genes within gene ontology (GO) terms relating to immune

197  activities and inflammatory responses were upregulated by vitC (Figure 3A). We further
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198  conducted gene set enrichment analysis (GSEA) and found that the top-ranked genes and their
199  associated cellular processes in vitC-treated cells were related to the ‘IFNy response’, ‘IFNa

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

201  Since STATI activation initiates most IFN response transcription programs >*, and our initial
202  analysis of vitC-induced vitcylated proteins revealed that STAT1 lysine-298 (K298) in cells was
203  viteylated upon vitC treatment (Table S4; Figure S3C), we decided to further investigate STAT 1
204  modification in response to vitC treatment. STAT1 K298 is a crucial regulatory site for STAT1
205 activity and is an evolutionarily conserved site in vertebrate animals (Figure S3D) -7, We
206  performed more detailed analyses specifically on the vitcylation of STAT1 K298 in human Cal-51
207  and murine E0771 cell lines. HPLC-MS/MS analysis was used to compare the vitcylated peptides
208  derived from STAT1 K298 in vitC-treated cells with those derived from vitC-treated synthetic
209  peptides containing STAT1 K298. Notably, each pair of peptides co-eluted in HPLC and had
210  comparable MS/MS spectra (Figures 3C and S3E). Treatment of the cells with isotopic 1-'*C-
211 vitC followed by MS/MS analysis further confirmed that vitC modified STAT1 K298 to form
212 viteyl-K298 in both human and mouse cells (Figures 3D and S3F).

213 We next investigated whether STAT1 vitcylation contributed to the increased cellular immunity
214  and inflammatory response seen upon vitC treatment. Since phosphorylation of STAT1 at tyrosine
215 701 (pSTAT1) is crucial for its nuclear translocation and subsequent IFN responses in cells %7,
216  we hypothesized that vitcylation of STAT1 may impact its phosphorylation. To test this, we
217  examined the correlation between STAT1 vitcylation and phosphorylation in cancer cells treated
218  with vitC. STAT1 vitcylation was assessed by pull-down of GFP-tagged STAT1 (STAT1-GFP)
219  expressed in cells with GFP-antibody followed by WB analysis with anti-vitcylation antibody. We
220  observed that vitC treatment dose-dependently increased both vitcylation and phosphorylation
221 levels of STAT1 in Cal-51, EO771, and PP cells (Figures 3E and 3F). Moreover, the levels of both
222  viteylation and phosphorylation in STAT1 were found to increase in response to vitC treatment,
223  exhibiting a pH-dependent pattern ranging from pH 7.0 to 8.0 (Figures 3G and 3H). This

224  observation is consistent with our previous finding that vitC induces pH-dependent vitcylation in
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225 our cell-free system (Figure 1G). Additionally, we confirmed enhanced STAT1 nuclear
226  translocation in cells upon vitC treatment (Figure S3G). These results suggest that vitC-induced
227  lysine vitcylation of STAT1 is closely associated with its phosphorylation and subsequent nuclear
228  translocation, providing a potential mechanism for the observed enhanced cellular immunity and

229  inflammatory response.

230  To further study the role of STAT1 vitcylation in the regulation of STAT1 phosphorylation and
231  activation, we generated STAT1-null PP tumor cells via CRISPR/Cas9-mediated gene editing
232 (Figure S3H), and reintroduced either wild-type STAT1 (STAT1-WT) or a vitcylation defective
233  K298R mutant STAT1 (STAT1-K298R) (Figure S3I). Notably, adding back STAT1-WT, but not
234  STAT1-K298R, into STAT1-null PP cells restored STAT1 vitcylation, as well as enhanced STAT1
235  phosphorylation and STAT1 nuclear accumulation upon vitC treatment (Figures 31-3K). These
236  results further validate that STAT1 vitcylation modulates phosphorylation and activation of STAT1

237 in tumor cells.
238  STAT1 K298 vitcylation prevent STAT1 from dephosphorylation by its phosphatase PTPN2

239  We next sought to further understand the molecular mechanism underlying the relationship
240  between STATI1 phosphorylation and vitcylation. A set of STAT1 gain-of-function (GOF)
241  mutations has been identified as the genetic etiology of chronic mucocutaneous candidiasis (CMC),
242  an autoimmune disorder ®. This GOF mechanism involves impaired STAT1 dephosphorylation
243  that results in STAT1 hyperphosphorylation at Y701 in response to type I and II IFNs stimulation
244 6081 Interestingly, one of these GOF mutations is K298N, and cells with STAT1-K298N exhibit
245  higher pSTAT1 levels both in basal conditions and after IFNy stimulation *. Furthermore, many
246 STAT1 GOF mutations are located close to K298 in the STAT1 secondary/tertiary structure
247  (Figure 4A). Therefore, we hypothesized that STAT1-K298 vitcylation may prevent STAT1 from
248  dephosphorylation by its phosphatase. To test this idea, we performed co-immunoprecipitation of
249  STAT1 with its phosphatase PTPN2, a STAT1 protein tyrosine phosphatase 4>*, in the presence

250  or absence of vitC treatment. Indeed, although STAT1 was able to co-immunoprecipitate PTPN2,
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251  vitC treatment abolished this association (Figure 4B). In addition, although vitC treatment has
252 little effect on the association of STAT1 with its protein kinase JAK1 (Figure S4A) >4, STAT1
253  phosphorylation in vitC-treated cells was sustained following the treatment with tyrosine kinase
254  inhibitor staurosporine upon IFNy stimulation (Figures 4C and S4B). Collectively, these results
255  demonstrate that STAT1 vitcylation enhances STAT1 phosphorylation by impairing STAT1
256  dephosphorylation by its phosphatase.

257  Previous studies have shown that IFNy stimulation results in the formation of parallel pSTAT1
258  homodimers and their recruitment to gamma interferon activation sites (GAS DNA elements), both
259  key events in the IFN signaling pathway 2%, Interestingly, recent studies have shown that a rapid
260 conformational rearrangement of pSTAT1 dimers from a parallel to an antiparallel dimer
261  conformation seems to be required for binding to PTPN2 %-¢7. To assess whether STAT1-K298
262  modifications, such as the K298-vitcylation and K298N mutation, impede the transition to the
263  antiparallel dimer conformation, we employed the Rosetta atom energy function system for
264  biomolecular modeling to identify and analyze the structural conformation changes with pSTAT1-
265 K298 modifications. Stability changes in Rosetta energy unit (REU) showed that both K298
266  vitcylation and K298N had significant destabilizing effects on the antiparallel dimer form of
267  STAT1 (with REU 6.9 and 9.5 respectively) (Figure 4D). The total stability changes were further
268  decomposed into different energy terms in the Rosetta scoring function (Figure S4C). Both vitcyl-
269 K298 and K298N mutation have lost the salt bonds that of K298 forms with E281 and E284 in
270  their antiparallel dimer conformation (Figures 4E and S4D). Together, these data suggest that both
271 STAT1-vitcyl-K298 and STAT1-K298N have impaired rearrangement of pSTAT1 parallel dimers
272  (required for DNA binding) to an antiparallel dimer conformation (required for dephosphorylation
273 by PTPN2), resulting in increased STAT1 phosphorylation and activation. Interestingly, while
274  STAT1-K298N is a GOF genetic mutation and STAT1-K298-vitcylation is a chemical modification
275 by vitC, they share a common underlying molecular mechanism for their enhancement of the

276  immune response.

