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Abstract  

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal cancer, with chronic metabolic 

disorders increasing risk and severity. Prolonged exposure to altered metabolism changes 

specific metabolite levels, impacting epigenetic landscape contributing neoplastic lesion 

acquisition.  

This study examines the interplay between metabolism and epigenetics in dysmetabolic-driven 

PDAC tumorigenesis, exploiting LSL-KrasG12D;PDX-1-Cre mice (KC mice) exposed to high-

fat diet (HFD) and KRAS-mutated human pancreatic ductal epithelial (HPDE) cells. 

Untargeted metabolomics of HFD-fed KC pancreata reveals altered free fatty acid and elevated 

S-adenosyl methionine levels during tumorigenesis. Targeted metabolomics shows increased 

succinate alongside reduced α-ketoglutarate levels. This imbalance suggests an epigenetic 

derangement, targeting DNA methylation. In KRAS-mutated HPDE cells exposed to altered 

metabolism, the DNA demethylation complex of ten-to-eleven-translocation methylcytosine 1 

and thymine DNA glycosylase (TDG) is disrupted, leading to iterative cytosine modification and 

apurinic/apyrimidinic (AP) site accumulation. Succinate directly binds TDG at arginine 275, 

hyperactivating it and increasing AP site formation. This alteration combined with the 

methylation-prone metabolic environment, impairs the base excision repair pathway by 

hypermethylating and downmodulating DNA ligases LIG1 and LIG3. This predisposes to 

genomic instability and pancreatic preneoplastic lesion development. 

These findings uncover a metabolic-epigenetic axis in dysmetabolic PDAC, highlighting how 

metabolite-driven epigenetic changes compromise DNA repair and drive tumorigenesis. 
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Introduction 

Pancreatic ductal adenocarcinoma (PDAC), the most common form of pancreatic cancer, is a 

highly aggressive and lethal tumor with a 5-year overall survival rate of 13% (1). The high 

mortality is mainly due to late diagnosis, as a consequence of lack of early specific symptoms, 

and to limited and non-efficient treatment options.  

Chronic metabolic alterations, here defined as dysmetabolic condition, include hyperglycemia, 

type 2 diabetes and obesity (2). They expose pancreatic tissue to an imbalance of specific 

metabolites generally involved in cell physiological function and epigenome integrity 

maintenance, contributing to PDAC development (3-7). Indeed, dysmetabolic conditions are 

well-established PDAC risk factors impacting DNA methylation landscape in pancreatic cells (8, 

9). Notably, pancreatic exocrine cells isolated from high fat diet (HFD) fed mice, a common 

model of chronic metabolic alterations, exhibit different methylated DNA regions, some of 

which are located within DNA repair genes (8). Dysmetabolic conditions promote genome 

instability and impair DNA repair mechanisms (10), in part by impacting expression and/or 

activity of DNA repair enzymes (10). One mechanism through which this occurs is the 

epigenetic silencing of these enzymes. Importantly, epigenetic enzymes require specific 

metabolites as substrates or cofactors to exert their reactions (11), and for this reason they result 

extremely sensitive to small fluctuations of metabolite levels.  

Among epigenetic reactions, DNA methylation is finely regulated by the activity of DNA 

methyltransferases (DNMTs), ten-to-eleven-translocation (TETs) methylcytosine dioxygenases 

and thymine DNA glycosylase (TDG) (12). Specifically, DNMTs catalyze cytosine methylation 

(5mC), which in turn can be oxidized by TETs to 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC) (13-15). TDG recognizes and removes both 
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5fC and 5caC, consequently generating an apurinic/apyrimidinic site (AP site) (16, 17). This 

event activates the base excision repair (BER) machinery, which recognizes single strand break 

and restores unmethylated cytosine by activation of DNA ligases 1 (LIG1) and 3 (LIG3), key 

enzymes of DNA repair (18). The entire process depends on the availability of specific 

metabolites (19). DNMTs are activated by S-adenosyl-methionine (SAM) and inhibited by S-

adenosyl-homocysteine (SAH), whereas TETs are positively regulated by α-ketoglutaric acid 

(αKG) and inhibited by D-2-hydroxyglutarate (D-2HG), succinate (SA) and fumarate (19, 20). 

We recently described that αKG binds TDG at arginine 275 (R275) and positively regulates its 

activity, supporting its association with TET1 to carry out the DNA demethylation cycle (21). 

Interestingly, recent studies correlated TDG overexpression with poor prognosis in 

hepatocellular carcinoma, melanoma and glioma (22-24), shedding light onto its function as 

epigenome stability keeper. The association between TDG and PDAC tumorigenesis has not 

been specifically established, as well as the involvement of metabolic derangement in TDG 

activity regulation supporting PDAC onset and progression.  

Hereby, we describe not previously identified metabolic-epigenetic mechanisms supporting 

pancreatic cancer tumorigenesis, under dysmetabolic conditions. Specifically, metabolomics 

analyses revealed an imbalance of metabolites derived from the tricarboxylic acid (TCA) cycle 

(i.e. decreased αKG and increased SA) with the consequent impairment of the DNA 

demethylation cycle, due to TET1/TDG complex dissociation. This led to the accumulation of 

iterative cytosine modifications, including 5fC, and AP sites. AP site accumulation was 

associated to TDG alteration, as a consequence of SA-dependent TDG hyperactivation and BER 

impairment due to LIG1 and LIG3 promoter hyper-methylation. This scenario prevents single 
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strand break repair and increases genome instability, supporting pancreatic pre-neoplastic lesion 

development. 

Results 

High fat diet fosters PDAC tumorigenesis 

Since PDAC associates with chronic metabolic diseases (3, 7, 25), metabolomics analyses were 

performed to track metabolic changes during dysmetabolism-dependent PDAC onset. 

Specifically, to recapitulate metabolic alterations known to support PDAC onset, LSL-

KrasG12D/+;PDX-1-Cre (KC) mice were fed either a high-fat diet (HFD) or a low-fat diet 

(LFD), as a control, for 1.5 (T1) and 5 months (T2). KC mouse model was preferred over LSL-

KrasG12D/+;Trp53R172H/+; Pdx-1-Cre (KPC) mice for its much slower progression from 

PanIN to invasive cancer (26). This slower advancement allows studies on pancreatic cancer 

tumorigenesis, particularly enabling the investigation of how metabolic alterations influence this 

process. Analysis of body weight (Fig. S1A), blood cholesterol (Fig. S1B), and fasting blood 

glucose levels (Fig. S1C) confirmed dysmetabolism onset in HFD-fed KC mice. Indeed, all 

metabolic parameters resulted increased already at T1 in HFD-fed KC mice compared to LFD-

fed KC mice, indicating a diet-dependent dysmetabolism acquisition, including insulin 

resistance, as confirmed by the oral glucose tolerance test (OGTT; Fig. S1D). Histological 

analyses of T1 and T2 HFD-fed KC mice pancreata indicated an acceleration of tissue 

derangement with clear signs of acinar-to-ductal metaplasia (ADM) and early pancreatic 

intraepithelial neoplasia (PanIN) at T1 (15.7 %), whereas ADM/PanIN (33.2 %) and well 

differentiated PDAC (6.5 %) at T2 compared to LFD-fed KC mice (ADM/PanIN: T1 = 6.8%; T2 

= 23.6%; Fig. S1E). Nevertheless, no statistically significant differences were found in terms of 

lesion number at both time points in LFD- and HFD-fed KC mice (Fig. S1F), indicating a similar 
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kras transgene activation. The early HFD-dependent proliferative stimulus at T1 was also 

confirmed by transcriptomic analysis on whole pancreatic tissue, which well separated 

transcripts of LFD- and HFD-fed KC mice according to the heatmap (Fig. S1G). Notably, 275 

genes were differentially expressed (> 1 log2 fold change) in HFD- vs LFD-fed KC mice (Fig. 

