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Abstract

Background: Diabetes mellitus (DM) is a recognized risk factor for dementia. Because DM 

is a potentially modifiable condition, greater understanding of the mechanisms linking DM to 

the clinical expression of Alzheimer’s disease dementia may provide insights into much needed 

dementia therapeutics.

Objective: In this feasibility study, we investigated DM as a dementia risk factor by examining 

genome-wide distributions of the epigenetic DNA modification 5-hydroxymethylcytosine (5hmC).

Methods: We obtained clinical samples from the Rush Memory and Aging Project and used the 

highly sensitive 5hmC-Seal technique to perform genome-wide profiling of 5hmC in circulating 

cell-free DNA (cfDNA) from antemortem serum samples and in genomic DNA from postmortem 

prefrontal cortex brain tissue from 80 individuals across four groups: Alzheimer’s disease 
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neuropathologically defined (AD), DM clinically defined, AD with DM, and individuals with 

neither disease (controls).

Results: Distinct 5hmC signatures and biological pathways were enriched in persons with both 

AD and DM versus AD alone, DM alone, or controls, including genes inhibited by EGFR 

signaling in oligodendroglia and those activated by constitutive RHOA. We also demonstrate 

the potential diagnostic value of 5hmC profiling in circulating cfDNA. Specifically, an 11-gene 

weighted model distinguished AD from non-AD/non-DM controls (AUC=91.8%; 95% CI, 82.9–

100.0%), while a 4-gene model distinguished DM-associated AD from AD alone (AUC=87.9%; 

95% CI, 77.5–98.3%).

Conclusions: We demonstrate in this small sample the feasibility of detecting and characterizing 

5hmC in DM-associated AD and of using 5hmC information contained in circulating cfDNA to 

detect AD in high-risk individuals, such as those with diabetes.
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INTRODUCTION

The underlying pathobiological mechanisms of Alzheimer’s dementia need further 

elucidation to improve its diagnosis, treatment, and prevention strategies. One substantial 

risk factor for dementia, of which Alzheimer’s is the most common type, is diabetes mellitus 

(DM). DM is associated with morbidity in the brain [1,2], and early features of pre-diabetes, 

such as hyperinsulinemia, are associated with a decline in memory and increased risk of 

Alzheimer’s dementia [3]. We and others have shown that DM relates to lower cognition, 

faster cognitive decline, a doubling of dementia risk, and increased neuropathology of 

dementia at autopsy [4–6]. While it is known that both genetic and environmental factors 

play a role in complex diseases like Alzheimer’s dementia, the underlying molecular basis 

linking DM to the brain pathology of dementia remains mostly unclear.

Epigenetic modifications to DNA, including 5-methylcytosine (5mC) and its oxidative 

derivative 5-hydroxymethylcytosine (5hmC), are increasingly well studied in health and 

disease. DNA methylation states are essential for neurodevelopment and cognition and 

are also modified during aging of the central nervous system [7–9]. Previous studies 

have implicated aberrant distributions of 5mC and 5hmC modifications in DM-associated 

pathogenic conditions, including neurodegeneration and Alzheimer’s dementia [10–13]. 

Groups, including our own, have also demonstrated that genomic profiling of 5hmC in 

convenient clinical biospecimens, e.g., circulating cell-free DNA (cfDNA), might serve 

as minimally invasive diagnostic and prognostic tools for DM-associated complications, 

including nephropathies [14], retinopathies [15], and other vascular complications [16].

To better understand at the molecular level how DM functions as a contributing factor 

for Alzheimer’s dementia pathologically defined (AD), we performed genome-wide 5hmC 

profiling in older individuals with and without AD and with and without DM who came to 

the autopsy to characterize their 5hmC epigenetic signatures using target tissue (dorsolateral 
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prefrontal cortex brain) and blood (serum) biospecimens. We examined differentially 

modified genomic features (e.g., gene bodies) between conditions and the biological 

pathways that are associated with AD with or without DM. We further demonstrated the 

biomarker potential of 5hmC profiles in serum-derived circulating cfDNA as a minimally 

invasive diagnostic tool for DM-associated AD.

