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Abstract

Epigenetic alterations are increasingly recognized as important contributors to the development 

and progression of pancreatic ductal adenocarcinoma. 5-hydroxymethylcytosine (5hmC) is an 

epigenetic DNA mark generated through the ten-eleven translocation (TET) enzyme-mediated 

pathway and is closely linked to gene activation. However, the timing of alterations in epigenetic 

regulation in the progression of pancreatic neoplasia is not well understood. In this study, we 

hypothesized that aberrant expression of ten-eleven translocation methylcytosine dioxygenase 1 

(TET1) and subsequent global 5hmC alteration are linked to early tumorigenesis in the pancreas. 

Therefore, we evaluated alterations of 5hmC and TET1 levels using immunohistochemistry 

in pancreatic neoplasms (n = 380) and normal ducts (n = 118). The study cohort included 

representation of the full spectrum of precancerous lesions from low- and high-grade pancreatic 

intraepithelial neoplasia (n = 95), intraductal papillary mucinous neoplasms (all subtypes, n 
= 129), intraductal oncocytic papillary neoplasms (n = 12), and mucinous cystic neoplasms 

(n = 144). 5hmC and TET1 were significantly downregulated in all types of precancerous 

lesion and associated invasive pancreatic ductal adenocarcinomas compared with normal ductal 

epithelium (all p < 0.001), and expression of 5hmC positively correlated with expression 

of TET1. Importantly, downregulation of both 5hmC and TET1 was observed in most 

low-grade precancerous lesions. There were no clear associations between 5hmC levels 

and clinicopathological factors, thereby suggesting a common epigenetic abnormality across 

precancerous lesions. We conclude that downregulation of 5hmC and TET1 is an early event 

in pancreatic tumorigenesis.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy with a 5-year 

overall survival rate of 9% [1]. A significant fraction of patients develop early recurrence 

and distant metastasis, even after a histologically complete resection [2,3]. However, PDAC 

does not originate de novo, but rather through a multistep progression that involves 

histologically defined precursor lesions [4–7], Three common precursor lesions have 

been identified in the pancreas; pancreatic intraepithelial neoplasia (PanIN), intraductal 

papillary mucinous neoplasm (IPMN), and mucinous cystic neoplasm (MCN) [4–7], In 

addition, intraductal oncocytic papillary neoplasm (IOPN) has been recognized by the World 

Health Organization (WHO) classification as a unique precancerous neoplasm with some 

overlapping clinical features with IPMN [8,9]. PanINs are the most prevalent precursor 

lesions and are microscopic neoplasms, whereas IPMNs, IOPNs, and MCNs occur less 

frequently and are macroscopic cystic lesions. High-grade precursors are believed to 

progress to invasive carcinoma; therefore, early detection with prophylactic resection of 

high-risk precancerous lesions is an important strategy to help prevent invasive cancer 

growth [10,11].

Recently we carried out multi-region whole exome and targeted sequencing of pancreatic 

precancerous lesions and showed that low-grade precancerous lesions can arise from 

multiple genetically independent clones [12–14], suggesting that neoplastic initiation 

may be driven by non-mutational mechanisms in some lesions. However, the underlying 

mechanisms that led to this polyclonal neoplastic origin are still largely unexplored. In this 

study, we investigated epigenetic alterations as one possible early non-mutational alteration. 

These alterations may be one of the earliest events that predispose to the formation of 

pancreatic neoplasms.

DNA methylation (5-methylcytosine, 5mC) and hydroxymethylation (5-

hydroxymethylcytosine, 5hmC) are epigenetic modifications that can promote neoplastic 

initiation and progression by altering key cellular mechanisms, such as proliferation and 

invasiveness of neoplastic cells. When located in a gene promoter, 5mC and 5hmC typically 

act to repress and activate gene transcription, respectively. Global redistribution of 5mC and 

5hmC and preferential enrichment of 5hmC at oncogenic enhancers have been identified as 

recurrent epigenetic events across multiple cancer types [15–17].

The conversion of 5mC to 5hmC occurs through an oxidative reaction catalyzed by the 

ten-eleven translocation (TET) protein family of dioxygenases [18]. Notably, ten-eleven 

translocation methylcytosine dioxygenase 1 (TET1) plays a central role in 5hmC formation, 

and the depletion of TET1 yields more widespread reduction of 5hmC compared with the 

depletion of other TET family proteins [19]. In addition, aberrant TET1 expression has 

been reported to be closely linked to the development and progression of a number of 
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human malignancies [20–32]. However, the role of TET1 in cancer is still controversial 

because both upregulation and downregulation of TET1 expression can alter the global 

gene expression profile, leading to phenotypes that could be selected during tumorigenesis. 