S1H; Supplementary Table 1). Gene-ontology (GO) analysis performed on significantly up- or 

downregulated transcripts showed an up-regulation of genes mainly grouped in immune system 

process (GO: 0002376),  proliferation (GO: 0090023 ; GO: 0000165), migration (GO: 2000147), 

and insulin signaling (GO: 0043568) (Fig. S1H), suggesting the presence of an early proliferative 

stimulus into pancreata derived from HFD-fed KC mice compared to LFD-ones. Conversely, 

down-regulated genes were associated with glucose metabolism (GO: 0005975; GO: 1904659) 

and physiological pancreatic function, including pancreatic juice secretion (GO: 0030157) (Fig. 

S1H). Western blot analyses corroborated these results. Increased levels of ERK1/2 

phosphorylation at T202/Y204 and T185/Y186 residues were observed in pancreata from HFD-

fed KC mice compared to LFD-fed KC mice at both time points (Fig. S1I). These results imply 

that different pathways associated with pancreatic cancer onset were induced early at T1 in HFD-

fed KC mice with HFD-associated pro-proliferative marker increase sustained till T2, supporting 

dysmetabolism-dependent pancreatic tumorigenesis acceleration. 

 

Dysmetabolic-dependent PDAC tumorigenesis associates with metabolism reshaping  

To investigate the metabolic changes during dysmetabolism-dependent PDAC onset, pancreata 

from LFD- and HFD-fed KC mice were collected at T1 and T2 and analyzed by untargeted 

metabolomics. 36 statistically significant metabolites (p<0.05, FDR corrected) resulted 

differentially modulated in the whole pancreatic tissue at both time points (Fig. 1A; 
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Supplementary Table 2). Interestingly, a selective dysregulation of a specific panel of free fatty 

acids (FFA) was detected : oleic acid (OA) was upregulated, and linoleic acid was 

downregulated (Fig. 1B and 1C), whereas palmitic acid level remained stable (Fig. S2A). In this 

context, the top three enriched pathways at T2 were glycine and serine metabolism, 

methylhistidine and methionine metabolism, respectively (Fig. 1D). Besides its known role in 

fueling one-carbon metabolism in cancer cells, serine is involved in oncogenesis-supportive 

metabolites as well as in the methionine cycle (27). Serine metabolism and methionine cycle are 

correlated through folate cycle and, together, support production of SAM (28). Interestingly, 

higher levels of SAM, a crucial metabolite for DNA methylation process representing the 

methyl-group donor (28), were revealed by untargeted metabolomics analysis (Fig. S2B). This 

result prompted us to focus on DNA methylation.  Specifically, we performed a restricted 

targeted analysis on a pool of epigenetic-linked metabolites and we found decreased levels of 

αKG paralleled by increased levels of SA in HFD-fed compared to LFD-fed KC mice, which 

altered αKG/SA ratio (Fig. 1E-G). Taken together, these data highlight an HFD-dependent 

metabolic reprogramming responsible for the accumulation of metabolites involved in 

methylation processes.  

 

High fat diet alters DNA methylation cycle and TET1/TDG complex assembly  

TET1/TDG complex formation depends on αKG availability, representing a dysmetabolic sensor 

directly impacting on the DNA methylation pathway (21). According to the identified metabolic 

landscape supporting methylation reactions (see above and Fig. 1), we investigated by 

immunoprecipitation whether this phenomenon also occurred in pancreata derived from LFD- 

and HFD-fed KC mice. Interestingly, we found TET1/TDG dissociation early at T1 in pancreata 
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derived from HFD-fed KC mice compared to LFD-fed KC mice (Fig. 2A). These dissociation is 

sustained also at T2, implying a correlation with dysmetabolic condition over time (Fig. S2C).   

Consistently, dot blot analyses revealed higher levels of 5mC in pancreata derived from HFD-fed 

KC mice compared to LFD-fed KC mice (Fig. 2B), suggesting HFD dependent DNA 

methylation pathway activation. Interestingly, pancreata derived from HFD-fed KC mice 

displayed global accumulation also of the other iterative cytosine modifications : 5hmC and 5fC 

(Fig. 2B) (29). 5fC levels, a direct readout of TET1/TDG complex activity (30), were further 

investigated in FFPE sections of HFD-fed KC-mouse pancreatic tissue to identify the specific 

cell type accumulating this cytosine modification. Confocal analyses reported prevalent 5fC 

accumulation in pancreatic E-Cadherin positive epithelial cells compared to αSMA positive 

fibroblasts (Fig. 2C). These results confirmed TET1/TDG complex sensitivity to the intracellular 

metabolic status also in pancreas and revealed an accumulation of cytosine modifications, 

including 5fC, in pre-neoplastic epithelial cells. 

 

Dysmetabolism promotes TET1/TDG complex dissociation, 5fC accumulation, and a 

higher proliferation rate in human pancreatic ductal epithelial cells 

In vitro validation of our findings was conducted exploiting human pancreatic duct epithelial 

(HPDE) cells harboring the KRASG12V mutation, as model of pre-neoplastic epithelial cells. 