METHODS

Study participants and biospecimens

We obtained biological samples from a subset of deceased and autopsied persons from the 

Rush Memory and Aging Project (MAP), an epidemiologic longitudinal, clinical-pathologic 

study, enrolling mostly non-Latino White participants (~90% of the cohort) since 1997 [17]. 

All participants agreed to annual testing, including a detailed clinical evaluation and blood 

draw and organ donation at time of death. The study was approved by an Institutional 

Review Board of the Rush University Medical Center. All participants signed an informed 

consent, Anatomic Gift Act, and a repository consent allowing their resources to be shared. 

At the time of analyses, from 2180 participants enrolled, 834 White non-Latinos died and 

came to autopsy. Among these, 337 participants had the required neuropathologic data for 

this study, were aged between 70 and 95 years of age at death, had complete demographic 

data, and had valid data on cognition and Hb A1C, postmortem interval information, as 

well as a postmortem brain specimen available. Among the 337, 284 had antemortem 

serum specimens collected within 6 years if death and did not have a rare neurological 

condition with the potential to influence our study results (e.g., brain tumor). Participants 

were matched using a Mahalanobis distance-based algorithm, such that 4 groups of 20 

selected participants with a similar distribution of age at death (within 5 years) and sex 

(women/men) each were obtained. The 4 groups were: (1) AD and no DM, referenced in this 

article as “AD-only,” (2) DM and no AD, referenced in this article as “DM-only,” (3) both 

AD and DM, referenced in this article as “AD+DM,” and (4) no AD and no DM, the control 

group, referenced in this article as “controls.”

All MAP participants underwent a baseline and annual clinical evaluation, including a 

detailed medical history, review of medications, cognitive testing, physical examination, and 

other data collection, along with a blood draw. DM was identified at baseline and annually 

thereafter based on self-reported medical history (four questions) and visual inspection of 

all medication receptacles, as previously published in this and other Rush cohorts [18]. DM 

is designated as “present” if identified at any evaluation. Blood is collected by a trained 

and certified phlebotomist. Blood samples are processed using standardized protocols for 

serum and other components, including using appropriate tubes for collection (e.g., tiger-top 

serum separator tubes for serum) and single 15 minute centrifugation of samples after 30 

minutes (and within 2 hours) of collection [19]. Serum samples are transported to the 

Rush Alzheimer’s Disease Center (RADC) laboratory, divided into barcoded 0.5ml volume 

aliquots, and stored in −80°C monitored freezers until use.

At time of death, a rapid autopsy was performed, and the brain was removed using a 

standardized, rapid autopsy protocol (average postmortem interval [PMI] = 9.6 hours). A 

systematic neuropathologic evaluation was conducted. After gross inspection and photo 
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documentation, slabs from one cerebral hemisphere were frozen at −80°C, and the other 

hemisphere fixed in paraformaldehyde prior to dissection for diagnostic, including for AD, 

and other studies. The presence of AD was identified (present if high or intermediate 

likelihood AD; not present if low likelihood or no AD) blinded to all clinical data and as 

previously described [20], using a modified version of the NIA-Reagan neuropathologic 

criteria based on both neurofibrillary tangles and neuritic plaques [21].

Preparation of samples

For this study, we used a single serum aliquot collected closest to the time of death for the 

assessment of 5hmC in cfDNA. We also used frozen dorsolateral prefrontal cortex (DLPFC) 

in this work, because of its role in higher cognition and its vulnerability to neuropathology 

in AD and related dementias [22]. Serum and postmortem brain specimens were shipped 

to the University of Chicago for testing. The processing of specimens and sequencing data 

(see below) yielded a total of 74 serum and 75 brain samples, 69 of each from the same 

individual, with high-quality data for analysis (Figure 1).

Isolation of DNA and characterization of serum cfDNA

All blood samples and brain samples were processed in a random order. Serum cfDNA 

was isolated using QIAamp Circulating Nucleic Acid Kit (Qiagen) from 0.5 mL of frozen 

serum per study subject. Genomic DNA (gDNA) was isolated from ~5 mg of frozen DLPFC 

using the Monarch Genomic DNA Purification Kit (New England Biolabs). Resulting DNA 

concentration was measured using the Qubit High Sensitivity dsDNA Assay (Invitrogen).