For example, downregulation of TET1 has been reported in esophageal, gastric, prostatic, 

hepatocellular, and hormone receptor-positive breast cancer [20–25]. Upregulation of TET1 

has been reported in bile duct, lung, and ovarian cancer, and triple-negative breast cancer 

[26–29]. Overall, the results of these studies suggest that the epigenetic abnormalities in 

neoplastic cells may depend on the tissue environment at the primary site.

It was also recently demonstrated that hyperglycemia can destabilize TET proteins 

and decrease 5hmC levels, providing a potentially novel mechanism for epigenomic 

reprogramming by environmental factors, eventually leading to an increased risk of cancer 

[33]. However, little is known about the molecular basis of the link between such 

environmental risk factors and PDAC. Also, although previous studies have characterized 

genome-wide methylation patterns in precancerous pancreatic lesions, identifying genes 

with distinct methylation patterns [34,35], the change in hydroxymethylation levels in these 

neoplasms has not been fully investigated. In this study, we hypothesized that aberrant 

expression of TET1 and subsequent global downregulation or upregulation of 5hmC 

occur early in human pancreatic tumorigenesis. In order to investigate this hypothesis, we 

examined alterations of 5hmC and TET1 levels in 498 human pancreatic tissue regions, 

including normal ducts, low- and high-grade precancerous lesions, and associated invasive 

carcinomas.

Materials and methods

Case selection

This study was approved by the Institutional Review Board (IRB) of the Johns Hopkins 

Hospital. We identified patients with precancerous lesions who had undergone pancreatic 

resection without neoadjuvant chemotherapy. Normal ducts (p = 118) and neoplasms 

(n = 380), including PanIN, IPMN, IOPN, and MCN, were obtained from anonymized 

surgical specimens. The sections were derived from individual slides or tissue microarrays 

containing 70–110 circular samples each. The tissue microarray slides contained two to 

five distinct cores (1.5–2.0 mm in diameter) from different areas of the tissue blocks 

in each case. The electronic medical records were reviewed to obtain clinicopathological 

information (e.g. gender, age, ethnicity, comorbidity, neoplasm location, etc.), as listed in 

Table 1. In brief, PanIN, IPMN, and IOPN were most common in older males (>60 years 

old), whereas MCN was commonly observed in middle-aged females (40–50 years old). 

In addition, PanIN, IPMN, and IOPN arose more frequently in the head of the pancreas, 

whereas MCN was observed in the body and/or tail.

Histological examination

All H&E-stained slides were reviewed to assess lesion histology, size, grade of dysplasia, 

and presence of associated invasive cancer. Four types of precancerous lesion (PanIN, n 
= 95; IPMN, n = 129; IOPN, n = 12; MCN, n = 144) were diagnosed according to the 

fifth edition of WHO classification of tumors of the digestive system [36]. Non-invasive 
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precancerous lesions were classified as low or high grade using the two-tiered system [37]. 

We also examined an associated invasive PDAC observed in 34 PanIN cases and 13 MCN 

cases, and associated PDACs were grouped with high-grade lesions for statistical analysis 

because of the limited number of lesions and similar range of H-scores in the specimens. 

In total, 257 low-grade and 123 high-grade/carcinoma lesions were investigated. The PanIN 

cohort comprised 53 low-grade and 42 high-grade lesions (see supplementary material. 

Table S1). IPMNs were histologically divided into three subtypes: gastric (n = 83), intestinal 

(n = 24), and pancreatobiliary (n = 22) (Table 1). In addition, we also examined IOPNs (n = 

12), which were grouped with IPMNs for statistical analysis (referred to as the IPMN/IOPN 

cohort). In the IPMN/IOPN specimens, the gastric type was the most common (n = 83, 

59%) and was usually low grade, whereas the pancreatobiliary type (n = 22. 16%) was more 

likely to be high grade. Intestinal was the second most common subtype (n = 24, 17%), 

and low-grade and high-grade lesions were equally observed (see supplementary material, 

Table S1). All IOPN cases (n = 12, 9%) showed high-grade dysplasia. The majority of MCN 

cases had low-grade dysplasia (low grade, n = 124; high grade, n = 20) (see supplementary 

material, Table S1). Normal controls were obtained from histologically normal ducts distant 

from neoplastic lesions on the same slide (n = 45 on PanIN slides; n = 27 on IPMN slides; n 
= 46 on MCN slides).