Specifically, HPDE cells were exposed to a combination of high glucose (hG; final concentration 

of 50mM) and oleic acid (OA at 50µM) to recapitulate dysmetabolic conditions observed in 

HFD-fed KC mice, as assessed by blood (Fig. S1B) and metabolomics analysis (Fig. 1B), or to 

solvent control. Dysmetabolic HPDE cells were co-cultured in a 2D culture system together with 

pancreatic stellate cells (PSCs), stromal cells able to support pancreatic cancer onset and 
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progression once activated (31). We found a prevalent 5fC accumulation in HPDE cells 

counterstained by E-Cadherin paralleled by an absence of 5fC signal in PSCs (αSMA positive 

cells) (Fig. 3A). Moreover, dysmetabolic HPDE cells were analyzed to evaluate SAM, αKG and 

SA levels by untargeted and targeted metabolomics. Interestingly, we revealed SAM (Fig. 3B) 

and SA (Fig. 3C) accumulation paralleled by αKG reduction (Fig. 3D), determining αKG/SA 

ratio imbalance (Fig. S2D) in dysmetabolic HPDE cells, perfectly mirroring what observed in 

pancreata from HFD-fed KC mice (Fig. 1E-G). Moreover, dysmetabolic HPDE cells were tested 

for accumulation of iterative cytosine modifications (Fig. 3E). The effect of exposure to the 

combination of hG and OA can also be mimicked by exposing HPDE cells exclusively to a cell-

permeable source of SA, a metabolite supporting methylation reactions (32). SA was sufficient 

to induce iterative cytosine modification accumulation (Fig. 3F), TET1/TDG complex 

dissociation (Fig. 3G), and TET1 nucleus-cytoplasmatic shuttling (Fig. 3H). Specifically, SA 

was able also to confer a proliferative advantage by increasing both the proliferation rate (Fig. 

3I) and pERK levels (Fig. 3J) in SA-treated HPDE cells compared to solvent control. Taken 

together, these data suggest SA as a crucial metabolite supporting TET1/TDG complex dynamics 

and global iterative cytosine modification accumulation.   

 

Succinate binds the Thymine DNA Glycosylase at Arginine 275 

Metabolites are able to bind to several enzymes, affecting their activity (20). We previously 

demonstrated that αKG acts as an enzymatic allosteric activator of TDG by direct binding (21). 

In this light, the SA role as TDG activity regulator was investigated and possible hotspots for SA 

binding to TDG were analyzed by molecular dynamics (MD) simulations. Intermolecular 

recognition was monitored along MD time in three independent MD replicas of 500ns each, in 
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which the SA ion was initially placed in a random orientation and at a non-binding distance to 

TDG (i.e., intermolecular distance>40.0Å). In all MD replicas, the SA molecule quickly 

approached TDG due to electrostatic complementarity with the catalytic site. Interestingly, the 

metabolite interacts with the same arginine 275 (R275) residue (Fig. 4A) crucial for αKG 

binding (21). R275 is a key residue of TDG, being responsible for the binding to the phosphate 

backbone of a DNA AP site, according to previous structural studies (33). Besides direct H-bond 

and electrostatic interactions to R275, SA/TDG catalytic site interaction is reinforced by a 

network of water-bridged H-bonds connecting the molecule to the side chain of Serine 273, and 

Asparagine 157, as well as to the backbone of Glycine 142 and Alanine 145 (Fig. 4B). The 

persistence of the direct interaction between SA and R275 was evaluated by monitoring the 

intermolecular distance along MD time. Results clearly showed that SA recognition of TDG is 

an early event and that the SA/TDG complex is stable in MD simulation time, except for a few 

non-significant and short fluctuations of the SA-R275 distance (Fig. 4A). Cellular thermal shift 

experiments validated specific binding of SA to R275. SA protects wild type TDG (TDGwt) 

from thermal degradation, whereas TDGR275A mutant is degraded at 54°C (Fig. 4C). To further 

characterize SA-TDG binding effect, an active murine recombinant TDG protein (mrTDG) was 

exploited for surface plasmon resonance (SPR) experiments. (Fig. S3A). All measured 

dissociation constants (KD) were in the millimolar range, with SA exibhiting the highest affinity 

for TDG (KD= 2.94±0.03mM) (Fig. S3A) compared to αKG (KD= 9.01±0.04 mM) (Fig. S3B), 

demonstrating an effective SA/TDG interaction. To assign a functional role of SA-TDG binding, 

TDG activity assay was performed on mrTDG in the presence or absence of SA and αKG. 

Interestingly, SA-dependent TDG activity was higher in comparison to αKG and solvent control 

(Fig. 4D). This led to an increase of AP sites in the DNA as revealed by dot blot analysis (Fig. 
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4E). These results demonstrate that TDG turnover is metabolically controlled and sensitive not 

only to αKG (21), but also to SA fluctuations. SA-dependent TDG higher activity compared to 

αKG suggests its hyper-activation contributing to pancreatic tumorigenesis upon metabolic 

derangement. 

Dysmetabolism-dependent base excision repair machinery impairment and TDG turnover 

alteration contribute to AP site accumulation in pre-tumoral pancreatic epithelial cells 

TDG, a G/T mismatch-specific thymine DNA glycosylase (34), recognizes DNA lesions and 

catalyzes the first step of the BER pathway, which leads to the generation of an AP site (35). 

Thus, we investigated whether dysmetabolism-associated SA-increase could induce TDG hyper-

activation, fostering AP site formation and DNA lesion accumulation in HPDE cells. 

Specifically, HPDE cells were exposed for 48h to a combination of hG and OA. Thereafter, TDG 

enzymatic activity and consequent AP site accumulation within the DNA were evaluated. Fig. 

5A shows a significant increase of TDG activity in dysmetabolic HPDE cells (hG and OA 

enriched medium). Fig. 5B depicts AP site accumulation comparable to that observed with SA 

treatment (Fig. 4E). Of note, proximity ligation assay (PLA) experiments revealed a specific 

localization of TDG in AP site enriched regions (Fig. 5C). Similar AP site accumulation was also 

observed in pancreata of HFD-fed KC mice (Fig. S4A), to further confirm the sensitivity of the 

BER process to metabolic derangement. To test whether this phenomenon involved TDG 

enzymatic activity, loss-of-function experiments were performed. CRISPR/Cas9-mediated TDG 

knockdown (Fig. S4B) prevented AP site accumulation in the presence of hG and OA 

combination (Fig. 5D). When TDGwt or TDGR275A were re-expressed in TDG-deprived HPDE 

cells (Fig. 5E), AP site accumulation was appreciated only upon TDGwt enzyme re-expression 

in the presence of hG and OA combination (Fig. 5F). TDGR275A mutant enzyme 
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overexpression, not sensitive to dysmetabolism, does not lead to AP site accumulation upon hG 

and OA combination (Fig. 5F).  

To further investigate BER enzymatic machinery integrity under these experimental conditions, 

the expression of crucial BER enzymes, including APEX1, PARP1, FEN1, XRCC1, LIG1 and 

LIG3, was assessed by qRT-PCR. Interestingly, we found a significant downregulation of LIG1 

and LIG3 at both mRNA (Fig. S4C) and protein levels (Fig. S4D) in HFD-fed KC mice and in 

dysmetabolic HPDE cells (Fig. 5G). Similar results were obtained in HPDE cells exposed to a 

cell-permeable source of SA (Fig. 5H), suggesting ligase enzymatic activity impairment in 

response to metabolic derangement. Notably, LIG1 and LIG3-dependent enzymatic reactions are 

crucial to accomplish BER pathway and restore DNA integrity (18). To verify whether 

dysmetabolism-dependent ligase dysfunction was responsible for TDG-dependent AP site 

accumulation, L189, a DNA ligase competitive inhibitor, was exploited (36). A dose-response 

curve established that L189 treatment was non-toxic for HPDE cells, since proliferation was not 

affected (Fig. S4E). Moreover, L189 induced a dose-dependent AP site accumulation in HPDE 

cells (Fig. 5I), suggesting ligase impairment involvement in the DNA lesion propagation of pre-

neoplastic epithelial cells. Dysmetabolism-dependent LIG1 and LIG3 level decrease led to a 

decline of their enzymatic activity supporting DNA damage propagation in proliferating cells. 

