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Epimutation analysis reveals involvement 2
of SLIT2/ROBO signaling pathway in painful
diabetic neuropathy
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Abstract

Changes in gene function or expression caused by epigenetic modifications may play a role in painful diabetic
neuropathy. Two independent cohorts of patients deeply phenotyped for painful diabetic neuropathy underwent
whole genome DNA methylation data analysis. Burden of rare site events at the global, chromosomal and gene
level; epigenetic homogeneity for regions enriched in epivariants (epilesions) and functional analysis of the genes
with stochastic phenomena was undertaken. This revealed significant involvement of the SL/T/ROBO signaling axis-
engaged in peripheral nerve regeneration after injury, among several molecular pathways, making it an attractive
therapeutic target in patients with diabetic painful neuropathy.
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Introduction

Diabetic painful neuropathy causes significant morbidity
in 20—-40% of patients with diabetes [44, 46], but only 30%
will get a moderate degree of pain relief with currently
available pharmacotherapies [6]. Beyond traditional
risk factors like duration of diabetes, hyperglycemia and
hyperlipidemia [44, 45], several recent studies have dem-
onstrated alterations in histone acetylation [40, 54], long
non-coding RNA [17, 61], microRNA [1, 8], circular RNA
[57, 65] and DNA methylation [30, 33, 52] in painful dia-
betic neuropathy. Epigenetic regulation of pain-related
signaling pathways, receptors and targets, through
altered cytokine release, nerve excitability and ion chan-
nel function may provide a new therapeutic approach to
alleviate neuropathic pain.

Aging-related phenotypes and diseases can be traced
to increased DNA mutations and deterioration of DNA
methylation coherent patterns (loss of homogeneity).
Epivariants—stochastic epigenetic aberrations of DNA
methylation as a result of the failure or random errors in
the organization and/or maintenance of the methylome
or alteration of nearby DNA sequences [28], are highly
specific. It is estimated that only 0.5% of epivariants is
recurrent in at least 5% of people [58]. Smoking [18] and
environmental exposures [13] can promote accumulation
of DNA methylation and increased epivariants have been
already described in aging [21], cancer [19], amyotrophic
lateral sclerosis [5], neurodegenerative [10], neurodevel-
opmental and congenital disorders [2, 20].

This study enriches the analysis and complements the
findings from our previous studies linking DNA meth-
ylation to neuropathic pain in patients with T2DM [32,
33]. We have investigated if the accumulation of sto-
chastic epigenetic events contributes to diabetic painful
neuropathy.

Materials and methods

Datasets and phenotypes

We have analyzed two non-overlapping cohorts of
patients with diabetic neuropathy from the German Dia-
betes Center in Diisseldorf (PROPGER) and University of
Manchester, UK (PROPENG). All participants provided
written, informed consent for all procedures. The study
was approved by the Lombardy Region Ethics Committee
Section of the Fondazione IRCCS Istituto Neurologico
“Carlo Besta” (no. 56, 7 November 2018) and Ethics
Committee of Maastricht University (NL36128.06S.11/
METC 11-2-030).

Details of the cohorts and patient phenotyping have
been previously described [32, 33]. Small fiber neuropa-
thy was evaluated in skin biopsies following established
guidelines [34]. According to the criteria of Treede et al.
[56] Caucasian patients with T2D and neuropathic pain
for>1 year with a score of>4/10 on the pain intensity
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numeric rating scale (without analgesics) were classified
as having painful diabetic neuropathy (PDN) and were
compared to patients with T2D scoring<4 on the pain
intensity numeric rating scale defined as painless diabetic
neuropathy (PLDN). Differences between PDN/PLDN
groups for age and T2DM duration were evaluated using
Student’s t-test.

DNA methylation assay

Whole blood samples were collected from all study par-
ticipants. DNA was extracted (Puregene Blood kit; Qia-
gen, Hilden, Germany), bisulfite-converted (EZ-96 DNA
Methylation Kit Deep-Well; Zymo Research, Irvine, CA,
USA) and used in the genome-wide methylation assay
(Infinium Human MethylationEPIC BeadChip; Illu-
mina, San Diego, CA, USA). Sample randomization was
ensured in all steps.