Immunohistochemistry

We performed immunohistochemistry (IHC) analyses for 5hmC and TET1 on all cases 

with precancerous lesions. Formalin-fixed paraffin-embedded blocks were sectioned at 5 

μm, deparaffinized, and subjected to antigen retrieval. Sections were then immunolabeled 

using antibodies to 5hmC (rabbit polyclonal antibody; 1:20 000 dilution; Active motif, 

Carlsbad, CA, USA) and TET1 (mouse monoclonal antibody, clone GT1462; 1:400 dilution; 

Thermo Fisher Scientific, Waltham, MA, USA) using an autostainer (Ventana Benchmark 

LT: Ventana, Tucson, AZ, USA) or manually. Immunoreactivity was visualized using DAB 

as a substrate for HRP. After IHC labeling, tissue sections were counterstained with Mayer’s 

hematoxylin.

To generate positive controls for optimization of staining for TET2, HEK293 cells 

were transiently transfected with myc-tagged TET2 constructs, or empty vectors, using 

Lipofectamine 2000 (Thermo Fisher Scientific), as described previously [25]. Cell pellets 

were fixed in 10% buffered formalin and embedded in paraffin. HEK293 slides and 

pancreatic tissue slides were stained using a TET2 antibody (mouse monoclonal antibody, 

clone AMAB91439; 1:50 dilution; Novus Biologicals, Littleton, CO, USA).

IHC results were evaluated using a histological score (H-score; range 0–300). This 

semiquantitative score was obtained by multiplying the total nuclear immunoreactivity 

intensity (scored as 0, 1, 2, or 3) and corresponding percentage of labeled cells (0–100%). 

The intensity score was defined as follows: 0 - no appreciable nuclear labeling (negative); 

1 - barely detectable labeling in the nucleus (weak); 2 - readily appreciable brown labeling 

distinctly marking the nucleus (moderate); 3 - very dark nuclear labeling (strong). The 

proportion score was evaluated twice by pathologists via counting positive nuclei. When 
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low-grade and high-grade lesions coexisted on a slide, H-scores for these two lesions were 

separately calculated and were plotted as two different points on the scatter diagram.

Survival analysis

The overall survival of patients was compared using the Kaplan-Meier method, and 

differences between survival curves were tested using the log-rank test. Median H-scores 

were used as cutoffs to separate the patients with high and low levels of 5hmC or TET1. 

An H-score above the median was defined as high and an H-score equal or below the 

median was defined as low for each marker. A probability of p < 0.05 was considered 

significant. The software used for the Kaplan-Meier method was MEDCALC (https://

www.medcalc.org/).

Statistical analysis

The data were statistically analyzed using the Mann-Whitney U-test or Wilcoxon signed-

rank test. A probability of p < 0.05 was considered to be significant. Pearson’s correlation 

coefficient was used to measure the linear correlation between 5hmC and TET1 levels. 

Statistical analyses were performed using JMP software (version 10.0; SAS Institute, Cary, 

NC, USA).

Results

Decreased levels of 5hmC and TET1 in PanINs, IPMNs, IOPNs, and MCNs

IHC labeling for 5hmC revealed nuclear labeling of normal ducts, precancerous lesions, 

acinar cells, and islet cells (Figure 1). The expression levels of 5hmC were significantly 

downregulated in all types of precancerous lesion and associated invasive PDACs, compared 

with normal ductal epithelium (Figures 1,2; Mann-Whitney U-test, all p < 0.001). As 

TET enzymes can convert 5mC into 5hmC, we next questioned whether TET proteins 

were also downregulated in these neoplastic lesions. In line with the results of 5hmC 

IHC labeling, nuclear TET1 expression was significantly lower in precancerous lesions and 

associated invasive PDACs compared with control normal ductal epithelium (Figures 1,2; 

Mann-Whitney U-test, all p < 0.001). The Pearson’s correlation coefficients indicated strong 

correlations between H-scores of 5hmC and TET1 (R2 = 0.55 in PanIN, R2 = 0.52 in IPMN/

IOPN, and R2 = 0.49 in MCN) (Figure 2).