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

279  Since STATI1 phosphorylation and activation lead to IFN-mediated antigen processing and
280  presentation in cells %%, we performed real-time quantitative polymerase chain reaction (RT-PCR)
281  expression analysis of genes associated with antigen processing and presentation, and flow
282  cytometry analyses of major histocompatibility complex (MHC/HLA) class I expression. We
283  found that vitC treatment significantly upregulated the expression of multiple antigen processing
284  and presentation genes, such as Tapl, Lmp2, H2kl, B2m and Irfl in PP cells and HLA-B, TAPI,
285  TAP2, LMP2 and B2M in Cal51 cells (Figure S5A). Moreover, we observed a dose- and pH-
286  dependent increase in surface protein levels of MHC class I in PP cells and HLA class I in Cal-51
287  cells following vitC treatment (Figures 5A and 5B). We further show that vitC-induced
288  MHC/HLA class I expression was abolished by the loss of STAT1, and overexpression of STAT1-
289  WT, but not the STAT1-K298R mutant, rescued vitC-induced MHC/HLA class I expression in
290  STATI1-null PP cells (Figures SC and S5B). These results suggest that STAT1 vitcylation induced
291 by vitC contributes to the activation of STAT1 and the upregulation of MHC/HLA class 1

292  components in these cells.

293  Previous reports have shown that many of the physiological functions of vitC involve its ability to
294  increase the levels of ROS and act as a cofactor for ten-eleven translocation (TETs) enzymes and
295  hypoxia-inducible factor 1-alpha (HIF 1) prolyl hydroxylases (PHDs) in cells #!!-336%73 To assess
296  whether the increased MHC/HLA class I expression is associated with changes of ROS levels in
297  the presence of vitC, we measured ROS levels along with MHC/HLA class I expression in cells in
298  the presence of increasing concentrations of vitC. Notably, while vitC at a higher dose (2 mM) led
299  to a significantly increased ROS level compared to the control (without vitC), lower doses of vitC
300 (ranging from 0.1 to 1 mM) resulted in reduced ROS levels in these cells (Figure SSC), which is
301  consistent with prior reports that vitC possesses both antioxidative and pro-oxidative properties,
302 and at lower doses, it inhibits the formation of ROS in cells 7476, Unlike the opposing effects of
303  vitC on ROS at higher vs. lower concentrations, vitC induced MHC/HLA class I expression in a

304  dose-dependent linear fashion from low to high concentrations (Figure S5D), suggesting that the
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305 induction of MHC/HLA class 1 expression is not mediated by an increase in ROS levels. To
306  determine whether vitC induces MHC/HLA class I expression by acting as a co-factor for TET or
307  PHD enzymes, we used Bobcat 339, a TET inhibitor 77, and 10X2, a PHD inhibitor 78, to inhibit
308 their activities in cells. The TET inhibitor and PHD inhibitor were effective in reducing TET
309 activity and increasing HIF1a levels in cells, respectively (Figures SSE and SSF). However, these
310 inhibitors did not affect the vitC-induced increase in pSTAT1 and MHC/HLA class I expression
311  (Figure S5G), suggesting that the increased levels of pSTAT1 and MHC/HLA class I expression

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

313  We next conducted co-culture experiments to explore the impact of vitC treatment on tumor cell
314  interactions with immune cells. To assess whether vitC-pretreated PP tumor cells could activate
315 antigen-presenting cells (APCs), we cocultured vitC-pretreated PP tumor cells with dendritic cells
316  (DCs) derived from the bone marrow of naive syngeneic FVB mice (Figure 5D). Notably, vitC-
317  pretreated PP cells activated DCs, as evidenced by increased levels of MHC class II (MHC II), and
318  co-stimulatory molecules CD86 and CD80 7**° (Figures SE and S5H). To further investigate the
319  functional consequences of increased MHC/HLA class I expression on tumor cells induced by vitC,
320  we employed ovalbumin (OVA)-expressing mouse tumor cell lines, B16-OVA and EL4-OVA %8,
321  We confirmed that vitC increased pSTAT1 and MHC-I expression in both B16-OVA and EL4-OVA
322  cells (Figures 5F and SSI). Co-culture of vitC-pretreated B16-OVA or EL4-OVA cells with MHC-
323  I-restricted OVA-specific CD8" T cells harvested from OT-I mice significantly increased CD8* T
324  cell proliferation (indicated by the negative CFSE population in CD8" T cells) and production of
325  anti-tumor cytokines, including IFNy and tumor-necrosis factor-o. (TNFa) ® (Figures 5G, 5H, S5J,
326  and S5K), indicating that vitC-pretreated tumor cells are able to stimulate T cell activation in vitro.
327  Taken together, these results demonstrate that vitC treatment enhances the immunogenicity of

328  tumor cells and their ability to activate immune cells.

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

330 invivo
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331  Finally, we examined how the tumor and tumor immune microenvironment respond to vitC
332  treatment in vivo. We transplanted PP tumor cells into the mammary fat pads of syngeneic FVB
333  mice and treated PP tumor-bearing mice with vitC (intraperitoneal injection, 4g/kg/day, 7 days),
334  and tumors were harvested for analysis (Figure 6A). Consistent with our in vitro findings, we
335 detected increased vitcylation and induced type I and II IFN responses in tumors upon vitC
336 treatment (Figures 6B and 6C). Flow cytometry analysis showed that vitC treatment significantly
337 increased pSTAT1 and MHC class I expression in tumor cells (Figures 6D and 6E). Additionally,
338  we observed in the tumor microenvironment a significant increase in multiple immune cell
339  populations, including DCs, CD4", and CD8" T cells, as well as enhanced activation of DCs and
340 T cells (Figures 6F-7H). Similar results were obtained in EO771 tumor-bearing mice treated with
341  vitC (Figures S6A-S6F). While we cannot exclude the direct effect of vitC on immune cells in
342  vivo, our results suggest that vitcylation of tumor cells contributed, at least in part, to the activation
343  of the immune milieu in vivo. Collectively, our in vitro and in vivo results suggest that STAT1
344  vitcylation induced by vitC enhances STAT1 phosphorylation and subsequently increases antigen
345  processing and presentation in tumor cells, which in turn can activate multiple populations of

346  immune cells, including DCs and T cells, in the tumor microenvironment (Figure 7).
347
348  DISCUSSION

349  The understanding of vitC as a potential avenue for cancer therapy is still evolving. In this study,
350 we show that vitC can perform enzyme-independent modifications on lysine in peptides and
351  proteins through a process that we termed “vitcylation” to distinguish it from the previously
352  described ascorbylation induced by DHA 26-%°. In contrast to DHA-induced ascorbylation/glycation
353  under acidic pH conditions, vitcylation occurs across a broader range of pH levels, ranging from
354 7 to 10, with the peak activity observed around pH 9-10. This suggests that vitC's modification
355 activity is optimal under alkaline conditions rather than acidic conditions. Furthermore, the pH and

356  dose-dependent nature of this modification may provide evidence for the potential therapeutic
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357 efficacy of high-dose vitC and suggest that high-dose vitC may have specific benefits and effects
358 thatare distinct from lower doses. Understanding the pH and dose-dependent mechanisms of vitC's
359 activity adds to the body of knowledge surrounding this compound and its potential therapeutic

360  applications such as cancer treatment.

361 By modifying lysine residues, vitcylation may regulate protein-protein interactions, enzymatic
362 activity, or protein stability, thereby influencing the function of the modified proteins. The
363  discovery of vitcylation as a form of PTM opens a new avenue for understanding the role of vitC
364 in cellular processes and disease mechanisms. We described here the broad range of vitcylated
365 proteins and their associated functions, including metabolic pathway regulation, DNA repair,
366  signal transduction, ATPase activity, and telomere maintenance. Further identification and
367  characterization of these vitcylated proteins will provide valuable insights into how vitC may
368 contribute to the regulation of cell physiology and influencing multiple aspects of cellular

369  functions.