Data manipulation

DNA methylation data was preprocessed (R v4.4.3; minfi
v1.52.1) following quality control, calculation of detec-
tion p-values, removal of low-quality samples (aver-
age detection p-value<0.05) and probes (detection
p-value<0.01 in at least one of the samples), and quantile
normalization. After annotation (Human GRCh37; hgl9)
we removed probes: i) located on sex chromosomes, ii)
mapping to loci with SNPs, iii) reported previously as
non-specific, cross-reactive or masked. Beta values were
calculated to assess for stochastic epigenetic aberrations.

We called epivariants applying the interquartile
range (IQR) approach [21-23, 51] and by selecting the
PLDN group to build the reference methylation range
([Q1-3xIQR; Q3+3xIQR]; where IQR=Q3-Q1 and
Q1 for 25th percentile and Q3 for 75th percentile). We
classified probes as: hypo-epivariants if they had methyl-
ation values below the reference population-based range,
hyper-epivariants if they exceeded the maximum IQR
threshold and as non-epivariants if they fitted within the
range. Outlier samples with abnormal epivariant counts
were detected with Hample filter (PROPGER) or boxplot
(PROPENG) and excluded from the analysis.

We further refined the data exploration by analyzing
epilesions — genome regions significantly enriched in epi-
variants, detected using computing hypergeometric dis-
tribution p-value for a genome-sliding window of size 11.
We employed hypo-epilesion and hyper-epilesion names
to distinguish regions enriched in hypo- and hyper-epiv-
ariants, respectively.

Data analysis

Based on epivariant counts, for each patient we cal-
culated the following scores: TotEpiMut=log(hypo-
epivariant count + hyper-epivariant count),
HypoEpiMut =log(hypo-epivariant count) and
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HyperEpiMut =log(hyper-epivariant count) at the global,
chromosomal and gene levels. Global analysis comprised
all probes spread across the epigenome. In chromosomal
analysis epivariants were grouped by chromosome anno-
tation and logarithmic scores were chromosome-wisely
recalculated. Analysis on gene level was performed
only for emerged significant chromosomes, grouping
epivariants based on genic annotation and computing
respective gene-wise scores. PDN/PLDN group differ-
ences were analyzed using a binomial generalized lin-
ear regression model including age, sex and cell counts
(naive CD8+T cells, CD4+T cells, exhausted cytotoxic
CD8 +CD28 - CD45R - (CD8pCD28nCD45RAN) T cells,
natural killer cells, granulocytes, and plasma blasts) as
covariates, and correlations were verified with Pearson
correlation test (R package stats v4.4.3). Cell counts were
estimated with Horvath’s DNA methylation age calcula-
tor [29].

Differences between the PDN/PLDN groups for the
number of epilesions and number of genes affected by
epilesions were assessed with a Mann—Whitney test.
We compared the number of epilesion carriers (patients
in which at least one epilesion was detected) for PDN/
PLDN using Fisher’s exact test (for contingency tables
with any cell with number of events < 10) or Chi-squared
test (for contingency tables with all cells with the number
of events > 10).

We assessed epigenetic homogeneity for each sam-
ple by calculating the variance of DNA methylation
and tested for significant differences between PDN/
PLDN groups applying ANOVA if the computed val-
ues presented with a normal distribution and robust
linear model otherwise. The differences were evaluated
after adjustment for age, sex and cell counts: CD8 +and
CD4 +naive cells, CD8pCD28nCD45RAn cells, natural
killer cells, granulocytes, and plasma blasts. This analy-
sis encompassed comparison of the variance on i) global
level across all probes that passed quality control and fil-
tering steps described above, and ii) local levels focalized
on particular subsets (probes of class A/B/C/D, probes
involved in methylation clocks, differentially variable
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probes, probes on chromosomes significantly enriched in
epivariants).

To gain insight on the functional consequences of the
epigenetic events we performed pathway enrichment
analysis combining genes which emerged from PROP-
GER and PROPENG cohort and uploaded them to Reac-
tome (v93), an open-source, curated and peer-reviewed
database [12]. Terms with p-value from hypergeometric
distribution test below 0.01 were considered as signifi-
cant. The results were corrected for multiple hypothesis
testing using the Benjamini—Hochberg procedure.

Results

Cohort description

Demographic characteristics of the patient groups are
summarized in Table 1. The PROPGER cohort included
72 PDN and 67 PLDN patients with a higher propor-
tion of males than females in both the PDN and PLDN
groups. Two phenotypic groups were equilibrated in
sample size and matched for sex, age and T2DM dura-
tion with no significant differences between PDN and
PLDN. The PROPENG cohort included 27 PDN and 65
PLDN patients with 46 males vs 19 females in the PLDN
group and 18 males vs 9 females in the PDN group and
duration of T2DM was significantly shorter in the PLDN
compared to PDN group.