Since our results indicated a link between dysmetabolism and DNA methylation (Fig. 2B, Fig. 

3E and F), we wondered whether low expression levels of LIG1 and LIG3 could depend on 

alteration of their promoter methylation as a consequence of SAM and SA increased levels and 

αKG decreased levels (Fig. S2B; Fig. 1E-G). Specifically, quantification of 5mC levels revealed 

hypermethylation of both LIG1 and LIG3 promoters upon hG and OA exposure or SA 

supplementation (Fig. 5J and K). Notably, αKG addition, counteracting TET1/TDG complex 
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disassembly (21), was able to reduce the percentage of 5mC in the promoter region of LIG1 and 

LIG3 (Fig. 5J), ultimately rescuing their expression (Fig. 5L) and reducing AP site levels (Fig. 

5M). These data highlight a novel epi-metabolic mechanism harnessing DNA integrity in pre-

tumoral pancreatic epithelial cells under dysmetabolic conditions and underscore the sensitivity 

of ligase enzymes to metabolic derangements as contributor of genome instability and 

tumorigenesis. 

 

Discussion 

Metabolic reprogramming is a core hallmark of cancer, crucial for tumor cell survival and 

proliferation and supporting biosynthesis and redox balance. This intense metabolic activity, by 

altering the availability of specific metabolites, might interfere with epigenetic enzyme function, 

since metabolites usually represent co-factors or substrates essential for epigenetic reactions (11), 

and with innate immune system function, which can shift from cancer cell surveillance to 

supporting tumor progression and immune evasion (37). Several clinical and epidemiological 

studies identified a specific metabolic dysfunction becoming established prior pancreatic cancer 

diagnosis (38-40). The dysfunction is the result of a complex cancer-host metabolism interplay 

affecting glucose and lipid metabolism in the early stages of pancreatic cancer (38-40). 

Nevertheless, how this intricate interaction translates in specific molecular and/or epigenetic 

alteration was not described in detail. Metabolic deregulation can promote oncometabolite 

accumulation, contributing to tumorigenesis by epigenetic landscape alteration. Among 

oncometabolites, fumarate and SA, usually derived from tumor-associated enzymatic alterations, 

compete with αKG inhibiting αKG–dependent dioxygenases, including TETs and histone 

demethylases. This effect supports hypermethylation of DNA and histones, typical of 
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carcinogenesis. Although the effect of hyperglycemia and high caloric intake diets on pancreatic 

cancer incidence is well known (3-7), how the associated metabolic derangement shape cancer 

metabolic reprogramming, fostering pancreatic cancer development, has not been specifically 

investigated. The present manuscript revealed an alteration of specific metabolite levels 

prompting to hypothesize a deregulation of the DNA methylation pathway. The observed FFA 

deregulation was recently defined as an early sign of PDAC onset in type 2 diabetes patients 

(41). The involvement of DNA methylation cycle alteration was further supported by αKG and 

SA level unbalance (Fig. 1). A similar metabolic scenario was reported in p53-deficient PDAC 

cells, and αKG, acting as an effector of p53-mediated tumor suppression, was proposed as an 

antagonist of malignant progression in a therapeutic perspective (42). Dysmetabolism, leading to 

αKG/SA ratio alteration, boosts cell transformation similar to what is observed upon inactivating 

p53 mutations (42). Accordingly, a deregulation of αKG metabolism associated to an 

accumulation of SA during cancer development has been reported in different studies (43-45). In 

particular, a SA involvement in tumor growth, cell migration, demethylation cycle deregulation, 

and cancer immune evasion has been described in renal cell carcinoma and in gastric and colon 

cancer (23, 45, 46), but not clearly addressed in pancreatic cancer. The observed metabolic 

landscape prompted us to focus on DNA methylation as an essential node of pancreatic 

tumorigenesis. Consistently, hypermethylation in the promoter regions of DNA repair, tumor 

suppressor and anti-tumor response genes has been described in different tumors, paralleled by 

hypomethylation of genes sustaining cell proliferation, migration, and invasion (47-50). We 

addressed DNA methylation alterations by focusing on the effect of dysmetabolism on the DNA 

demethylating complex formed by TET1/TDG association, particularly sensitive to metabolic 

alterations (21). We demonstrated that TET1/TDG complex is particularly sensitive to metabolic 
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derangement also in pancreas, leading to an accumulation of iterative cytosine modifications 

(Fig. 2). This observation can partially be explained by the already described TET protein 

delocalization outside of the nucleus, typical of different tumors (51-53), a specific strategy of 

cancer to alter the DNA methylation landscape. The present manuscript reveals a specific 

metabolic-epigenetic crosstalk contributing to pancreatic cancer development. Metabolic 

alteration on one hand drives TDG hyperactivation, which favors AP site accumulation because 

of increased 5fC levels, promoting genome instability in pre-neoplastic KRAS-mutated epithelial 

cells. On the other hand, it supports a methylation-prone DNA environment, leading to 

transcriptional repression of LIG1 and LIG3, which further contributes to genomic instability by 

limiting BER pathway accomplishment.  Remarkably, the above-mentioned metabolic-epigenetic 

crosstalk occurred in cells with a high proliferative rate induced by a dysmetabolic condition 

(Fig. S4F). Furthermore, TDG hyperactivation might be detrimental to cell function, sustaining 

transformation. Indeed, the role of TDG in cancer is controversial: it might both counteract and 

sustain cancer development and progression depending on the specific pathways in which it is 

involved (22, 54-56). Here, we analyzed TDG contribution to AP site accumulation, the most 

common DNA lesion generated during BER pathway activation (16-18). Increased levels of AP 

sites have been reported in a variety of tumors and associated with DNA damage accumulation 

(57, 58). Thus, persistent DNA damage might reflect an impairment of the DNA repair 

machinery. Compromised BER or aberrant BER protein expression represent two known risk 

factors of cancer development, and alteration of the associated enzymatic machinery contributes 

to tumorigenesis contributing to genome instability and anti-tumoral response (18, 59). LIG1 and 

LIG3 are two ligases acting in the final steps of DNA repair pathway, sealing generated DNA 

gap, with LIG1 involved in both single-nucleotide BER and long-patch BER and LIG3 only in 
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single-nucleotide BER (18). Their sensitivity to metabolic derangement has not been investigated 

until now. Our results show high sensitivity of BER machinery to dysmetabolic conditions, 

promoting both DNA demethylation cycle impairment due to αKG/SA ratio unbalance. Since 

LIG1 and LIG3 gene promoters were heavily methylated upon dysmetabolism (Fig. 5J), their 

activity is downregulated leading to unrepaired DNA damage.  