370  Furthermore, lysine vitcylation has the potential to serve as a tangible biomarker for various
371  physiological and pathological conditions. By studying the specific vitcylated proteins and their
372  modification patterns, researchers can potentially identify unique signatures or patterns associated
373  with certain diseases or physiological states. These vitcylation markers could be used to develop
374  diagnostic tools or biomarker panels for assessing the status of certain conditions or monitoring
375  treatment responses. This information can potentially guide treatment decisions and improve
376  patient outcomes, especially in cancer treatment, since a major challenge in studying high-dose
377  vitC as a cancer therapy is the determination of appropriate vitC dosage and developing reliable

378  biomarkers to monitor effects.

379  Going beyond the identification of vitcylation, we further found that vitcylation of STAT1-K298
380 has significant implications for the conformational transition and subsequent function of STAT.
381  ARosetta molecular modeling analysis revealed that this modification interferes with the transition

382  of pSTAT1 from a parallel conformation to an anti-parallel conformation, which is crucial for the
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383  binding of PTPN2 and the subsequent dephosphorylation of pSTATI1. As a result, this altered
384 interaction prevents dephosphorylation of pSTATI, leading to elevated pSTAT1 levels and

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

386  Interestingly, the genetic mutation STAT1-K298N has been identified as a causative factor in
387  certain autoimmune diseases. This mutation involves the substitution of lysine (K)) with asparagine
388 (N) at position 298 within the STAT1 protein. Our Rosetta molecular modeling analysis also
389  predicted that this alteration affects the ability of pSTAT1 to transition from a parallel conformation
390  toan anti-parallel conformation, leading to compromised binding of PTPN2 for dephosphorylation.
391  This is consistent with the previous report that STAT1-K298N has impaired binding to PTPN2 and
392  increased pSTAT1 . The shared underlying molecular mechanism between STAT1-K298N and
393  STATI1-vitcyl-K298 suggests a critical role for this specific lysine residue in the regulation of
394  STATI signaling and immune responses. However, it is important to differentiate between the
395 mutation and the modification, as they have opposite effects on immune regulation. While the
396  STAT1-K298N mutation can lead to chronic upregulation of immune responses, contributing to
397  autoimmune diseases, the STAT1-K298-vitcylation, by contrast, can augment immune function in
398 a manner that is beneficial for combating pathological conditions, such as cancer and viral

399 infections.

400  Finally, lysine vitcylation not only provide a unique window into the understanding the role of
401  vitC in protein modification and cellular regulation, but also expands our broader knowledge of
402  protein modifications and their contributions to health and disease. It highlights the significance
403  of vitC as a regulatory factor and underscores the complex interplay between nutrients, cellular
404  processes, and physiology. Further research will help elucidate the full extent of the vitcylation
405 and its relevance in various biological processes, including potential implications for cancer

406  treatment and other therapeutic interventions.

407
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429  FIGURE LEGENDS
430  Figure 1. VitC modifies lysine residues of peptides to form vitcyl-lysine in cell-free systems

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

432  bond on ascorbate anion is circled.

433  (B) Representative results of vitC-induced vitcylation formation in vitro. Synthetic lysine-
434  containing peptides (sequences of the peptides were listed on the left of the spectrum, ‘Ac-’ means
435  the N terminus of the peptide is protected by acetyl group, hereafter for MALDI-TOF/TOF MS
436  detection, unless indicated otherwise) were incubated with either a vehicle, 2 mM vitC or 2 mM
437 1-13C-vitC at 37°C for 3 hours. The formation of vitcylated peptides was detected by MALDI-
438  TOF/TOF MS, with the m/z range of each spectrum displayed above the spectrum. The m/z of

439  unmodified peptides and modified peptides were listed.

440  (C) MS/MS spectrum of the unmodified peptide, vitcylated peptide, and 1-'3C-vitcylated peptide
441  (Ac-VLSPKAVQRF) detected by MALDI-TOF/TOF MS/MS. Lysine-containing unmodified
442  fragments, vitcylated fragments, and 1-'3C-vitcylated fragments are marked with green, blue, and

443  red colors, respectively.

444 (D and E) Synthetic arginine-containing peptides (D) and alanine-containing peptides (E) were
445  incubated with either a vehicle or 2 mM vitC at 37°C for 3 hours. The formation of vitcylated

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

447  (F) Synthetic lysine-containing peptides were incubated with varying concentrations of vitC at 37°C
448  for 3 hours. The formation of vitcylated peptides was detected by MALDI-TOF/TOF MS. The

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

450  (G) Synthetic lysine-containing peptides were incubated with 2 mM vitC in different pH Tris-HCI
451  buffer at 37°C for 3 hours. The formation of vitcylated peptides was detected by MALDI-
452  TOF/TOF MS, and the relative vitcylation levels were quantified (right, n = 3). Data are

453  represented as mean + SEM.
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454  See also Figure S1.
455  Figure 2. VitC induces lysine vitcylation on cellular proteins

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

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

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

459  are summarized.

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

461  (mouse).

462 (D) Subcellular locations of lysine vitcylated proteins identified in Cal-51 cells. The locations are
463  classified into nuclear, cytosol, plasma membrane, extracellular, mitochondrial, cytosol nuclear,

464  and other compartments.

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

466 51 cells.
467  (F) Top ten KEGG-based enrichment of lysine vitcylated proteins identified in Cal-51 cells.

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

469 51 cells.

470  (H) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS analysis
471  of a vitcylated peptide (human GAPDH, K5) derived from Cal-51 cells (cellular peptide), its in
472  vitro generated counterpart (synthetic peptide), and their mixture. The b ion refers to the N-terminal
473  parts of the peptide, and the y ion refers to the C-terminal parts of the peptide (hereafter for HPLC-
474  MS/MS analysis).

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

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

478  respectively).

479  (J) Intracellular lysine vitcylation levels were measured from PP, E0771, Cal-51, and MCF7 cells
480  cultured in medium containing a vehicle or vitC for 12 hours (2 mM vitC for PP and EO771 culture,
481 0.5 mM vitC for Cal-51 and MCF7 culture). Protein levels in each sample were normalized by

482  coomassie staining, hereafter for global vitcylation detection.

483  (K) Viteylation signals of indicated cells were competed off by vitcylated peptide (Ac-
484  VLSPKAVQREF peptide pre-incubated with 2 mM vitC at 37°C for 3 hours).

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

486  containing different concentrations of vitC for 12 hours.

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

488  containing 2 mM vitC for the indicated times.

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

490  containing a vehicle or 2 mM vitC for 12 hours under different pH conditions.
491  See also Figure S2 and Tables S1-S6.
492  Figure 3. Vitcylation of STAT1 K298 regulates the phosphorylation and activation of STAT1

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

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

495  (C) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS analysis
496  of a vitcylated peptide (human STAT1, K298) derived from Cal-51 cells (cellular peptide), its in

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

498 (D) Extracted MS/MS spectra from HPLC-MS/MS analysis of vitcylated peptide (upper) and 1-
499  BC-vitcylated peptide (lower) (human STAT1, K298) derived from Cal-51 cells. Lysine-containing
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500 vitcylated fragments and 1-!'3C-vitcylated fragments are marked by blue and red colors,

501  respectively.

502  (E) STAT1 vitcylation levels were measured from STAT1-GFP expressing cells (Cal-51 and PP
503  cells) cultured in different pH mediums with or without vitC for 12 hours (2 mM vitC for PP cell

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

505 (F)pSTAT1 flow cytometric analysis of Cal-51 and PP cells cultured in different pH mediums with
506  or without vitC for 2 days (2 mM vitC for PP cell culture, 0.5 mM vitC for Cal-51 cell culture, n

507  =3). Data are represented as mean + SEM. ***p <0.001, ****p <(.0001.