PROPGER

Global analysis of the PROPGER cohort revealed that
the HypoEpiMut score was significantly higher in PDN
compared to PLDN group (p-value=0.005; Supplemen-
tary Figure S1 A). There was no significant difference for
Tot- and Hyper-EpiMut scores between PDN and PLDN
groups (p-value=0.057 and p-value=0.258; Supplemen-
tary Figure S1 B and C), respectively. None of the EpiMut
scores correlated with chronological age, duration of
T2DM, or sex.

Analysis at the chromosomal level revealed that the
number of total epivariants was higher in PDN compared
to PLDN group across all autosomes (Supplementary Fig-
ure S2), with statistically significant differences between

Table 1 Main characteristics of participants from two analyzed cohorts: PROPGER and PROPENG recruited respectively at the German

Diabetes Center and at the University of Manchester

PROPGER PROPENG
Cohort PDN PLDN p-value® PDN PLDN p-value?
N 72 67 27 65
Sex: Female (%) 15(21%) 14 (21%) 1.000 9 (33%) 19 (29%) 0.804
Sex: Male (%) 57 (79%) 53 (79%) 18 (67%) 46 (71%)
Age (mean, sd) 68.82 (8.99) 69.73 (9.12) 0.554 61.97 (9.11) 64.84 (8.97) 0173
T2DM duration (mean, sd) 13.51(10.31) 13.60 (9.22) 0.960 13.35(9.79) 8.96 (7.02) 0.041

PDN for Painful Diabetic Neuropathy, PLDN for Painless Diabetic Neuropathy, T2DM for Type 2 Diabetes Mellitus
The p-value of the statistical test (Student’s t-test, Chi-squared test or Fisher’s exact test) comparing PDN to PLDN group

Significant p-values are underlined
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PDN and PLDN for chromosomes 21, 2, 18, 6, 11, 3 and
19 (in increasing p-value order) (Fig. 1A-G). We further
identified that this differential signal was accumulated
in 58 genes (Table 2) with several involved in peripheral
nerve regeneration (/L4/1, ROBOI), neuronal excitability
(CACNAID, CELF4) and diabetes (SIM2, LONPI). There
was no significant difference in the total number of epi-
lesions or genes affected by epilesions between the PDN
and PLDN groups.

An increase in hypo-epivariants was found in all auto-
somes except 22 (Fig. 2) in patients with PDN compared
to PLDN. In depth analysis of autosomes, identified
significant differences in 43 genes between PDN and
PLDN (Table 2). Several partially overlapped with the
above identified genes, but there were also differences
in FGF12, CACNAIE and SLIT2. DUSP22 had a signifi-
cantly greater hypo-epilesion number in PDN compared
to PLDN (Fig. 3A).

There were no statistically significant differences in
hyper-epivariants between PDN and PLDN groups
across autosomes (Supplementary Figure S3). However,
sliding-window analysis revealed two genes, TRIM68 and
ISOC2, in which hyper-epilesion carriers were signifi-
cantly higher in PDN compared to PLDN (Fig. 3B).

Global variance correlated significantly with age
(r=0.173, p-value=0.041) and estimates of: naive
CD8 (r=- 0.332, p-value=0.000), NK (r=- 0.194,
p-value =0.022), CD8pCD28nCD45 (r=0.227,
p-value=0.007) and  plasma  blast  (r=0.505,
p-value = 0.000) cell counts, but not naive CD4 cell counts
(p-value=0.996) in the PROPGER cohort. Correlations
between global variance and estimates of naive CD8 and
plasma blast cell counts remained significant in the PDN
and PLDN groups when analyzed separately. The correla-
tion with CD8pCD28nCD45RAn was also significant in
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the PDN. All correlations ranged from poor to fair except
for estimates of the plasma blast cell count in the PDN
group which was moderate. There were no significant dif-
ferences in methylation variance at the global and local
levels between PDN and PLDN.