Our results demonstrate that metabolic pressure is associated with an alteration of the DNA 

damage repair program. Specifically, original results show that dysmetabolism-dependent 

increased levels of 5mC in the promoter regions of both ligase genes might favor genome 

instability due to AP site accumulation (Fig. 5). In this light, the metabolic pressure paves the 

way to 5fC and AP sites as novel pancreatic cancer biomarkers to be exploited for diagnostic and 

prognostic purposes, as they result from DNA methylation dependent repression of ligases. 

 

Materials and Methods 

Animals and treatments. FVB PDX-1-Cre; LSL-KrasG12D (KC) mice were generated in the 

Animal Facility of the Regina Elena National Cancer Institute (Rome, Italy) as previously 

described (60). Experiments and treatment were performed according with EU Directive 

2010/63/EU for animal experiments (protocol permit number: 362/2021-PR). In brief, 4 weeks 

old male KC mice were randomly divided in 2 groups and fed with a low fat rodent chow 

(LFD- 10 kJ% fat, 20 kJ% protein, 70 kJ% carbohydrates – D12450J Ssniff—Germany; n = 40) 

or a High-fat diet (HFD- 60 kJ% fat, 20 kJ% protein, 20 kJ% carbohydrates – D12492 Ssniff-

Germany; n = 40) to recapitulate metabolic alterations. All groups received drink and food ad 

libitum. The present study employed male mice due to their higher and faster response to HFD-

induced metabolic alterations than female animals (61). Male mice allowed to observe 3 R’s 
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principles for animal studies, since hyperglycemia threshold of 200 mg/dl fixed for the 

experimental plan was reached faster and more consistently using a less number of animals 

compared to female mice, usually resistant to HFD-induced metabolic alterations leading to an 

increased time to achieve hyperglycemia condition. Sample size was determined to reach an 80% 

power (α error of 0.05), because usually effect below or equal 20% is barely relevant. Pancreata 

were collected after 1.5 month (T1) and 5 months (T2) of dietary regimen start. Details about 

mouse monitoring blood analysis and histology provided in Supplementary material.  

Untargeted and targeted metabolomics. Pancreatic tissues and cell pellets were lyophilized 

overnight, and carefully homogenized. Untargeted UHPLC-HRMS/MS analysis was performed 

on a Thermo Ultimate RS 3000 coupled online to a Q-Exactive hybrid quadrupole Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany). Targeted UHPLC-HRMS analyses 

were performed on a Thermo Vanquish Flex UHPLC system coupled online to a hybrid 

quadrupole Orbitrap Exploris 120 mass spectrometers (Thermo Fisher Scientific, Bremen, 

Germany). Details provided in Supplementary material. 

Total RNA extraction, sequencing and bioinformatics analysis. RNA was isolated from mice 

pancreas (4 LFD and 4 HFD for each experimental time point) using miRNeasy Mini Kit 

(Qiagen) combined with DNase digestion (DNase I, Qiagen) to eliminate genomic DNA. 

Sequencing was performed on rRNA-depleted total RNA on an Illumina HiSeq 2000 platform. 

Details provided in Supplementary matirial. 

qRT-PCR. RNA was isolated from about 10 mg of mouse pancreatic tissue using miRNeasy 

Mini Kit (Qiagen) according to manufacturer's instruction. Details provided in Supplementary 

material and methods. List of primers provided in Supplementary Table 3. 
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Cell cultures, treatment and transfection. HPDE K-RasG12V cells (62),  available in the lab 

(63), were grown in RPMI 1640 medium (Euroclone) containing 10% fetal bovine serum (FBS), 

1% L-glutamine and 1% Penicillin/Streptomycin (Euroclone). Human pancreatic stellate cells 

(PSCs), purchased by Neo Biotech (Cat# NB-26-01967), were cultured in Stellate Cell Medium 

(SteCM, ScienCell Research Laboratories) supplemented with 2% FBS (ScienCell Research 

Laboratories), 1% Stellate Cell Growth Supplement (SteCGS, ScienCell Research Laboratories) 

and 1% Penicillin/Streptomycin solution (P/S, ScienCell Research Laboratories) at 37ºC in a 5% 

CO2 environment. All cell lines were routinely tested for mycoplasma contamination. Crystal 

violet assay was performed in HPDE K-RasG12V cells fixed with paraformaldehyde 4% for 20 

minutes at room temperature, washed with PBS and stained with crystal violet solution (0.5% 

w/v in acetic acid). Stained colonies were solubilized in dimethyl sulfoxide (DMSO) and plate 

was read at 595 nm at Clariostar microplate reader (BMG, Labtech). HEK293T, purchased by 

ATCC (Cat# CRL-1573), and HPDE K-RasG12V cells were transfected according to 

Lipofectamine3000 standard procedure (Invitrogen). TDG gain and loss of function experiments 

were performed as previously described (21). Details provided in Supplementary material. 

Immunoprecipitation and Western blot analysis. Details provided in Supplementary material. 

Antibody list provided in Supplementary Table 4. 

Dot blot. Genomic DNA, from pancreata mice tissue or HPDE K-RasG12V cells exposed or not 

to hG (30mM, Sigma) and OA (50μM, Sigma) for 48h or to SA (50μM Sigma) for 24h, was 

extracted with Monarch Genomic DNA purification kit (NEB) according to manufacturer´s 

instructions. Details provided in Supplementary material. Antibody list provided in 

Supplementary Table 4. 
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Immunofluorescence and IHC. HPDE K-RasG12V cells were fixed in 4% paraformaldehyde 

solution for 10 min at room temperature, washed three times for 5 min with PBS, and blocked 

for 1h in PBS containing 10% BSA. Cells were incubated overnight at 4 °C with the indicated 

primary antibodies. After washing, cells were incubated for 1h at room temperature with a 

fluorescent secondary antibody (Alexa Fluor 488- or 546-conjugated, Life Technologies) and 

DAPI (Life Technologies). The immunofluorescence analysis on mouse tissues was performed 

according to the following protocol. First, 4-μm-thick mouse pancreas FFPE sections were 

deparaffinized and rehydrated. Antigen-retrieval was performed in the microwave in citrate 

buffer solution pH 6.0 (ScyTech) for 15 min. After blocking, sections were incubated overnight 

at 4°C with following primary antibodies: anti-Ecad (Invitrogen); anti-αSMA (Invitrogen); anti-

5-formylcytosine (Active Motif). After washing, cells were incubated for 1h at room temperature 

with a fluorescent secondary antibody (Alexa Fluor 488- or 546-conjugated, Life Technologies) 

and nuclei were counterstained with DRAQ5 (BioStatus). Immunofluorescence was analyzed by 

Zeiss LSM900 

confocal microscope. 5fC levels in E-cad positive cells and in αSMA positive cells were 

quantified by measuring the Integrated Density (ID) using Fiji ImageJ software on pictures 

acquired with same settings and % 5fC positive cells was calculated. The Pearson correlation 

coefficient (PCC) of TET and TDG signal in each cell was calculated with a range +1 (perfect 

correlation) to -1 (perfect exclusion) (64). Antibody list provided in Supplementary Table 4. 