508  (G) STAT1 vitcylation levels were measured from STAT1-GFP expressing cells (Cal-51 and PP
509  cells) cultured in different pH mediums with or without vitC for 12 hours (2 mM vitC for PP cell

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

511  (H) pSTATI flow cytometric analysis of Cal-51 and PP cells cultured in different pH mediums
512  with or without vitC for 2 days (2 mM vitC for PP cell culture, 0.5 mM vitC for Cal-51 cell culture,

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

514  (I) Measurement of STAT1-WT and STAT1-K298R vitcylation levels in PP-sgSTAT1 1 cell re-
515  expressing STAT1-WT-GFP or STAT1-K298R-GFP cultured in 2 mM vitC-containing or control

516 medium for 12 hours.

517  (J) pSTATI flow cytometric analysis of PP-sgSTAT1 1 cell re-expressing STAT1-WT-GFP or
518  STAT1-K298R-GFP cultured in different concentrations of vitC for 2 days (n = 3). Data are
519  represented as mean + SEM. *p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001.

520  (K) Nuclear translocation of STAT1 in PP-sgSTAT1 1 cell re-expressing STAT1-WT-GFP or re-
521  expressing STATI1-K298R-GFP treated with 2 mM vitC for 2 days was assessed by

522  immunofluorescence (scale bar, 50 uM).

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

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

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

527  (B) HeLa cells co-expressing STAT-GFP and PTPN2-HA were treated with vehicle or 300 uM
528  vitC for 1 day, followed by stimulation with 100 ng/ml IFNy for 15 min. Interaction between

529  STAT1 and PTPN2 was assayed by co-immunoprecipitation.

530 (C) Cells were pretreated with vehicle or vitC (0.2 mM vitC for Cal-51 cell culture, 1 mM vitC for
531 PP cell culture) for 2 days, then cells were stimulated with 100 ng/ml IFNy for 15 min followed
532 by incubation with 1 pM staurosporine for indicated times. The relative pSTAT 1+ populations
533  were measured by flow cytometry immediately (n = 3). Data are represented as mean + SEM.

534 ***Ep < (0.0001.

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

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

537  (E) Structures of wild-type and K298 vitcylated pSTAT1 in the antiparallel dimer conformation
538  from the last snapshot of MD simulation. Vitcyl-K298 loses the salt bridges of K298/E281 and
539  K298/E284 in STATI.

540  See also Figure S4.

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

542  promotes immunogenicity in tumor cells

543  (A) Representative flow cytometry plots (left) and quantifications (right) of MHC class 1
544  expression on PP (upper) and Cal-51 cells (lower) cultured with different concentrations of vitC

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

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

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

549 %k < 0.0001.

550  (C) Flow cytometric analysis of MHC class I expression on PP-sgSTAT1 1 cell overexpressed
551  with STAT1-WT-GFP (2 single clones) or STAT1-K298R-GFP (2 single clones) cultured with
552  different concentrations of vitC for 2 days (n = 3). Data are represented as mean = SEM. **p <

553  0.01, ***p <0.001, ****p <0.0001.
554 (D) Workflow for co-culturing of vitC-treated PP cells with bone marrow-derived DCs.

555  (E) Flow cytometry analysis of DCs co-cultured with vitC-pretreated PP cells. DCs (CD45*
556  CD11c") were plotted and quantifications as MHC 11, CD86" and CD80" to identify DCs activity

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

558  (F) Flow cytometric analysis of H-2Kb and pSTAT1 expression on B16-OVA cells treated with
559  different doses of vitC for 3 days (n = 3). Data are represented as mean = SEM. *p < 0.05, **p <

560 0.01.

561  (G) Workflow for co-culturing of vitC-treated B16-OVA or EL4-OVA cells with OT-I mice spleen-
562  derived CD8" T cells.

563  (H) Flow cytometric analysis of CD8" T (OT-I) cells co-cultured with B16-OVA cells pretreated
564  with 2 mM vitC. T cells (CD45" CD3" CD8") proliferation and activity were quantified as CFSE-
565 and IFNy*, TNFa" cells, respectively (n = 3). Data are represented as mean + SEM. *p < 0.05,
566  ***p <0.001, ****p <0.0001.

567  See also Figure S5.

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

569 immune responses

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

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

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

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

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

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

577  mice at 7 days (n = 3).

578 (D and E) Flow cytometry analysis of pSTAT1 (D), H-2Kq, and B2M (E) expression on PP tumor
579  cells (CD45") from vehicle- or vitC-treated mice (vehicle n = 14, vitC treated n = 13). Data are

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

581  (F) Flow cytometry analysis of DCs (CD45" CDl1l1c") population, and the MHC II and CD86
582  expression in DCs in PP tumor tissue from vehicle- or vitC-treated mice (vehicle n = 14, vitC

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

584  (G) Flow cytometry analysis of CD4", CD4" TNFa", and CD4" IFNy" T cells (CD45" CD3")
585  1isolated from PP tumors tissue from vehicle- or vitC-treated mice (vehicle n = 14, vitC treated n =

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

587  (H) Flow cytometry analysis of CD8*, CD8" TNFa" and CD8" IFNy" T cells (CD45" CD3")
588  1isolated from PP tumors tissue from vehicle- or vitC-treated mice (vehicle n = 14, vitC treated n =

589  13). Data are represented as mean = SEM. ***p < 0.001, ****p < 0.0001.
590  See also Figure S6.

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

592 immune response in tumor cells

593  VitC can be actively imported into cells through sodium-ascorbate co-transporters, also referred to
594  as sodium-dependent vitamin C transporters (SVCTs). VitC vitcylates STAT 1in cells, resulting in

595 sustained phosphorylation and nuclear localization of STAT1 through attenuation of
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596  dephosphorylation by protein phosphatase PTPN2. This in turn upregulates STAT 1-mediated gene
597  expression and IFN pathway activation, leading to enhanced antigen processing and presentation

598  and antitumor immunity in tumor cells.
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5099 STAR x METHODS

600 RESOURCE AVAILABILITY

601 Lead contact

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

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

604  Materials availability

605  Plasmids generated in this study are available from the lead contact upon request.
606 EXPERIMENTAL MODEL AND SUBJECT DETAILS

607  Cell lines

608  Cells were cultured under standard conditions in a humidified incubator with 5% CO> at 37°C.
609  Cal-51, MCF7, E0771, PC-9, HCT116, and HeLa cells were obtained from the American Type
610  Culture Collection (ATCC), verified to be negative for mycoplasma, and authenticated by short
611  tandem repeat analysis using the Promega GenePrint 10 System. Cal-51, MCF7, PC-9, HCT116,
612  and HeLa cells were cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum
613  (FBS) (Life Technologies) and PenStrep (Hyclone). EQO771 cells were cultured in RPMI 1640
614  supplemented with 10% FBS, PenStrep, and 10 mM HEPES (Life Technologies, 15630080). B16-
615 OVA and EL4-OVA cells were cultured in DMEM (Gibco) supplemented with 10% FBS and 250
616  pg/ml G418 (Invitrogen). PP cells were derived from mouse mammary tumors and cultured in
617 DMEM/F12 media supplemented with 10% FBS, 25 ng/ml hydrocortisone, 5 pg/ml insulin, 8.5
618  ng/ml cholera toxin, 0.125 ng/ml epidermal growth factor (EGF), 5 uM Y-27632 Rock] inhibitor,