PROPENG

Globally, there were no differences between PDN and
PLDN groups for total, hypo- and hyper-epivariants in
the PROPENG cohort. There was no correlation between
the EpiMut score with age, T2DM duration or sex. There
were differences in total and hyper-epivariants at chro-
mosomes 5, 22 and 9 (Supplementary Figures S4 and
S5), and in hypo-epivariants at chromosomes 22, 10 and
3 (Supplementary Figure S6) with the differential signal
distributed across the genome rather than being concen-
trated in any particular genes. The genic aggregations
mapped to the protocadherin gamma cluster (PCD-
HGA1, PCDHGA2, PCDHGA3, PCDHGA4 and PCD-
HGBI), LOC101928885, ZDHHC11 and GRAMD3 on
chromosome 5, PRRX2 and PCA3 on chromosome 9, and
WNT?7B and DGCRS on chromosome 22 (Table 2). There
was an accumulation of epilesions (p-value =0.048; Sup-
plementary Figure S7 A), particularly hyper-epilesions
(p-value=0.038; Supplementary Figure S7 B) in PDN.
There was no difference in epilesion carriers between
PDN and PLDN.

Global variance correlated significantly, with NK
(r=- 0537, p-value=0.000), CD8pCD28nCD45
(r=0.251, p-value=0.016) and plasma blast (r=0.618,
p-value=0.000) cell counts in the PROPENG cohort
and these correlations remained significant in the PDN
and PLDN group separately, except for CD8pCD28nC-
D45RAn which was significant only in PLDN. There was
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Fig. 1 Box plots of the chromosomal TotEpiMut scores which differ significantly between the PDN and PLDN groups in the PROPGER cohort. Plots visual-
ize autosomes: A 21,B2,C18,D 6,E 11, F 3 and G 19. P-values from the binomial model with covariates age, sex and cell count estimates are indicated

above the boxes
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Table 2 Genes related to diabetic neuropathy pain which emerged from epivariant analysis in PROPGER and PROPENG cohorts

GeneName SignChr Analysis Cohort Avrg Avrg p-value? FDR
PLDN PDN

SIM2 chr21 TotEpiMut PROPGER 0.132 0.407 0.031 0.996
SATB2 chr2 TotEpiMut PROPGER 0.208 0.576 0.002 0.997
CCDC140 chr2 TotEpiMut PROPGER 0.075 0.407 0.003 0.997
EXOC6B chr2 TotEpiMut PROPGER 0.057 0.254 0.004 0.997
SATB2-AST chr2 TotEpiMut PROPGER 0.038 0.271 0.005 0.997
MYTIL chr2 TotEpiMut PROPGER 0.132 0492 0.013 0.997
TRIP12 chr2 TotEpiMut PROPGER 0.038 0.220 0.028 0.997