We addressed the appropriateness of serum-derived cfDNA for use in the 5hmC-Seal assay 

in four separate ways. First, in a preliminary experiment, we directly compared 5hmC 

genomic profiles across person-matched plasma-derived cfDNA, serum-derived cfDNA, and 

white blood cell-derived genomic DNA from a total of 6 different persons (Supplemental 

Methods). We determined the concordance of genome-wide 5hmC profiling across the 

different DNA samples and different individuals and found that 5hmC distributions from 

cfDNA derived from plasma and serum were highly correlated with each other, while WBC 

gDNA samples formed a clearly separable correlative. This initial examination suggested 

that serum-derived cfDNA could perform comparably to plasma cfDNA in the 5hmC-Seal 

assay.

Secondly, we subjected all serum-derived cfDNA samples to analysis on a Fragment 

Analyzer (Agilent, CA, USA) if there was enough remaining cfDNA after successful 

NGS library construction (71 of 74 samples). Of these 71 samples, 9 (12.7%) showed 

signs of appreciable gDNA contamination (i.e., significant amounts of DNA above 1000 

bp in length). Though potentially problematic, the specific workflow of the 5hmC-Seal 

capture technique greatly minimizes the contribution of large-sized DNA fragments to NGS 

sequencing reads (see below). Ignoring the 9 samples with obvious gDNA contamination, 

our average recovery of cfDNA per serum sample was 29.2 ± 11.6 ng (median 26.0 ng), 

which is consistent with an increased amount of circulating cfDNA in older versus younger 

persons [23].
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Next, in the 5hmC-Seal assay, we stress that we do not perform a cfDNA fragmentation step, 

as the characteristic sizes of cfDNA fragments are already within the recommended length 

of Illumina sequencing protocols [~100 to ~600 base pairs (bp)]). DNA fragments greater 

than ~1000 bp in length should be, a) ligated inefficiently to dual index barcode adapters, as 

used here, and if ligated, b) PCR-amplified inefficiently compared to cfDNA-sized barcoded 

fragments (~300 - ~650 bp). Thus, larger-sized DNA fragments should not give rise to 

analyzable sequencing reads in the cfDNA 5hmC-Seal protocol.

Lastly, in our analysis, we ascertained that serum-derived cfDNA 5hmC signals had very 

similar mapping and enrichment, etc. characteristics to those expected for plasma-derived 

cfDNA (e.g., Figure 2A–C). Taken together, we find the serum-derived cfDNA used here 

to be an appropriate analyte for the 5hmC-Seal assay and downstream 5hmC genome-wide 

characterization.

5hmC-Seal assay and high-throughput sequencing

For individual serum samples in which less than 10 ng DNA was extracted (6 of 80 

samples), we used all available recovered DNA in the 5hmC-Seal assay. For the remaining 

samples, 10 ng cfDNA and 100 ng gDNA were used in the 5hmC-Seal assay, following 

our established protocols [24,25]. In particular, circulating cfDNA is already fragmented 

(<200 bp) in peripheral serum and can be barcoded without further fragmentation. To obtain 

sequencing-amenable ~200 bp fragments of gDNA from brain samples, we performed 

enzymatic fragmentation using the KAPA HyperPlus Kit (Roche). Then, after ligation 

of unique dual index barcoded sequencing adapters, DNA fragments proceeded through 

the 5hmC-Seal protocol to construct sequencing libraries. Briefly, T4 bacteriophage β-GT 

was used to couple an engineered azide-conjugated glucose moiety to the hydroxyl group 

of 5hmC in input DNA. The azide group was chemically coupled to biotin with a biotin-

PEG-linked alkyne using a “Click chemistry” cycloaddition reaction. Next, streptavidin 

beads were used for affinity pull-down of biotin-labeled, 5hmC-containing DNA fragments. 