619  and PenStrep, as previously described ®!.
620  Animals

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

622  guidelines, as approved by the Institutional Animal Care and Use Committees of Dana-Farber
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623  Cancer Institute and Harvard Medical School. The relevant animal protocols limited the maximum
624  tumor diameter to 25 mm, which was not exceeded in any experiment. CO> inhalation was used to
625  euthanize the mice. Female wild-type FVB and C57BL/6 mice, aged six-to-eight weeks, were
626  obtained from the Jackson Laboratory. For tumor formation assays, 5x10° PP cells or 10° E0771
627  cells were injected into the thorracic fat pad in 50% matrigel. VitC (Sigma-Aldrich, A4034) was
628  prepared daily by resuspending the powder in PBS (Hyclone). Intraperitoneal administration of

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

632  Anlon AmpliSeq Custom Panel containing 4,604 cancer- and immune-associated genes (designed
633 by Thermo Fisher using lon AmpliSeq designer) was utilized for our studies, as previously
634  described ®. For each sample, 10 ng total RNA was used to prepare the cDNA library. Libraries
635  were multiplexed and amplified using an Ion OneTouch 2 System and sequenced on an Ion Torrent
636  Proton system (Thermo Fisher). Count data was generated using Thermo Fisher’s Torrent suite and
637  ampliSeqRNA analysis plugin. For Gene Ontology enrichment and KEGG pathway analysis,
638  genes with a mean fold change (vitC treated vs control) greater than 2 or lesser than 0.5 were
639  utilized. Gene Ontology enrichment and KEGG pathway analysis were carried out using
640  Cytoscape Software and STRING plugin. For GSEA analysis, genes were first ranked according
641 to logox(fold change) and then analyzed using the GSEAPreanked tool with MsigDB v7.1

642  Hallmarks gene sets and the ’classic’ method 3.
643  Bioinformatic analysis

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

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

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

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

648  (http://kobas.cbi.pku.edu.cn/genelist/) 8. For vitcylation motif analysis, the 10 amino acid residues
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649  (-10to +10) on either side of the vitcylation site were selected and a consensus logo was generated

650 using the WebLogo webserver (http://weblogo.berkeley.edu/logo.cgi) 7.

651  Flow cytometry

652  For tumor cell lines, one million cells were stained with the appropriate antibodies diluted in PBS
653  (Hyclone) plus 2% FBS (Life Technologies) for 30 min on ice. For tumor samples, tumors were
654  mechanically disrupted by chopping and chemically digested in dissociation buffer (2 mg/ml
655  collagenase type IV (Worthington Biochemical), 0.02 mg/ml DNase (Sigma Aldrich) in DMEM
656  (Life Technologies) containing 5% FBS (Life Technologies), PenStrep (Hyclone) with agitation at
657  37°C for 45 min. After lysing of red blood cells (BD Biosciences), single-cell suspensions were

658  incubated with appropriate antibodies for 30 min on ice.

659  For human antibodies, antibodies were purchased from BioLegend unless otherwise indicated:
660 pSTATI(Y701) (clone A17012A), HLA (clone W6/32), B2M (clone A17082A). Mouse antibodies:
661  pSTATI1(Y701) (Cell Signaling Technology, 8062S), H-2Kq (clone KH114), H-2Kb (clone 28-8-
662  6), B2ZM (clone A16041A), CD45 (clone 30-F11), CD3 (clone 145-2C11), CD4 (clone RM4-5),
663  CDS8 (clone HIT8a), IFNy (clone XMG12), TNFa (clone MP6-XT22), CD11c (clone N418), CD86
664  (clone GL-1), CD80 (clone 16-10A1), MHC II (clone M5/114.15.2), CD103 (clone 2E7). Anti-
665 mouse/rat FoxP3 staining set (eBioscience) was used for intracellular staining according to the
666  manufacturer‘s instructions. For IFNy and TNFa analysis, cells were stimulated in vitro with the
667 Leukocyte Activation Cocktail with protein transport inhibitor Brefeldin A (BD Biosciences,
668  550583).

669  Western blots

670  Western blotting was performed as previously described ®® using the following antibodies: anti-
671  vitcylation antibody (generated by Abclonal Technology) and Cell Signaling Technology
672  antibodies to STAT1 (14994S), GAPDH (5174S), ACTIN (4967S), GFP (2955S), HA (2367S),
673 and COX4 (4850S).
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Dot-blot assays

Peptides were spotted on nitrocellulose membranes. After the membrane dried, the membrane was
blocked with 5% skimmed milk in TBST for 1 hour, followed by the incubation with the anti-
vitcylation antibody overnight at 4°C and the secondary antibody overnight at 4°C. After washing

three times with TBST, the membrane was scanned by Odyssey DIx Imaging System (LI-COR).
Thermostability change calculation

The antiparallel dimer structure from PDB 1Y VL (Asymmetric Unit) is initially considered with

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

1. The input structure preparation

The wild type K298, the mutation K298N and the vitcyl-K298 (in two chains) were relaxed with
Cartesian coordination type and constraints 33, The option/flag was set as follows.
-nstruct 200

-ex1

-ex2

-relax:constrain_relax to start coords

-ramp_constraints true

-use_input_sc

-flip HNQ

-no_optH false

-relax:cartesian

-beta_nov16_cart

-corrections::beta nov16

-crystal refine

-in:auto_setup metals

-extra_res PTM.params

The structures with the lowest scores were used in the next step.
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700 2. The preparation of params and rotlib files
701  To make the vitcyl-K298 recognized by Rosetta, the params and rotlib files were generated by

702 related modules using Lysine as reference *'-2.

703 3. MD sampling

704  The side chain of vitcyl-K298 has more than 10 chi angles, which is beyond the recommended
705  limitation of Rosetta. To better find the low energy conformations of vitcyl-K298, we adopted
706  molecular dynamics (MD) simulations to perform the sampling. Ff14SB was used to parameterize

707  the protein %

. The vitcyl-K298 was parameterized using GAFF and its partial charge was
708  parameterized using RESP %49,

709  10ns MD simulations were performed using Amber20 and 100 frames of snapshots were extracted
710  from the last 5ns scoring using Rosetta. A 100kcal/mol positional restraints were given on residues

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

712  the MD simulations.

713 4. Scoring and ddG calculation

714 The score_jd2 module was used with the following options %7,

715  -beta novl6_cart

716  -corrections::beta nov1l6

717  -fa_max dis 9.0

718  -extra_res VLY.params

719  Average scores for K298, N298 and vitcyl-K298 were calculated on the 100 frames of snapshots.
720  Values of ddG were calculated from the difference as:

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

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

723 Cellular vitC assay kit (Cayman, 700420), ROS/superoxide detection assay kit (abcam, ab139476),
724  and epigenase SmC-hydroxylase TET activity/inhibition assay kit (Epigentek, P-3086-48) were