FAM178B chr2 TotEpiMut PROPGER 0.057 0.237 0.034 0.997
MAP2 chr2 TotEpiMut PROPGER 0.094 0.305 0.036 0.997
LINCO1280 chr2 TotEpiMut PROPGER 0.094 0.017 0.037 0.997
GPR35 chr2 TotEpiMut PROPGER 0.057 0.237 0.041 0.997
KLHL29 chr2 TotEpiMut PROPGER 0.170 0373 0.044 0.997
PAX3 chr2 TotEpiMut PROPGER 0.075 0.254 0.044 0.997
LINCO1158 chr2 TotEpiMut PROPGER 0.038 0.237 0.046 0.997
LOC100132215 chr2 TotEpiMut PROPGER 0.057 0.237 0.048 0.997
KCNK3 chr2 TotEpiMut PROPGER 0.057 0.203 0.050 0.997
CELF4 chr18 TotEpiMut PROPGER 0.302 0.814 0.001 0.395
MTCLT chr18 TotEpiMut PROPGER 0.038 0.169 0.047 0.992
GMDS chré TotEpiMut PROPGER 0.113 0.356 0016 0.996
LINC00473 chré TotEpiMut PROPGER 0.189 0.051 0.017 0.996
FGFR10OP chré TotEpiMut PROPGER 0.038 0.169 0.023 0.996
DUSP22 chr6 TotEpiMut PROPGER 1.604 2.966 0.023 0.996
BTNL2 chré TotEpiMut PROPGER 0.151 0.017 0.024 0.996
CDKAL1 chré TotEpiMut PROPGER 0.038 0.169 0.029 0.996
SLC35D3 chré TotEpiMut PROPGER 0.057 0.169 0.038 0.996
FBXO5 chré TotEpiMut PROPGER 0.132 0.017 0.039 0.996
LINC00602 chr6 TotEpiMut PROPGER 0.113 0.017 0.040 0.996
STXBP5-AST chré TotEpiMut PROPGER 0.038 0.169 0.040 0.996
BACH2 chré TotEpiMut PROPGER 0.019 0.102 0.041 0.996
USP45 chr6 TotEpiMut PROPGER 0.113 0.017 0.042 0.996
BTN2AT chré TotEpiMut PROPGER 0.019 0.085 0.045 0.996
IL20RA chré TotEpiMut PROPGER 0.019 0.119 0.045 0.996
NEUT chré TotEpiMut PROPGER 0.094 0.017 0.046 0.996
WTI-AS chré TotEpiMut PROPGER 0.019 0.254 0.012 0.996
ABTB2 chr6 TotEpiMut PROPGER 0.075 0424 0.014 0.996
PAX6 chré TotEpiMut PROPGER 0.264 0.678 0.021 0.996
ROBO3 chré TotEpiMut PROPGER 0.075 0.288 0.026 0.996
ALX4 chr6 TotEpiMut PROPGER 0.057 0.271 0.026 0.996
NAV2 chré TotEpiMut PROPGER 0.264 0.678 0.027 0.996
IGHMBP2 chré TotEpiMut PROPGER 0.019 0.169 0.028 0.996
DLG2 chr11 TotEpiMut PROPGER 0.170 0458 0.029 0.996
TOLLIP chr11 TotEpiMut PROPGER 0.075 0.271 0.029 0.996
MUC5B chrii TotEpiMut PROPGER 0.019 0.169 0.043 0.996
DBX1 chr11 TotEpiMut PROPGER 0.075 0.237 0.045 0.996
FAT3 chr11 TotEpiMut PROPGER 0.113 0271 0.046 0.996
ROBO1 chrii TotEpiMut PROPGER 0.094 0390 0.002 0.999
PTPRG chr11 TotEpiMut PROPGER 0.151 0441 0.011 0.999
LOC440982 chrii TotEpiMut PROPGER 0.038 0.203 0.019 0.999
ZIC4 chr11 TotEpiMut PROPGER 0.189 0441 0.024 0.999
CACNATD chr11 TotEpiMut PROPGER 0.113 0305 0.027 0.999
ZBTB38 chr3 TotEpiMut PROPGER 0.094 0.288 0.035 0.999