MD simulation. The computational approach follows the procedure already used previously (21, 

65). Briefly, the X-ray crystallographic structure of TDG in complex with DNA (PDB-ID: Z47) 

was used as receptor in MD simulations, upon removal of the DNA chains (33). The protein was 

parametrized with the ff14SB force field, while the succinate ion with the General Amber Force 
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Field (GAFF) (66, 67). Succinate partial charges were computed at the am1-bcc level of theory. 

TDG and succinate were included in a rectilinear box of TIP3P-type water molecules buffering 

10 Å from the molecular system, at a non-binding distance >40.0 Å. The total charge was 

neutralized by the addition of Cl- ions. A 2 fs time-step was used in all MD simulations. The 

solvent was first energy minimized for 500 steps using the Steepest Descent algorithm (SD) and 

a further 2500 steps using the Conjugate Gradient algorithm (CG), while keeping the solute as 

fixed. The solvated solute was then energy minimized for 1000 steps SD and subsequent 9000 

steps CG before heating to 300 K at constant volume for 1 ns using the Langevin thermostat. 

Box density was equilibrated at constant pressure for 1 ns using the Berendsen barostat, then, a 

preliminary run of 50 ns was carried out at constant pressure, before the final production of 

trajectories lasting 500 ns. No restraints were used in MD simulations. Three independent MD 

replicas were run starting from different initial coordinates. MD simulations were run with 

Ambe18 (68), analysis of MD trajectories was carried out with cpptraj (69).  

In vitro Surface Plasmon Resonance experiments. Surface Plasmon Resonance (SPR) 

experiments were carried out using a Sartorius Octet SF3 apparatus, to assess the thermodynamic 

parameters of the interaction between mouse His-tagged TDG (ligand) and the analytes alpha-

ketoglutarate (αKG) and Succinate (SA), exploiting an already used approach (70). Steady-state 

plateau signal (Req) values and full fittings with 1 and 2 sites were calculated from overall 

kinetic evaluation of the sensorgrams using the Octet SPR Analysis software. Details provided in 

Supplementary material.  

Cellular Thermal Shift Assay (CETSA). CETSA was performed as previously described (21). 

Briefly, cellular extract was freshly lysed in RIPA buffer (10 mM Tris HCl pH 7.4, 150 mM 

NaCl, 1% Igepal, 1% sodium deoxycholate (DOC), 0.1% Sodium Dodecyl Sulfate (SDS), 0,1% 
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glycerol, protease and phosphatase inhibitors cocktail, and 2mM 1,4-dithiothreitol (DTT)). 

Homogenization was performed by 3 cycles of freeze-thawing and cellular extracts were 

centrifuged at 20000 x g for 20 min at 4°C to separate the soluble fraction from debris. Cellular 

lysates were divided into two aliquots, with one aliquot being treated with 1 mM SA (Sigma) and 

the other one exposed to water as solvent (control), and were incubated for 30 min at RT. 

Subsequently, the lysates were divided into smaller aliquots and heated at the reported 

temperature for 3 min followed by 3 min cooling at RT. The soluble fraction was separated from 

debris centrifuging at 20000 x g for 20 min at 4°C. All supernatants were analyzed by western 

blotting and probed with the specific primary antibody.  

Enzymatic Activity assay. TDG activity was assessed with specific ELISA activity assays 

following the manufacturer´s instructions (Thymine DNA Glycosylase (TDG) 

Activity/Inhibition Assay Kit - Epigentek) on HPDE K-RasG12V exposed to hG+OA for 48h or 

using the active full length recombinant mouse N-terminal His tagged TDG protein (Epigex). 

αKG disodium salt (Sigma) and Succinate (Sigma) was used for recombinant TDG protein 

treatments during assay. 

AP site quantification. Genomic DNA, from HPDE K-RasG12V cells exposed or not to hG 

(30mM, Sigma) and OA (50μM, Sigma) for 48h or to SA (50μM Sigma) for 24h, was extracted 

with Monarch Genomic DNA purification kit (NEB) according to manufacturer´s instructions. 

500 ng of DNA were incubated with 10mM aldehyde reactive probe (ARP, Cayman) at 37° for 

1h. After precipitation and quantification, 100 ng of ARP labelled DNA were denatured with 0,4 

N NaOH and incubated for 30 min at 80°C. Then, DNA was immobilised on nitrocellulose 

membrane and probed with Alexa Fluor 790 streptavidin conjugate (Life Technologies) for 1h at 

room temperature. Development was performed by ChemiDoc MP Imaging System (Bio-Rad). 
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Proximity Ligation Assay. PLA between ARP-biotin and TDG was performed exploiting an 

approach already used (70). Briefly HPDE cells were grown on slides, exposed to hG (30mM, 

Sigma) and OA (50μM, Sigma) for 48h and incubated with 1mM aldehyde reactive probe (ARP, 

Cayman) for the last 3h of treatment before fixation in in 4% paraformaldehyde solution for 10 

min at room temperature. Cells were then permeabilised with 0.5% Triton-X 100 for 5 minutes 

before blocking in 3% BSA in PBST for 1 hour. Slides were incubated with primary antibodies 

(mouse α-biotin and rabbit α-TDG) for 2h before processing the samples for PLA following the 

manufacturer instructions of the SIGMA Duolink Kit (Sigma Aldrich). After the PLA reactions, 

cells were incubated with an Alexafluor 647 Conjugated anti rabbit antibody for 30 min at room 

temperature to visualise TDG. Details provided in Supplementary material  

LIG1 and LIG3 promoters 5mC quantification. The level of 5mC in genomic DNA extracted 

from HPDE K-RasG12V cells exposed to SA for 72h or to hG (30mM, Sigma) and OA (50μM, 

Sigma) ± αKG for 72h was estimated with the EpiJET 5-mC Analysis Kit (ThermoFisher 

Scientific). Details provided in Supplementary material and methods. List of primers provided in 

Supplementary Table 3. 

Statistical analyses. Statistical analyses were performed using GraphPad Prism software version 

8. Data are shown as mean ± SEM. Statistical significance was determined using 2-way ANOVA 

or non parametric student’s t-test as reported in the corresponding figure legend. A p-value < 

0.05 was considered statistically significant and significant differences between experimental 

samples are represented by asterisks (* = p < 0.05; ** = p < 0.01; *** = p < 0.001). Sample size 

(N) for each experiment is stated in the related figure legend. 