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

728  RT-PCR was performed as previously described *®. Primer sequences used for RT-PCR were as
729  follows. Tapl (mouse) forward: 5°- GGACTTGCCTTGTTCCGAGAG-3’; reverse: 5’-
730  GCTGCCACATAACTGATAGCGA-3’. Lmp2 (mouse) forward: 5’-
731  ATGTGGTACTCAATTCACAAGCA-3’; reverse: 5 -AAGCAAGGATGGTTCCTGGAG-3".
732 B2m (mouse) forward: 5S>-TTCTGGTGCTTGTCTCACTGA-3’; reverse: 5’-
733  CAGTATGTTCGGCTTCCCATTC-3". Irfl (mouse) forward: 5’-
734 GTTGTGCCATGAACTCCCTG-3’; reverse: 5’-GTGTCCGGGCTAACATCTCC-3’. H2kl
735  (mouse) forward: 5’- CAGGTGGAGCCCGAGTATTG-3’; reverse: 5’-
736 CGTACATCCGTTGGAACGTG-3". Actin (mouse) forward: 5’-
737  CGCCACCAGTTCGCCATGGA-3’; reverse: 5’- TACAGCCCGGGGAGCATCGT-3". HLA-B
738  (human) forward: 5’- CAGTTCGTGAGGTTCGACAG-3’; reverse: 5’-
739  CAGCCGTACATGCTCTGGA-3’. TAPI (human) forward: 5’-CTGGGGAAGTCACCCTACC-
740 3’ reverse: 5- CAGAGGCTCCCGAGTTTGTG-3°. TAP2 (human) forward: 5’-
741  TGGACGCGGCTTTACTGTG-3’; reverse: 5’- GCAGCCCTCTTAGCTTTAGCA-3’. LMP?
742  (human) forward: 5- GCACCAACCGGGGACTTAC-3%; reverse: 5’-
743  CACTCGGGAATCAGAACCCAT-3". B2M (human) forward: 5’-
744  GAGGCTATCCAGCGTACTCCA-3’; reverse: 5°- CGGCAGGCATACTCATCTTTT-3’. ACTIN
745  (human) forward: 5’-CACCAACTGGGACGACAT-3’; reverse: 5’-
746 ACAGCCTGGATAGCAACG-3’. Relative copy number was determined by calculating the fold
747  change difference in the gene of interest relative to Actin (mouse) or ACTIN (human). RT-PCR

748  was performed on an Applied Biosystems 7300 machine.
749  Generation of mouse DCs

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

751  described protocol *°. For DC generation, bone marrow cells were cultured in RPMI 1640
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752 supplemented with 20 ng/ml GM-CSF (Stem Cell Technologies, 78017), 10% FBS, and 100 pg/ml
753 PenStrep. Fresh RPMI 1640 with 20 ng/ml GM-CSF, 10% FBS, and 100 pg/ml PenStrep was
754  added after 3 days, and non-adherent cells (DCs) were harvested and co-cultured with PP cells

755  after another 2 days.
756  Co-culture experiments

757  For in vitro co-culture of tumor cells with CD8" T cells, B16-OVA and EL4-OVA cells were
758  pretreated with vitC or PBS for 3 days. CD8" T cells were isolated from spleens of OT-I mice using
759  a CD8a" T-cell isolation kit (StemCell Technologies ) with an autoMACS Pro Separator. Isolated
760  CD8" T cells were suspended in RPMI 1640 medium (Gibco) with 5% FBS, labeled with 5 pM
761  CFSE (Biolegend) for 10 min in the dark at room temperature, and washed twice in 10% volume
762  of T cell media (RPMI 1640 with 10% FBS and 55 uM 2-mercaptoethanol (Gibco)). One hundred
763  thousand CD8" T cells were co-cultured with vitC- or control-pretreated tumor cells at a ratio of
764 1:8 tumor cells: T cells in RPMI 1640 supplemented with CD3/CD28 Dynabeads (1:1 ratio of cells:
765  beads, ThermoFisher) 2.5 ng/ml IL-7 (Biolegend), 50 ng/ml IL-15 (Biolegend), and 2 ng/ml IL-2
766  (Biolegend) for 2 days at 37°C in the dark. At the experimental endpoint, CD8" T cell proliferation

767  and activation were analyzed by flow cytometry.

768  For in vitro co-culture of tumor cells with DCs, PP cells were pretreated with vitC or PBS for 3
769  days. One hundred thousand mouse bone marrow-derived DCs were co-cultured with vitC- or
770  control-pretreated PP cells at a ratio of 1:4 tumor cells: DCs in RPMI 1640 supplemented with 20
771 ng/ml GM-CSF, 10% FBS and lipofectamine 3000 (2 pl/ml, Invitrogen) for 2 days at 37°C. At the

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

773 Generation of STAT1-deficient cells

774  CRISPR-Cas9 genome editing systems were used to generate STAT 1-deficient cells '

. Oligos
775 sequences for guide RNAs were as follows. Stat/ (mouse) #1 forward: 5’-
776  CACCGGAACCCCCCGTGCGCGTGG-3; #1 reverse: 5’-

777 AAACCCACGCGCACGGGGGGTTCC-3’. Statl (mouse) #2 forward: 5’-
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778 CACCGGTCGCAAACGAGACATCAT-3’; #2 reverse: 5’-
779  AAACATGATGTCTCGTTTGCGACC-3’. Annealed guide oligos were cloned into the CRISPR-
780  Cas9 expression vector PX458. The constructed sgStatI(mouse)-PX458 plasmids were transfected
781  into PP cells. The next day, single GFP" cells were sorted into 96-well plates by flow cytometry.
782  Two weeks later, colonies emerged and single colonies were expanded into 6 well plates. STAT1

783  knockout cells and control cells were selected by western blot.
784  Co-immunoprecipitation (Co-IP) and immunoprecipitation (IP)

785  Cells were lysed using lysis buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl and 0.1% NP-40
786 (for Co-IP) or 0.5% NP-40 (for IP)) at 4°C for 30 minutes. Cell lysates were then centrifuged at
787 12,000 rcf for 15 min and the supernatants were collected and incubated with GFP-Trap magnetic
788  agarose (Chromotek, gtma-20) overnight at 4°C. After washing the beads with lysis buffer three
789  times, they were resuspended in 1x western blotting loading buffer and denatured at 95°C for 10

790 minutes.
791 Immunofluorescence

792  For endogenous STAT1 immunofluorescence, cultured cells were fixed with 4% formaldehyde in
793  PBS for 15 min at room temperature. The fixative was aspirated, and the cells were rinsed three
794  times in PBS for 5 min each. The cells were then covered with ice-cold 100% methanol and
795 incubated for 10 min at -20°C. After incubation, the cells were rinsed in PBS for 5 min. The
796  specimen was blocked in blocking buffer (5% normal serum from the same species as the
797  secondary antibody and 0.3% Triton X-100 in PBS) for 60 min. The blocking solution was
798  aspirated, and diluted STAT1 antibody (Cell Signaling Technology, 14994) was applied and
799  incubated overnight at 4°C. The cells were rinsed three times in PBS for 5 min each, followed by
800 incubation with a fluorochrome-conjugated secondary antibody (ThermoFisher, A-11008) diluted
801 in antibody dilution buffer (1% BSA and 0.3% Triton X-100 in PBS) for 2 hours at room
802  temperature in the dark. The cells were then rinsed in PBS and incubated in PBS with DAPI (Cell

803  Signaling Technology, 8961). Specimens were examined immediately using the appropriate
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804  excitation wavelength. For overexpressed STAT1-GFP immunofluorescence, cultured cells were
805  fixed with 4% formaldehyde in PBS for 15 min at room temperature. The fixative was aspirated,
806  and the cells were rinsed three times in PBS for 5 min each. The cells were then incubated in PBS
807  with DAPI (Cell Signaling Technology, 8961). Specimens were examined immediately using the

808  appropriate excitation wavelength.
809 QUANTIFICATION AND STATISTICAL ANALYSIS

810  Statistical analysis was performed with Prism 9 (Graphpad Software Inc.). Two-way ANOVA with
811  Tukey’s multiple comparisons test was used for tumor growth analysis. For other analysis,
812 unpaired two-tailed Student’s test (for normally distributed data) and Mann-Whitney
813  nonparametric test (for skewed data that deviated from normality) were used to compare two
814  conditions. One-way ANOVA with Tukey’s multiple comparisons test (for normally distributed
815  data) and Kruskal-Wallis nonparametric test (for skewed data) were used to compare three or more
816  means. Quantitative data are expressed as means + SEM. Differences with P < 0.05 were
817  considered statistically significant; ns, not significant; * P <0.05; ** P <0.01; *** P <0.001; ****

818 P <0.0001.

819
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820 SUPPLEMENTAL FIGURE LEGENDS
821  Figure. S1. Formation of vitC-derived lysine vitcylation in vitro, related to figure 1

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

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

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

825  dehydroascorbic acid are shown.