Captured DNA fragments were PCR-amplified (15 total cycles for cfDNA and 11 total 

cycles for genomic DNA) and then purified using AMPure Beads (Beckman Coulter). The 

5hmC-Seal libraries were subject to a Fragment Analyzer (Agilent) and qPCR (KAPA 

Universal Library Quantification Kit, Roche), followed by paired-end sequencing (PE50) on 

the Illumina NovaSeq 6000 platform at the University of Chicago Genomics Core Facility 

(Chicago, Illinois). On average, we obtained ~40 million uniquely mapped reads per library. 

Additional sequencing metrics are provided in the Supplemental Methods.

Bioinformatic processing

We followed the bioinformatic pipelines of our previous publications [24,26]. Briefly, 

adapter sequences were removed from raw sequencing reads using Trimmomatic [27]. 

Low-quality bases at the 5’ (phred score <5) and 3’ (5 bp-sliding window phred score <15) 

were trimmed to a minimum length of 30 bp. Sequencing reads were aligned to the human 

genome reference (hg19) using Bowtie2 with end-to-end alignment mode [28]. Read pairs 

were concordantly aligned with fragment length ≤ 500 bp and an average ≤ 1 ambiguous 

base and up to four mismatched bases per 100 bp length. Alignments with Mapping Quality 

Score ≥ 10 were counted for overlap with GENCODE [29] gene bodies using featureCounts 
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[30] without strand information. 5hmC profiles were summarized for enhancer markers 

H3K4me1 and H3K27ac derived from various tissues from the Roadmap Epigenomics 

Project [31]. In total, two obvious cfDNA sample outliers were removed based on principal 

components analysis (PCA). Raw fragment counts were normalized using DESeq2 [32], 

which performs an internal normalization that corrects for library size. Batch effect was 

corrected with the ComBat tool [33].

Comparing 5hmC profiles between circulating cfDNA and brain-derived gDNA

For biospecimens derived from persons with AD, we evaluated the correlation of 5hmC 

profiles between the two different DNA sources: serum-derived circulating cfDNA and 

brain-derived gDNA. All genes were ranked by average 5hmC modification levels in 

cfDNA and brain tissue-derived gDNA separately, followed by Pearson’s correlation test 

using a null distribution generated by random sampling (N=10,000). We also evaluated 

the relationships between person-matched cfDNA and brain tissue samples under different 

conditions (e.g., AD-only, DM-only, AD+DM, and controls). For each condition, the most 

variable genes (e.g., top 100, 500) in cfDNA were evaluated for overlap with the most 

variable genes in brain tissue. The observed number of overlapped genes between the two 

sources was compared with a null distribution generated by random sampling using the 

hypergeometric test.

Differential analysis, statistical modeling, and pathway exploration

We performed differential analysis systematically in cfDNA and brain tissue-derived gDNA 

samples for gene bodies between (1) AD-only vs. controls, (2) AD-only vs. AD+DM, 

(3) DM-only vs. AD+DM, using logistic regression models, adjusting for age and sex. In 

order to adjust for multiple comparisons, a null distribution of the p-value was generated 

for each comparison by permutation (e.g., randomly sampling the sample label 10,000 

times) following the max T procedure [34]. An adjusted p-value < 0.05 was considered 

significant. The adjusted p-value <0.05 and fold-change >20% cutoffs were used to identify 

candidates for feature selection and modeling for each comparison. Feature selection was 

performed using elastic net regularization to fit a multivariable logistic regression model 

using the glmnet library (v2.0–16) in R [35]. The selected features were used to build a 

final logistic model for each comparison. We calculated a weighted ad-score for each sample 

under each model: ad-score=∑βk×Gk, where βk is the logistic model coefficient and Gk 

is the normalized 5hmC level for the kth model gene, following our previous publications 

[24,26]. Given our small sample size, we used the leave-one-out cross-validation (LOOCV) 

procedure to evaluate the performance of selected features in all samples to generate the 

AUCs in different comparisons (e.g., AD vs. CTL, AD vs. AD+DM, and AD+DM vs. DM) 

to determine if the selected features were significantly affected by any potential outlier 

sample. The 95% confidence intervals (CI) were computed using pROC [36]. We used 

Metascape [37] to explore potential functions of the differential features (i.e., genes) in the 

different comparisons, requiring a minimum of 5% input genes for each term (or 4 total 

genes, if 5% was less than 4), and p-value < 0.01.