We next investigated whether downregulation of TET2 could also play a role in the 

alteration of 5hmC in early pancreatic tumorigenesis. To do this, we first carried out IHC 

for TET2 in a small number of lesions (total lesions, n = 21; normal duct, n = 7; PanIN, 

n = 10; IOPN, n = 3; MCN, n = 1). In both normal pancreatic ducts and neoplasms, weak 

nuclear expression of TET2 was observed in a small percentage of cells (usually less than 

10%), and there was no significant difference in H-score between normal and neoplastic 

cells (see supplementary material, Figure S1). There was no correlation between TET2 

and 5hmC labeling in this cohort (see supplementary material, Figure S1). Considering the 

weak TET2 labeling even in normal duct and the lack of difference between normal duct 

and precancerous neoplasms, we did not expand the TET2 analysis to our larger cohort of 

precancerous lesions. We focused all subsequent studies on 5hmC and TET1.
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When the neoplastic lesions were stratified according to histological grade, higher-grade 

PanINs and MCNs tended to have lower 5hmC and TET1 H-scores than lower-grade 

PanINs and MCNs (Mann-Whitney U-test, all p < 0.005), whereas high-grade and low-

grade IPMNs/IOPNs had similar H-scores (Figure 3). However, in PanINs and MCNs, 

the magnitude of the difference in H-score in the normal/low grade comparison was far 

greater than the difference in H-score in the low grade/high grade comparison. Thus, even 

in lesion types that had a significant difference between low grade and high grade, the 

difference in H-score was far greater between normal epithelium and low-grade lesions. 

Low-grade and high-grade lesions can coexist on a single slide, so we next compared 

the 5hmC and TET1 H-scores in matched samples of different grades in these cases. We 

further analyzed 23 PanIN cases with three matched regions (i.e. normal duct - low grade – 

high grade/carcinoma). As expected, H-scores for 5hmC and TET1 were highest in normal 

ductal epithelium, then decreased dramatically in low-grade lesions, and further decreased in 

high-grade/carcinoma lesions, with the greatest difference between normal ductal epithelium 

and low-grade lesion (Wilcoxon signed-rank test, low grade versus high grade/carcinoma, p 
= 0.04 in 5hmC and p < 0.001 in TET1) (Figure 4). Similar to the results of comparisons 

based on grade of dysplasia, there was no significant difference in H-scores among the four 

histological subtypes in IPMN/IOPN cohort (Figure 5).

Relationship between 5hmC levels and diabetes

A previous report suggested that hyperglycemia decreases the levels of 5hmC in blood 

cells in patients with type 2 diabetes mellitus (T2DM) [33]. As such, we next interrogated 

whether such a mechanism could apply in the pancreas by determining the correlation of 

5hmC levels in our pancreatic tissue samples with a clinical history of T2DM. We observed 

no significant difference in 5hmC levels in normal or neoplastic epithelial cells between 

patients with and without T2DM (see supplementary material, Figure S2 and Table S2). 

There were also no clear associations between 5hmC level and age, gender, cyst size, or 

neoplasm location (see supplementary material, Tables S2, S3). These results suggest that 

decreased levels of 5hmC in neoplastic epithelial cells occur across a broad cohort of 

patients with precancerous pancreatic lesions and are not attributed to a single risk factor.

Relationship between 5hmC/TET1 levels and overall survival

Kaplan-Meier curves and log-rank tests were used to estimate overall survival in relation 

to 5hmC and TET1 levels in patients with PDAC associated with PanIN. There were no 

statistically significant differences between the groups with low and high H-scores (5hmC, 

hazard ratio = 1.18, log-rank test p = 0.72; TET1, hazard ratio = 2.09, log-rank test p = 

0.10), although the hazard ratio was slightly higher in the patients with low H-scores in 

TET1 (see supplementary material, Figure S3).

Discussion

We showed recently that some low-grade pancreatic precancerous lesions contain multiple 

genetically independent clones [12–14]. The presence of multifocal neoplasia in the 

pancreas suggests that there may be alternative non-mutational alterations that promote 

the formation of independent clones in early pancreatic tumorigenesis. In this study, we 
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sought to examine the prevalence of epigenetic alterations in pancreatic precancerous 

lesions. DNA methylation/hydroxymethylation is one of the most widely studied epigenetic 

modifications and has been shown to play a significant role in tumorigenesis [38,39]. 