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

827  differentiate them from lysine vitcylation.

828  (E) Synthetic lysine-containing peptides were incubated with vehicle, 2 mM vitC or 2 mM DHA
829  at 37°C for 3 hours, and the formation of vitcylated peptides was detected by MALDI-TOF/TOF
830 MS.

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

832 (G and H) MALDI-TOF/TOF MS/MS spectra of the unmodified peptide, vitcylated peptide, and
833  1-13C-vitcylated peptide (Ac-YAPVAKDLASR (G) and Ac-VSSPKVLQRL (H)) are shown, with
834  lysine-containing unmodified fragments, vitcylated fragments, and 1-'*C-vitcylated fragments

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

836  (I) Synthetic lysine-containing peptides (peptide sequences were listed above the spectrum) were
837  incubated with vehicle or 2 mM vitC at 37°C for 3 hours. The formation of vitcylated peptides was
838  detected by MALDI-TOF/TOF MS.

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

840  (A) Numbers of vitcylated proteins and sites identified in EO771 proteomic and EQ771 proteomic
841  incubated with vitC (1 mM for 12 hours) in indicated pH Tris-HCI bufter in vitro are summarized.

842  EO0771 proteomic was extracted by acetone.

843  (B) Subcellular locations of lysine vitcylated proteins identified in EQ771 (mouse) cells. The
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844  locations are classified as nuclear, cytosol, plasma membrane, extracellular, mitochondrial,

845  cytosol nuclear, and other compartments.

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

847  E0771 cells (mouse).

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

849  (mouse).

850  (E) Top ten gene ontology biological process enrichment of vitcylation proteins identified in EO771

851  cells (mouse).

852  (F) Sequence probability logos of significantly enriched vitcylation site motifs for £10 amino acids
853  around the lysine vitcylation sites identified in Cal-51 cells (human) and E0771 cells (mouse). The

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

855 (G and H) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS
856  analysis of vitcylated peptides (mouse SMC1A, K129 (G) and mouse CKAP2L, K240 (H)) derived
857  from E0771 (cellular peptide) respectively, their in vitro generated counterparts (synthetic peptide),

858  and their mixture.

859 (I and J) Extracted MS/MS spectra from HPLC-MS/MS analysis of 1-!*C-vitcylated peptides and
860  vitcylated peptides (mouse SMCI1A, K129 (I) and mouse CKAP2L, K240 (J)) derived from E0771
861  cells (in cells, the lysine-containing 1-'3C-vitcylated fragments and vitcylated fragments were

862  marked by red and blue colors, respectively).

863  (K) The pan anti-vitcylation antibody was tested for its reactivity with vitcylated peptide (pep. +
864  vitC, peptide pre-incubated with 2 mM vitC at 37°C for 3 hours) and cross-reactivity with
865  unmodified (pep. and pep. (K/R) + vitC), DHA-derived modification peptide (pep. + DHA, peptide
866  pre-incubated with 2 mM DHA at 37°C for 3 hours), as well as synthetic acetylated, succinylated,
867 leucylated and lactylated peptides (peptide sequence: Ac-VLSPKAVQREF).

868  Figure. S3. Vitcylation of STAT1 K298 activates STAT1, related to Figure 3
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869 (A and B) Upregulated (A) and downregulated (B) GSEA signatures were observed in EO771 cells
870  treated with 2 mM vitC for 2 days (n = 3).

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

872  Data are represented as mean + SEM.
873 (D) Sequence analysis of STAT1 K298 site from multiple vertebrate species.

874  (E) Extracted ion chromatograms (left) and MS/MS spectra (right) from HPLC-MS/MS analysis
875  of a vitcylated peptide (mouse STAT1, K298) derived from E0771 (cellular peptide), its in vitro

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

877  (F) Extracted MS/MS spectra from HPLC-MS/MS analysis of vitcylated peptides (upper) and 1-
878  '3C-vitcylated peptides (lower) (mouse STAT1, K298) derived from E0771 cells. The lysine-
879  containing vitcylated fragments and 1-!*C-vitcylated fragments were marked by blue and red

880  colors, respectively).

881  (G) Nuclear translocation of endogenous STAT1 in Cal-51 and PP cells cultured in vehicle- or
882  vitC-containing medium for 2 days was assessed by immunofluorescence (0.5 mM vitC for Cal-
883 51 culture, 2 mM vitC for PP culture). Green represents anti-STAT1 and blue represents DAPI,
884  with merged images allowing assessment of nuclear localization of STAT1, hereafter referred to

885  as STAT1 immunofluorescence (scale bar, 50 uM).
886  (H) Western blots for STAT1 and Actin in PP-sg NC, PP-sgSTAT1 1 and PP-sgSTAT1 2 cells.

887  (I) Western blots for STAT1 and Actin in PP-sgNC, PP-sgSTAT1 1 and PP-sgSTAT1 cells re-
888  expressing STAT1-WT-GFP or re-expressing STAT1-K298R-GFP.

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

890  (A) HeLa cells co-expressing STAT-GFP and JAK1-HA were treated with vehicle or 300 uM vitC
891  for 1 day, followed by stimulation with 100 ng/ml IFNy for 15 min. Interaction between STAT1

892  and JAKI was assayed by co-immunoprecipitation.
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893  (B) Cells were pretreated with vehicle or vitC (0.2 mM vitC for Cal-51 cell culture, 1 mM vitC for
894 PP cell culture) for 2 days, then cells were stimulated with 100 ng/ml IFNy for 15 min followed
895 by incubation with 1 pM staurosporine for indicated times. The pSTAT1 levels were measured by

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

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

898  in Rosetta energy unit.

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

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

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

902  Figure S

903  (A) Quantitative PCR analysis of antigen processing and presentation genes expression in Cal-51
904 cells (n =4) and PP cells (n = 3) treated with either vehicle or vitC for 2 days (0.5 mM vitC for
905  Cal-51 cell treatment, 2 mM vitC for PP cell treatment). Data are represented as mean + SEM.

906  ****p < 0.0001.

907  (B) Flow cytometry analysis of MHC class I expression in PP-sgControl, PP-sgSTAT1 1, and PP-
908  sgSTATI1 2 cells cultured in different concentrations of vitC for 2 days (n = 3). Data are
909 represented as mean £ SEM. **p < 0.01, ***p < 0.001, ****p <0.0001.

910  (C) ROS levels were measured in Cal-51, E0771, and PP cells treated with various concentrations
911  of vitC for 2 days (n = 3). Data are represented as mean £ SEM. *p < 0.05, **p < 0.01, ***p <

912  0.001.

913 (D) Flow cytometric analysis of MHC/HLA class I expression on Cal-51, E0771, and PP cells
914  treated with different concentrations of vitC for 2 days (n = 3). Data are represented as mean +

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

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

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

919  (F) HIFla level was measured in Cal-51, EO771, and PP cells treated with vehicle or 0.2 uM 10X2

920  for 6 hours.

921  (G) Flow cytometric analysis of pSTAT1 and MHC/HLA class I expression in Cal-51, E0771, and
922 PP cells cultured in medium supplemented with the vehicle, vitC (48 hours), 10 uM Bobcat 339
923 (52 hours), vitC + 10 uM Bobcat 339, 0.2 uM 10X2 (52 hours) or vitC + 0.2 uM 10X2 (n = 3).
924  Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001.