FGF12 chr3 TotEpiMut PROPGER 0.094 0.356 0.037 0.999
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Table 2 (continued)

GeneName SignChr Analysis Cohort Avrg Avrg p-value® FDR
PLDN PDN

TMEM108 chr3 TotEpiMut PROPGER 0.038 0.119 0.049 0.999
CHL1 chr3 TotEpiMut PROPGER 0.038 0.136 0.050 0.999
IL417 chr19 TotEpiMut PROPGER 0.019 0.136 0.038 0.998
LONPT chr19 TotEpiMut PROPGER 0.038 0.220 0.042 0.998
SPTBN4 chr19 TotEpiMut PROPGER 0.075 0.203 0.047 0.998
CHST8 chr19 TotEpiMut PROPGER 0.170 0424 0.049 0.998
VWA5B1 chrl HypoEpiMut PROPGER 0.020 0.179 0.029 0.993
AJAPT chrl HypoEpiMut PROPGER 0.041 0.196 0.043 0.993
CACNATE chri HypoEpiMut PROPGER 0.061 0214 0.050 0.993
MYTIL chr2 HypoEpiMut PROPGER 0.061 0375 0.010 0.992
LINC01237 chr2 HypoEpiMut PROPGER 0.122 0.393 0.027 0.992
STONI-GTF2A1L chr2 HypoEpiMut PROPGER 0.020 0.286 0.034 0.992
ROBO1 chr3 HypoEpiMut PROPGER 0.020 0.304 0.009 0.992
FGF12 chr3 HypoEpiMut PROPGER 0.041 0214 0.029 0.992
AFAP1 chr4 HypoEpiMut PROPGER 0.082 0375 0.004 0.992
FATT chr4 HypoEpiMut PROPGER 0.061 0.268 0.035 0.992
SLIT2 chr4 HypoEpiMut PROPGER 0.041 0.179 0.037 0.992
DCHS2 chr4 HypoEpiMut PROPGER 0.143 0.018 0.042 0.992
ERGICT chr5 HypoEpiMut PROPGER 0.082 0375 0.022 0.992
AHRR chr5 HypoEpiMut PROPGER 0.020 0.196 0.047 0.992
RNF130 chr5 HypoEpiMut PROPGER 0.061 0214 0.050 0.992
GMDS chr6 HypoEpiMut PROPGER 0.061 0.250 0.019 0.992
DUSP22 chré HypoEpiMut PROPGER 1.571 2.964 0.046 0.992
PTN chr7 HypoEpiMut PROPGER 0.041 0.196 0.026 0.994
LINC00535 chr8 HypoEpiMut PROPGER 0.020 0.196 0.034 0.992
ST18 chr8 HypoEpiMut PROPGER 0.061 0214 0.041 0.992
PAPPA chr9 HypoEpiMut PROPGER 0.020 0.196 0.044 0.992
RXRA chr9 HypoEpiMut PROPGER 0.041 0.179 0.045 0.992
GRID1 chr10 HypoEpiMut PROPGER 0.082 0339 0.018 0.994
NAV2 chrii HypoEpiMut PROPGER 0.102 0.393 0.027 0.992
DLG2 chr11 HypoEpiMut PROPGER 0.082 0.286 0.040 0.992
LOC101928989 chrii HypoEpiMut PROPGER 0.020 0.143 0.047 0.992
ANKS1B chr12 HypoEpiMut PROPGER 0.020 0.250 0.018 0.992
GALNT9 chr12 HypoEpiMut PROPGER 0.224 0.589 0.034 0.992
OCA2 chr15 HypoEpiMut PROPGER 0.122 0.393 0.013 0.992
AGBL1 chr15 HypoEpiMut PROPGER 0.061 0.286 0.024 0.992
NR2F2-AS1 chr15 HypoEpiMut PROPGER 0.041 0.196 0.046 0.992
ATP2C2 chri6 HypoEpiMut PROPGER 0.041 0.250 0.020 0.992
CASCI16 chri6 HypoEpiMut PROPGER 0.020 0.161 0.033 0.992
GSGIL chri6 HypoEpiMut PROPGER 0.041 0.196 0.039 0.992
CLCN7 chrié HypoEpiMut PROPGER 0.224 0.607 0.041 0.992
CHST4 chri6 HypoEpiMut PROPGER 0.041 0.179 0.044 0.992
NXN chr17 HypoEpiMut PROPGER 0.122 0429 0.037 0.993
CAT0 chr17 HypoEpiMut PROPGER 0.020 0.179 0.040 0.993
CELF4 chr18 HypoEpiMut PROPGER 0.061 0.232 0.031 0.996
ZBTB45 chr19 HypoEpiMut PROPGER 0.061 0214 0.036 0.992
MYOTF chr19 HypoEpiMut PROPGER 0.041 0214 0.044 0.992
LOC63930 chr20 HypoEpiMut PROPGER 0.020 0.196 0.025 0.992
ISM1 chr20 HypoEpiMut PROPGER 0.020 0.143 0.052 0.992
WNT7B chr22 TotEpiMut PROPENG 0.362 0.043 0.026 0.995
DGCR5 chr22 TotEpiMut PROPENG 0.034 0.217 0.038 0.995

PCDHGAT chr5 TotEpiMut PROPENG 1.328 0.174 0.005 0.997
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Table 2 (continued)
GeneName SignChr Analysis Cohort Avrg Avrg p-value? FDR
PLDN PDN
PCDHGA2 chr5 TotEpiMut PROPENG 1.259 0.174 0.007 0.997
PCDHGA3 chr5 TotEpiMut PROPENG 1.155 0.174 0.013 0.997
PCDHGB1 chr5 TotEpiMut PROPENG 1.069 0.174 0.026 0.997
LOC101928885 chr5 TotEpiMut PROPENG 0.017 0.043 0.047 0.997
ZDHHCT1 chrs TotEpiMut PROPENG 0.017 0.087 0.049 0.997
PRRX2 chro TotEpiMut PROPENG 0.017 0.130 0.036 0.998
PCA3 chr9 TotEpiMut PROPENG 0.017 0.043 0.047 0.998
PCDHGAT chrs HyperEpiMut PROPENG 1.241 0.130 0014 0996
PCDHGA2 chr5 HyperEpiMut PROPENG 1.155 0.130 0.018 0.996
PCDHGA3 chr5 HyperEpiMut PROPENG 1.069 0.130 0.021 0.996
PCDHGBI chrs HyperEpiMut PROPENG 0983 0.130 0.028 0996
GRAMD3 chr5 HyperEpiMut PROPENG 0.052 0217 0.030 0.996
PCDHGA4 chr5 HyperEpiMut PROPENG 0.862 0.130 0.040 0.996
DGCR5 chr22 HyperEpiMut PROPENG 0.017 0174 0.043 0.998