Previous studies have shown that aberrant DNA methylation/hydroxymethylation is a 

common event in human malignancy and is associated with the regulation of individual 

genes and large chromosomal regions [40]. Therefore, epigenetic alterations are a strong 

candidate mechanism for such early non-genetic alterations. To investigate epigenetic 

changes in early pancreatic tumorigenesis, we examined 5hmC and its regulator TET1 

by IHC in 380 pancreatic precursor lesions and 118 corresponding normal ducts. Our 

results demonstrate that epigenetic regulation was disrupted in all types and all histological 

grades of precancerous lesions. In addition, the levels of 5hmC correlated with those of 

TET1. Importantly, epigenetic alterations were observed in even low-grade PanIN, IPMN, 

and MCN lesions. These results suggest that global epigenetic alterations might be one of 

the earliest events in pancreatic neoplasm formation, and 5hmC and TET1 may play an 

important role in aberrant DNA demethylation processes in the pancreas.

Previous studies have reported the downregulation of TET1 and 5hmC in PDAC [41–43]. 

We focused our analysis on pancreatic precancerous lesions in order to elucidate the 

timing of this downregulation in early pancreatic neoplasia. To our knowledge, this is the 

first comprehensive study investigating four well-characterized human pancreatic precursor 

lesions. Other previous studies have further investigated 5hmC levels at specific gene loci 

in either PDAC tissue or cell-free DNA, suggesting that such cancer-associated 5hmC 

signatures are characteristic of specific cancer types and may serve as potential biomarkers 

[44–46]. In light of these findings, our results suggest that gene-specific alterations in 

5hmC distribution may occur even in the early stages of pancreatic carcinogenesis. As a 

next step, it will be important to integrate global and gene-specific 5hmC analysis using 

genome-wide 5hmC profiling approaches in precancerous lesions. In addition to 5hmC 

dysregulation, tumor development and progression of pancreatic neoplasms also require 

close coordination between genetic and epigenetic programs [47]. Further experimental data 

will be required to elucidate the molecular relationship between epigenetic alterations and 

early driver mutations such as KRAS mutations in pancreatic tumorigenesis.

Previous reports suggest that TET1 is the most abundant among the three TET family 

proteins and that TET1 plays a dominant role in 5hmC formation [19]. In addition, 

enrichment of 5hmC at promoters is most likely to be associated with TET1, whereas 

the 5hmC level at gene bodies and exon boundaries of active genes correlates with TET2 

activity [48]. These functional differences between TET enzymes may contribute to the 

strong correlation of TET1, rather than TET2, with 5hmC. The function of TET1 in 

epithelial neoplasms is still controversial because both upregulation and downregulation 

of TET1 expression have been reported in malignant tumors [20–32]. Our results suggest 

that pancreatic ductal neoplasms including precancerous lesions and associated invasive 

carcinomas typically have reduced levels of TET1 and 5hmC. Based on our results and 

previous reports, whether up- or downregulation of TET1 promotes neoplasia may be organ-

dependent, and the tissue environment at the primary site may alter the epigenetic status of 

neoplastic cells.
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Activation of TET and restoration of normal 5hmC levels and DNA methylation patterns 

may provide some value in the treatment and/or prevention of progression in pancreatic 

ductal neoplasms. Vitamins A and C have recently been shown to remodel the epigenome by 

enhancing the TET expression and catalytic activity, respectively [49]. The benefit of high 

doses of vitamins in PDAC treatment is still controversial [50]. Nevertheless, it is possible 

that vitamin supplementation could reverse global loss of 5hmC in precancerous pancreatic 

lesions, but the functional impact of such pharmacological epigenetic reprogramming on 

early pancreatic tumorigenesis remains to be studied in detail in the future. In addition, 

further clinical studies are needed to investigate the potential efficacy of vitamins as chemo-

preventive or therapeutic agents in patients with pancreatic neoplasms.

As with other types of cancer, PDAC is known to be closely associated with environmental 

factors. Previous reports suggested that hyperglycemia, obesity, smoking, and alcohol 

consumption are linked to an increased risk of PDAC [51–53]. Some of these risk factors, 

such as tobacco and alcohol exposure, are relatively well understood and have been shown to 

lead to the accumulation of DNA damage, whereas other factors are still largely unexplored 

[54,55]. Based on previous data on 5hmC levels in blood cells of diabetic patients [33], 

we focused our analysis on the correlation between the presence of T2DM and 5hmC 

expression in precancerous pancreatic neoplasms, but we did not identify a correlation in our 

cohort. However, patients in our cohort diagnosed with diabetes included those with primary 

diabetes as well as those with diabetes secondary to their pancreatic neoplasm [56]. Because 

we cannot distinguish these possibilities based on retrospective clinical data, it is possible 

that there is a link between primary diabetes and 5hmC in pancreatic cells that cannot be 

identified using our cohort. Further studies are needed to determine whether predisposing 

environmental factors contribute to the decline in 5hmC in epithelial cells, as has been 

reported in blood cells.