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

926  Representative plots are shown.

927  (I) Flow cytometric analysis of H-2Kb and pSTAT1 expression on EL4-OVA cells treated with
928  different doses of vitC for 3 days (n = 3). Data are represented as mean + SEM. *p < 0.05, **p <

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

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

931  Representative plots are shown.

932  (K) Flow cytometric analysis of CD8" T (OT-I) cells co-cultured with EL4-OVA cells pretreated
933  with 2 mM vitC. T cells (CD45" CD3"* CD8") proliferation and activity were quantified as CFSE-
934 and IFNy*, TNFa" cells, respectively (n = 3). Data are represented as mean + SEM. *p < 0.05, **p
935 <0.01, ***p <0.001, ****p <0.0001.

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

937  (A) Viteylation levels in EO771 tumors were measured by WB with anti-vitcylation antibody (n =

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

939 (B and C) Flow cytometry analysis of pSTAT1 (B), H-2Kb and B2M (C) expression on E0771
940  tumor cells (CD45°) from vehicle- or vitC-treated mice (vehicle n = 10, vitC treated n = 10). Data

941  are represented as mean = SEM. **p < (.01, ****p <(0.0001.
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(D) Flow cytometry analysis of DCs (CD45" CDI11c¢") population, and the MHC II and CD86
expression in DCs in EQ771 tumor tissue from vehicle- or vitC-treated mice (vehicle n = 10, vitC

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

(E) Flow cytometry analysis of CD4", CD4" TNFa", and CD4" IFNy* T cells (CD45" CD3")
isolated from E0771 tumors tissue from vehicle- or vitC-treated mice (vehicle n = 10, vitC treated

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

(F) Flow cytometry analysis of CD8*, CD8" TNFa", and CD8" IFNy* T cells (CD45" CD3")
isolated from E0771 tumors tissue from vehicle- or vitC-treated mice (vehicle n = 10, vitC treated

n = 10). Data are represented as mean = SEM. ****p < (0.0001.
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Figure S4
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Figure S5

A

Relative mRNA levels

Cal-51 Cal-51

EOQ771 Cal-51

PP

Relative mRNA levels

Cal-51
ns
ns
*kk * -
ns Kkk kkk
21007 e 950, 5 2 100 ns
5 g = 3 4 3 gol Tree
n — — (%) %) Fkdek
N~ —
O 60 S Q 30 o O 60
0\0. 40 | 0\6 20 0\0— 40
T 20 T 10 T 20
o o o
Lo Lo Lo ‘o
S NN S N N QN ~
< Q(}/Q’ v [N) QWQ' v QS Q()/Q' v
VitC (mM) VitC (mM) VitC (mM)
kkkk kkkk
kkkk
80 Kkkk o 80 Fhkx 80 *kkk
— *kkk — —
T 60 %- | 8o Re0{
= J—— ~ + — a + *
B 5| g4 fll a| g '_|'**_‘
T 20 W&y Y 20
T T T
0 0
S NN S N N S N N
(NY Q(),Q' v QS Q(}/Q’ v < QWQ' v
VitC (mM) VitC (mM) VitC (mM)
*k
30— kil Y 40 . . Pl
. o5 - _ /=
] o ™ = R0 o L, o m ®
% 12 = —
10
T % e % o 10 2a Qoo %
- 0102 - 0102 - 0102 - 0102 - 0102 - 0.10.
o ***** . *k *k
307 — — 40+ - * —
;\g - ° 20 Pl Sad T —_—
Sad — _? o > - 5 o
+ 204
£ 10 * : ° 2
; Qo See & 101 % -?-
- 0205 - 0205 - 0205 - 0205 - 0205 - 0205
50_ *kk Skk 50_ *kk Sk
—_ *kk - *kk ——
& 404 .—D..U oo t?% 3 401 i Q%m &
+ 304 ° = 301 o
ns + * —_ ok
gl 1S — s S 204 — -
Y 104 a 104
A R S T~ & =
- 0205 - 0205 - 0205 - 0205 - 0205 - 0205
10X2 Bob. 10X2 Bob.
VitC (mM) VitC (mM)

pSTAT1+ (%) pSTAT1+ (%)

PSTAT1+ (%)

ek

4000
*% O
= 3000 % s
ns
gfzooo L) ns —
2 — ns
@ 1000 R
[ J a@®
-12-12-12
¢ M\ LKL
é§ %/\V /é\‘?\(}’
& P
E B Ctrl
1.5, W Bobcat 339
2 - i .
:‘% ~m — m
® 1.0
'_
W
'_
_f';’ 0.5
©
E o
o
0.0
2 A R
F
PP E0771 Cal-51
I0X2 - + - + - +
HIF1a - - "ﬂ”
Actin ‘— —H“H— —‘
30 I3
dekekk el -
20 " u °
* Qe *k 0oy
10
oy ceo °
- 0102 - 0102 - 0102
501 'L' * _*
40 s Omp T & Eia
304 7 ©
204
107 ceq %o@ °1;n
- 0205 - 0205 - 0205
801 *kkk ,&, Kkkk
601 asg 3 .
40- *k *k
0] — N —
ey ey oo
- 0205 - 0205 - 0205
10X2 Bob.
VitC (mM)



Single cells Single cells
Zsm(-S\ngle cells Single cells
< 200K 96
&) % 150K > % —
% ) 100K 1))
D 1 @
g e a7
050K 150K 250K 0% 10° 10* 10° 050K 150K 250K 0% 10° 10* 10°
FSC-A SSC-H FSC-A SSC-H
Live cells CD45+ cells Live cells CD45+ cells T cells
g 5 5 T 5 g 10° 10° 10°] T Tcell
o 10°]Live cells 10°1CD45+ cellsy | 10 g A ° i T cells
© 4] 211 (S 10* w 10* pss
5 10 R ~ 10 kel < 4? jsed
@ { — = S — — 0
O 3 [S NI [ 8w A O 1? : O 10
kel O w (S 3 " Live cells o {CD45+ cells o
g o o o 4 @ 796 @l 753 @
: 0 _1030 103 104 105 0 4030 103 10‘1 '05 0 _1030 103 104 105 - -1030 103 104 105 -‘030 103 104 105 -1030 1(}3 104 105
SSC-A SSC-A SSC-A SSC-A SSC-A SSC-A
CD8+ T cells (co-cultured with EL4-OVA cells) * .
o - - 307 ——— 40 e
EL4-OVA ) o Ctrl VitC0.2  VitC 0.5 VitC1 25 s s —_—
S T e o T e T P e N
) - . S 200 — ‘ ‘ Waod o >
Ctrl VitC 0.2 VitC 0.5 VitC 1 ¥ 15 0 P 0 200 n o= Z 20
~ o CFSE- CFSE- CFSE- L L S
a0 600 &0 60 ¥ 104 9eg 1001 196 1001 220 1001 279 (6] 157 = 157
S o o 22, 0o l—— L
“ waee T wae | wae | wael T ST @R T - 0205 1 - 0205 1
200 1 20 165 200 202 20 >
. a2 | 20 . . .
L e J IS - JE— - Ll i 3007 i
R A e e e e = o =l w] VItC (mM) VitC (mM)
H-2kb > 327 &% — w0l =l 0] o o
] T T2 % 29 Wl Tl me ™ G el e *
0 o o o) = 15 @ Ml e < 1 **
L P-STAT1+| 600 P-STAT1+ 600 P-STAT1+| 6007 P-STAT1+| < 10 % 0o e e Ao e 3\/ A %
S w na 3 w2 | 19.4 i > T 10
Q ol PSS Q3 <]
S e Cwmeew W e we 9@ - = o @ c |
pSTAT1 > - 0205 1 o oo T:: ! 1501 E 5
_ € ™| e e | ) e r—
P, 30° ) 1 50-
VitC (mM) S ol ) o - 0205 1
0 10" 10° 0 10* 10° 0 10* 10° 0 10%10° —

TNFa > VitC (mM)



Figure S6
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