SignChr for Significant Chromosome, AvrgPLDN/AvrgPDN for mean number of epivariants in PLDN/PDN group; FDR for False Discovery Rate calculated with

Benjamini-Hochberg method

*The p-value of the statistical test (binomial generalized linear regression model including age, sex and cell counts) comparing PDN to PLDN group

Significant p-values are underlined

HypoEpiMut score

' ' ' ' ' ' ' ' '
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Chromosome

Fig. 2 Visualization of chromosomal HypoEpiMut scores in the PROPGER PDN and PLDN groups across all autosomes. Significant differences are marked

with asterisks: * p-value < 0.05, ** adjusted p-value <0.05

no significant difference in methylation variance at the
global and local levels between PDN and PLDN.

Functional analysis

Pathway enrichment analysis of 107 unique identified
genes (105 from epivariant and 2 from epilesion analy-
sis), revealed nine relevant pathways listed in Table 3.
“Regulation of commissural axon pathfinding by SLIT

and ROBO” (R-HSA-428542) survived Benjamini—
Hochberg correction. Five other pathways includ-
ing “Regulation of expression of SLITs and ROBOs”
(R-HSA-9010553), “SLIT2:ROBO1 increases RHOA
activity” (R-HSA-8985586), “Role of ABL in ROBO-SLIT
signaling” (R-HSA-428890), “Inactivation of CDC42
and RACI” (R-HSA-428543) and “Activation of RACI”
(R-HSA-428540) are related to the SLIT/ROBO axis and
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Fig.3 Summary of outcome of epilesion analysis in the PROPGER cohort. Bar plots present number of A hypo-epilesion and B hyper-epilesion carriers in
genes which differed significantly between PDN and PLDN groups

Table 3 Results of pathway enrichment analysis against Reactome database

Pathway name N genes Gene p-value® FDR N reactions® Reactions
found/total ratio found/total ratio
Regulation of commissural axon pathfinding by SL/T and ROBO 3/12 0.001 0.000 0.024 5/5 0.000
Regulation of expression of SL/Ts and ROBOs 6/170 0011 0.001 0.128 13/20 0.001
SLIT2:ROBO1 increases RHOA activity 2/8 0.000 0.002 0.128 2/2 0.000
Role of ABL in ROBO-SLIT signaling 2/10 0.001 0.002 0.139 4/4 0.000
Inactivation of CDC42 and RAC1 2/12 0.001 0.003 0.139 4/4 0.000
Butyrophilin (BTN) family interactions 2/12 0.001 0.003 0.139 2/8 0.001
Signaling by ROBO receptors 6/222 0014 0.005 0.162 49/60 0.004
Activation of RACT 2/15 0.001 0.005 0.162 4/4 0.000
Formation of the anterior neural plate 2/19 0.001 0.008 0.223 2/15 0.001

N for Number, FDR for False Discovery Rate calculated with Benjamini-Hochberg method

*The p-value of the statistical test (hypergeometric distribution test) determining whether particular Reactome pathways are over-represented (enriched) in the
submitted data

PReaction corresponds to any event in biology that changes the state of a biological molecule

Significant p-values are underlined
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all belong to the same “Signaling by ROBO receptors”
(R-HSA-376176) parent term. Two additional significant
pathways were “Butyrophilin (BTN) family interactions”
(R-HSA-8851680) and “Formation of the anterior neu-
ral plate” (R-HSA-9823739) and correspond to adaptive
immune system and neurodevelopmental mechanisms,
respectively.