Abbreviation list 

5fC: 5'formyl-cytosine 
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5hmC: 5'hydroxymethyl-cyotosine 

5mC: 5'methyl-cytosine 

αKG: alpha-ketoglutarate 

AP site: Apurinic/Apyrimidinic site 

BER: base excision repair 

CETSA: cellular thermal shift assay 

DNMT: DNA methyltransferase 

FFA: free fatty acid 

HFD: high fat diet 

hG: high glucose 

HPDE: human pancreatic ductal cell 

LFD: low fat diet 

LIG: Ligase 

MD: molecular dynamics 

OA: Oleic acid 

OGTT: oral glucose tolerance test 

PDAC: Pancreatic ductal adenocarcinoma 

PLA: proximity ligation assay 
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PSC: pancreatic stellate cell 

SA: succinate 

SAM: S-adenosyl-methionine 

SPR: surface plasmon resonance 

TDG: Thymine DNA glycosylase 

TET: Ten-to-eleven translocation methylcytosine dioxygenase  

Data availability 

The RNA sequencing datasets are publicly available at NCBI’s Gene Expression Omnibus 

(GEO) repository, under accession number GSE302730 located at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE302730. Any additional information 

required to reanalyze the data reported in this work paper is available from the lead contact upon 

request, Dr. Francesco Spallotta (francesco.spallotta@uniroma1.it) and Dr. Chiara Cencioni 

(chiara.cencioni@cnr.it). This study did not generate new unique reagents. 

 

Ethical statement  

All methods were performed in accordance with the relevant guidelines and regulations. All 

animal studies were approved by the Institutional Animal Care of Regina Elena National Cancer 

Institute (Rome, Italy) and by the Government Committee of National Minister of Health 

(protocol permit number: 362/2021-PR) and conducted according to EU Directive 2010/63/EU 

and Italian D.L. 2614/2014 for animal experiments following the Institutional Guidelines for 

Animal Care and Welfare. The present study does not include human subjects.  
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Figure legends 

Fig. 1 HFD induces significant changes in the pancreata metabolome, promoting tumor 

metabolic rewiring. A. Heatmap showing the top 36 statistically significant differentially 

regulated pancreas metabolites identified by untargeted metabolomics analysis in LFD and HFD 

mice at  T1 (1.5 month) and T2 (5 months); B. MS normalized intensity of Oleic acid (OA) by 

untargeted metabolomics analysis in LFD (black circles) and HFD (black squares) at  T1 and T2; 

C. MS normalized intensity of Linoleic acid (LA) by untargeted metabolomics analysis in LFD 

(black circles) and HFD (black squares) at  T1 and T2; D. Enrichment analysis overview 

showing the top 25 metabolite pathways enriched in HFD compared to LFD mice at T2. The 

enrichment ratio is calculated as the number of hits within a particular metabolic pathway 

divided by the expected number of hits; E.  Concentration of αKG by targeted metabolomics in 

LFD (black circles) and HFD (black squares) at T1 and T2; F. Concentration of SA by targeted 

metabolomics in LFD (black circles) and HFD (black squares) at T1 and T2. G. Graphs show the 

αKG /SA ratio quantified by targeted metabolomics analysis in LFD (white bar) and HFD (grey 

bars) at time T1 and T2. B-C-E-F-G. n= 5 mice per group for T1 and n=6 mice per group for T2. 

Lines represent median values. Statistical significance was calculated using 2-way ANOVA and 

is shown as *p<0.05; **p<0.01; ***p<0.001. 

 

Fig. 2 Altered metabolites availability induces TET1/TDG complex disassembly and  5fC 

accumulation in pancreatic epithelial cells. A. Left, Representative co-IP/WB analysis of the 

DNA demethylation complex TET1/TDG and quantification of TET1 and TDG levels in LFD 

(white bars) and HFD (grey bars) mice pancreata upon TDG IP; Right, Representative co-IP/WB 

of the DNA demethylation complex TET1/TDG analysis and quantification of TET1 and TDG 
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levels in LFD (white bars) and HFD (grey bars) mice  pancreata upon TET1 IP; B. Left, Dot blot 

analysis of 5mC, 5hmC and 5fC levels performed on genomic DNA extracted from LFD and 

HFD mice pancreata. Right, Dot blot densitometry of 5mC, 5hmC and 5fC levels in LFD (white 

bars) and HFD (grey bars) mice pancreata. C. Left, Representative confocal microscopy images 

depicting HFD mice pancreata section probed with an anti-5fC antibody (red) and an anti-E-

cadherin (green) in the left panel, and an anti-5fC (red) and an anti-αSMA (green) in the right 

panel. Nuclei were counterstained with DRAQ5 (blue). Original scale bar, 25 μm. Right, 

Quantification of 5fC signal intensity in E-cad and αSMA cells. A-C. Data expressed as average 

± SEM. Statistical significance was calculated using Kolmogorov–Smirnov test (A-B) or 

Wilcoxon test (C) and is shown as *p<0.05, **p<0.01 and ***p<0.001. 

 

Fig. 3 Succinate exposure recapitulates dysmetabolic-induced DNA demethylation cycle 

deregulation in HPDE cells in vitro model. A. Representative immunofluorescence (IF) images 

depicting 2D co-culture system between human pancreatic duct epithelial bearing KRASG12V 

mutation (HPDE) and pancreatic stellate cells (PSCs) exposed to hG and OA probed by an anti-

αSMA (red) and an anti-5fC antibody (green) (upper panel), and an anti-E-cadherin (red) and an 

anti-5fC (green) (lower panel). Nuclei were counterstained with DAPI (blue). Original scale bar, 

50 μm; B. MS normalized intensity of SAM by untargeted metabolomics analysis in HPDE cells 

(white bar) and HPDE cells exposed to hG and OA for 24h (grey bar); C. Concentration of SA 

by targeted metabolomics in in HPDE (white bar) and HPDE cells exposed to hG and OA for 

24h (grey bar); D. Concentration of αKG by targeted metabolomics in HPDE (white bar) and 

HPDE cells exposed to hG and OA for 24h (grey bar). E. Left, Dot blot analysis of 5mC, 5hmC 

and 5fC levels performed on genomic DNA extracted from HPDE ± hG and OA for 48h. Right, 
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Dot blot densitometry of 5mC, 5hmC and 5fC levels in HPDE (white bars) and HPDE exposed 

to hG and OA for 48h (grey bars); F. Left, Dot blot analysis of 5mC, 5hmC and 5fC levels 

performed on genomic DNA extracted from HPDE ± 50 μM Succinate (SA) for 24h. Right, Dot 

blot densitometry of 5mC, 5hmC and 5fC levels in HPDE (white bars) and HPDE exposed to 50 