In conclusion, our data provide several insights into early non-mutational alterations in 

pancreatic tumorigenesis. We show that 5hmC and TET1 are significantly downregulated at 

high prevalence in all types of precancerous lesion compared with normal ductal epithelium. 

These results suggest that global epigenetic dysregulation via downregulation of 5hmC and 

TET1 is one of the earliest molecular events in pancreatic tumorigenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Immunohistological analyses of 5hmC and TET1 on histological slides with pancreatic 

precancerous lesions. (A) Cycle of DNA methylation and demethylation in mammals. TET 

enzymes oxidize 5mC to 5hmC. (B) Representative images of H&E and IHC staining 

in paraffin-embedded pancreatic tissue with any of the four precancerous lesions (PanIN, 

IPMN, IOPN, and MCN). The normal duct, PanIN, IPMN, IOPN, MCN, and associated 

invasive PDAC were labeled with anti-5hmC and anti-TET1 antibodies. The enlarged 

inset shows the nuclear localization of 5hmC and TET1 in the normal duct. Original 

magnification: × 200. Scale bar = 100 μm.
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Figure 2. 
Comparison of the extent of 5hmC and TET1 immunoreactivity in normal ducts versus 

precancerous lesions. Data are presented as scatter plots of H-scores (0–300) on PanIN 

slides (normal duct, n = 45; neoplasm, n = 95), IPMN/IOPN slides (normal duct, n = 

27; neoplasm, n = 141), or MCN slides (normal duct, n = 46; neoplasm, n = 144). Lines 

and error bars indicate the mean and SEM, respectively. Correlation plots between 5hmC 

H-scores and TET1 H-scores are shown in the right-hand panels. Pearson’s correlation 

coefficients (R2) were calculated to analyze the correlation between TET1 and 5hmC levels. 

Black dot: normal duct; blue dot: low-grade lesion; red dot: high-grade (/carcinoma) lesion. 

When low-grade and high-grade lesions coexist on a slide, these two lesions usually have 

different H-scores and therefore are shown as two separate dots on the graph (see also Figure 

4 for further analysis of patients with three matched regions, namely normal duct, low-grade 
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lesion, and high-grade lesion from the same patient). Mann-Whitney U-test, *p < 0.001. H6, 

high grade; LG, low grade; CA, carcinoma.
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Figure 3. 
Comparison of H-scores of 5hmC and TETI according to histological grade in three 

precancerous lesions. Data are presented as scatter plots of H-scores (0–300) on PanIN 

slides (normal duct, n = 45; low grade, n = 53; high grade/carcinoma, n = 42), IPMN/IOPN 

slides (normal duct, n = 27; low grade, n = 80; high grade, n = 61), or MCN slides (normal 

duct, n = 46; low grade, n = 124; high grade/carcinoma, n = 20). Lines and error bars 

indicate the mean and SEM, respectively. Mann-Whitney U-test, *p < 0.001, **p = 0.001, 

***p = 0.002. HG, high grade; LG, low grade; CA, carcinoma.
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Figure 4. 
Comparative analysis of H-scores in the matched samples from PanIN cases. Box-plot of 

H-scores of 5hmC and TET1 on PanIN slides (n = 23) with three matched samples (normal 

duct, low-grade lesion, and high-grade/carcinoma lesion) at the same time. Each score is 

represented by a small circle, and the matched data for each individual are joined by a solid 

line (upregulation in red; downregulation in blue; no change in gray). For all box-plots, the 

solid center line represents the median, the lower and upper bounds of the box represent 

the 25th and 75th percentiles, respectively, and the whiskers are Tukey whiskers. Two-sided 

Wilcoxon signed-rank test, *p < 0.001, **p = 0.04. HG, high grade; LG, low grade; CA, 

carcinoma.
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Figure 5. 
Comparison of H-scores of 5hmC and TET1 according to histological subtype in IPMN/

IOPN cohort. Data are presented as scatter plots of H-scores (0–300) on IPMN/IOPN slides 

(normal duct, n = 27; gastric, n = 83; intestinal, n = 24; pancreatobiliary, n = 22; oncocytic, n 
= 12). Lines and error bars indicate the mean and SEM, respectively. Mann-Whitney U-test, 

*p < 0.001.
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