Discussion
We recently demonstrated alterations in differential
DNA methylation [33] and DNAm age acceleration [32]
in patients with painful diabetic neuropathy. In the same
two cohorts we now identify epigenetic alterations char-
acterized by changes in total burden, chromosomal dis-
tribution, genic accumulation, and aberration-enriched
regions without loss of DNA methylation homogeneity
in patients with painful compared to painless diabetic
neuropathy. Functional analysis revealed an important
role of the multilayer SLIT-ROBO axis and its regulation
with particular involvement of SLIT2, ROBO1, ROBO3
genes that were enriched in epivariants in patients with
painful diabetic neuropathy. Further analysis of stochas-
tic epigenetic aberrations of DNA methylation revealed
differences in FGF12, CACNAID, CACNAIE, gamma
protocadherins (PCDHGA1, PCDHGA2, PCDHGAS3,
PCDHGA4, PCDHGBI), TFAP2A and IL411 genes.
SLIT2 is a member of highly conserved family of gly-
coproteins regulating neuronal axon guidance, cell pro-
liferation, cell migration and vascularisation [55]. In
pathologies of central nervous system, SLIT/ROBO sig-
naling influences neuronal migration, axonal projection,
chemorepulsion, leukocyte migration, neuroinflam-
mation, angiogenesis and blood brain barrier perme-
ability/stability [50]. mRNA profiling in mouse models
of chronic pain, in particular inflammatory and neuro-
pathic pain, have revealed dysregulation of both, SLIT2
and ROBOI genes [9, 31]. Involvement of SLIT2/ROBO1
in peripheral nerve regeneration and functional recovery
after injury [36, 50, 53], among several molecular path-
ways, make this axis a potential therapeutic target for
peripheral nerve injuries, and neuropathic pain [50].
FGFI2 is a key modulator of voltage-gated sodium
channels [4] affecting the voltage dependence and rapid
inactivation of Navl.2 and Navl.6 channels [49], and
also induces resurgent currents produced by Nav1.8 and
Navl.9 [60]. Altered function of several sodium channels
has been implicated in acute and persistent pain signal-
ing [3] and genetic alterations in Na,1.3, Na,1.7, Na,1.8,
Na,1.9 are associated with changes in neuron excitabil-
ity and nociceptive thresholds linked to neuropathic
pain [16, 25, 37, 43, 48]. Therapeutic molecules (toxins,
antibodies, small molecules etc.) targeting these voltage-
gated sodium channels are being developed for painful
neuropathy.
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CACNA1D and CACNAIE encode Ca,1.3 and Ca,2.3
subunits of calcium high-voltage activated channels,
respectively. Ca, 1.3 in particular regulates physiologi-
cal functions in cochlear inner hair, sinoatrial node, and
neurons [63]. To date, 80 de novo missense variants of
CACNA1D have been associated with diseases includ-
ing autism spectrum disorder, hyperactivity, muscle
hypotonia, intellectual impairment, developmental delay
and seizures [41, 42]. Ca 2.3 is expressed predominantly
in the brain and is involved in neurotransmitter release
and synaptic plasticity [59] and carriers of CACNAIE
mutations manifest with encephalopathy, macrocephaly,
dyskinesias, and epilepsy [7, 27]. Several CACNA 1D and
CACNA IE SNPs have also been linked to T2DM [15].

The PROPENG cohort has additionally revealed altera-
tions in protocadherin gamma cluster genes (PCDHG@)
which encode cell-surface homophilic proteins [24],
regulate nervous system development and dendritic
self-avoidance, dendrite arborization, neuronal survival,
astrocyte-neuron interactions, and axonal tiling [11, 26,
35]. Furthermore, Metltzer et al. [39] described distinct
functions of specific PCDHG@ isoforms in relation to
central mechanosensory circuitry assembly, essential
for behavioral reactivity to touch. Additionally, a recent
study has shown that PCDHG@ may play an impor-
tant role in regeneration of adult sensory neurons and
skin rewiring [38]. In a sciatic nerve injury model a sig-
nificant association has been reported between TFAP2A
expression levels and the proliferation and migration
of Schwann cells, which are key to functional recovery
of injured nerves [64]. Furthermore, TFAP2A has been
shown to modulate neuropathic pain through positive
regulation of GRINI — the gene mediating expression of
pro-inflammatory factors which enhance neuronal excit-
ability and increase hypersensitivity [62]. Interleukin 4
Induced gene 1 (IL411) has been shown to be involved
in remyelination [47] through regulation of T cell expan-
sion and modulation of inflammation. There is also evi-
dence that the Interleukin 4 gene, is involved in nerve
repair and neuropathic pain [14], but the functional link
between IL411 and IL4 remains unclear. Epivariant analy-
sis also revealed alterations in MYTIL, EXOC6B, PAX6,
and RNF130 genes which have previously been shown
to be differentially methylated in PDN and PLDN [33],
confirming multidimensional epigenetic involvement of
these genes in painful diabetic neuropathy.

To conclude, these findings reinforce the evidence for
involvement of DNA methylation in the regulation of
neuropathic pain in diabetes. The identification of epi-
genetic modifications further develops our understanding
of the complex underlying mechanisms and development
of novel therapeutic approaches for the currently inad-
equate treatment of painful diabetic neuropathy.
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