μM SA for 24h (black bars); G. Representative co-IP/WB analysis of the DNA demethylation 

complex TET1/TDG and quantification of TET1 and TDG levels in HPDE cells (white bars) and 

HPDE cells exposed to 50 μM SA for 24h (black bars); H. Left, Representative confocal 

microscopy images depicting HPDE cells exposed to control solvent (C, upper panels) or SA 

(lower panels) and probed by an anti-TDG antibody (green, left panels) and an anti-TET1 (red, 

middle left panels). Nuclei were counterstained with DAPI (blue, middle right panels). Merge 

signals are depicted in right panels. Original scale bar, 10 μm. Right, Quantification of 

TET1/TDG colocalization in HPDE (C) and HPDE exposed to SA (SA). I. Left, Representative 

phase contrast microscopy images of HPDE (C) and HPDE cells exposed to 50 μM SA for 24h 

(SA). Scale bar, 100 μm. Right, cell number and crystal violet quantification in HPDE (C) and 

and HPDE cells exposed to 50 μM SA for 24h (SA). J. Left, Representative WB analysis of 

proliferation marker pERK in HPDE (C) and HPDE cells exposed to 50 μM SA for 24h (SA). 

Loading control: Vinculin; Right, Densitometry of pERK levels in HPDE cells (C, white bar) 

and HPDE cells exposed to SA (SA, black bar). B-J. Data expressed as average ± SEM. 

Statistical significance was calculated using Kolmogorov–Smirnov test (B-G and I-J) or 

Wilcoxon test (H) and is shown as *p<0.05; **p<0.01; ***p<0.001. 

Fig. 4 Succinate binds and regulates TDG activity. A. Plot of the distance between the mass 

centre of SA and R275 along MD trajectory, showing the recognition and interaction of SA in 

proximity of R275; B. Structural detail of the SA/TDG interaction from the most populated 
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cluster of frames as extrapolated from MD trajectories by cluster analysis. TDG: green cartoon 

and lines, SA: yellow sticks. H-bond interactions: black dashed lines; TDG residues H-bonded to 

SA are shown as sticks; C. Upper, Cell extract thermal shift assay (CETSA)/WB analysis 

performed on myc-TDG and myc-TDGR275A overexpressing HEK293T cells evaluated at 54°C ± 

SA (n=3); Lower, Densitometry of 3 independent experiments; D. TDG activity assay of mrTDG 

in response to αKG (blue bar) or SA (black bar). Water was used as solvent (white bar); E. Left, 

Dot blot analysis performed on genomic DNA extracted from HPDE cells ± 50 μM SA and 

labelled with aldehyde reactive probe (ARP) to detect abasic sites (AP sites). Right, Dot blot 

densitometry of AP site levels in HPDE cells (white bar) and HPDE cells exposed to 50 μM SA 

for 24h (black bar). C, E, F. Data expressed as average ± SEM. Statistical significance was 

calculated using Kolmogorov–Smirnov test and is shown as *p<0.05. 

Fig. 5 Dysmetabolic-induced DNA methylation/demethylation machinery deregulation 

impairs BER process and is rescued by αKG administration A. TDG activity assay in 

dysmetabolic HPDE cells in response to hG and OA for 48h (grey bar). Water was used as 

solvent (white bar); B. Left, Dot blot analysis performed on genomic DNA extracted from HPDE 

cells ± hG and OA for 48h and labelled with ARP to detect AP sites. Right, Dot blot 

densitometry of AP site levels in HPDE cells (white bar) and HPDE cells exposed to hG and OA 

for 48h (grey bar); C. Left, Proximity ligation assay (PLA), representative image of a PLA 

experiment performed on HPDE cells ± hG and OA for 48h. The IF staining shows TDG level 

(purple signal), and PLA foci (red signal). DAPI (blue signal) was used as a normalizer. Scale 

bar: 10 µm. Right, Quantification of PLA foci in HPDE ± hG and OA for 48h. D. Left, Dot blot 

analysis for AP sites detection performed in dysmetabolic HPDE cells after TDG CRISPR/Cas9 

inactivation (LCv2_ TDG) compared to control vector (LCv2_NTC); Right, Dot blot 
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densitometry of AP site levels in dysmetabolic HPDE cells + LCv2_NTC (white bar) and 

dysmetabolic HPDE cells + LCv2_ TDG  (grey bar); E. Left, Representative WB of TDG levels 

in HPDE cells after CRISPR/Cas9 inactivation (LCv2_TDG compared to control vector 

LCv2_NTC) and reconstitution by myc-tagged wild-type (myc-TDGWT) or mutant (myc-

TDGR275A) TDG; Loading control: Vinculin; Right, Quantification of 3 independent 

experiments; F. Left, Dot blot analysis for AP sites detection performed in HPDE cells ± hG and 

OA for 48h after TDG CRISPR/Cas9 inactivation and reconstitution by myc-TDG or myc-

TDGR275A; Right, Dot blot densitometry of 3 independent experiments; G. Left, 

Representative WB analysis of LIG1 and LIG3, in HPDE cells ± hG and OA for 72h. Loading 

control: Tubulin. Right, Densitometry of LIG1 and LIG3 levels in HPDE cells (white bars) and 

HPDE cells exposed to hG and OA for 72 h (grey bars); H. Representative WB analysis of LIG1 

and LIG3 in HPDE cells ± SA for 72h. Loading control: Tubulin. Right, Densitometry of LIG1 

and LIG3 levels in HPDE cells (white bars) and HPDE cells exposed to SA for 72 h (black bars); 

I. Left, Dot blot analysis performed on genomic DNA extracted from HPDE cells treated with 

5μM/ 15 μM / 30 μM  L189 for 24 h and labelled with ARP to detect AP sites; Right, Dot blot 

densitometry of 4 independent experiments; J. LIG1 and LIG3 promoters 5mC abundance in 

dysmetabolic HPDE cells ± αKG (time of treatments: 72h); K. LIG1 and LIG3 promoters 5mC 

abundance analysis in HPDE cells ± SA for 72h; L. Left, Representative WB analysis of LIG1 

and LIG3 in dysmetabolic HPDE cells ± αKG (time of treatments: 72h). Loading control: 

Tubulin. Right, Densitometry of 4 independent experiments. M. Dot blot analysis performed on 

genomic DNA extracted from HPDE cells exposed to hG + OA in the presence/absence of αKG 

for 24 h and labelled with ARP to detect AP sites; Right, Dot blot densitometry of 3 independent 

experiments. Data expressed as average ± SEM. Statistical significance was calculated using 
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Kolmogorov–Smirnov test (A, B, D, G, H), Mann-Whitney test (C), one-way ANOVA (E, I) and 

two-way ANOVA (L, M) and is shown as *p<0.05; **p<0.01; ***p<0.001. 

 

Supplementary information 

Supplementary Data are available. 
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