Beadell et al. Page 6

J Alzheimers Dis. Author manuscript; available in PMC 2023 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Table 1 provides data for four demographic variables of the study participants. All 

participants were non-Latino, White. The average age at blood draw across assayed subjects 

was 86.2 ± 3.6 years, average age at death was 88 ± 3.5 years, 60.5% were male, and 

average education level was 15.2 ± 2.8 years (equivalent to some college).

Genomic distribution of 5hmC modifications by functional genomic feature

Using the 5hmC-Seal technique followed by next-generation sequencing, we profiled the 

genome-wide 5hmC in circulating cfDNA and DLPFC-derived gDNA in 79 individuals 

comprising four groups: 19 individuals with neither AD nor DM (“controls”), 20 individuals 

with both AD and DM (“AD+DM”), 20 individuals with AD and no DM (“AD-only”), 

and 20 individuals with DM and no AD (“DM-only”). From these persons, we generated a 

total of 74 5hmC-enriched DNA libraries from cfDNA samples and 75 5hmC-enriched DNA 

libraries from tissue gDNA samples of sufficient quality for analysis (Figure 1).

We plotted normalized read counts by physical location within genic features (e.g., gene 

bodies and transcription start sites) and sites of known histone modifications that mark 

active enhancers (i.e., H3K27ac and H3K4me1) in brain tissue and cfDNA samples 

separately (Figure 2A) to illustrate the relative distribution of 5hmC across different genic 

features. We found that 5hmC-containing reads were enriched in gene bodies relative to 

flanking regions and were also enriched for the genomic locations of known H3K27ac 

and H3Kme1 enhancer marks (Figure 2A), consistent with previous observations of 5hmC 

distributions in various biospecimens [38].

Figure 2B–C illustrates the co-localization of gDNA- and cfDNA-derived 5hmC sequencing 

reads with enhancer markers from the Epigenomics Roadmap Project [31], providing insight 

into the distribution patterns of 5hmC in these samples and the potential tissue-of-origin 

features of circulating cfDNA. The mapping ratio indicates the proportion of 5hmC-Seal 

reads mapped to the histone modification marks derived from a particular tissue. Analysis of 

the co-localization of 5hmC and enhancer marks with regard to tissue type confirmed that 

5hmC profiles from brain tissue gDNA were enriched in brain-derived histone modification 

marks compared to other tissue types and white blood cells. 5hmC profiles from cfDNA also 

produced strong signals of co-localization with brain-derived histone modifications. This 

finding suggests that cfDNA from brain tissue can be detected within the circulation system 

[39], and the detection of additional tissues reflects the heterogeneous anatomical origins of 

cfDNA. Of note, for the genes with the highest variability in 5hmC modification levels, the 

number of genes overlapped between them was significantly higher than the null expectation 

from random sampling (hypergeometric test, p<0.0001 for the top 1,000 modified genes 

in cfDNA) (Figure 2D), suggesting a correlation between person-matched brain tissue and 

cfDNA samples (Supplemental Figure S1).

Differentially modified gene bodies associated with AD and DM

We identified 222 gene bodies differentially modified for 5hmC between persons with 

AD-only and controls from circulating cfDNA (Figure 3A). Hierarchical clustering of the 
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most differentially modified loci was generally able to separate individuals with AD-only 

versus controls. Similarly, we identified 199 gene bodies differentially 5hmC-modified 

between AD-only and AD+DM individuals (Figure 3B) and 201 gene bodies modified 

between DM-only and AD+DM individuals (Figure 3C). These features were generally able 

to separate individuals with either single disease (AD or DM) from those with both diseases. 

Supplemental Table S1 provides the gene bodies identified as differentially 5hmC-modified 

between conditions.

Exploring the commonalities in 5hmC distribution between AD and DM may help to 

uncover common biology that renders DM an important risk factor for AD. We identified 

34 differentially 5hmC-modified genes in circulating cfDNA in persons with AD+DM 

versus both AD-only and DM-only (Figure 3D). Notably, all 34 genes displayed consistent 

up- or down-enrichment levels across both AD+DM comparisons versus single disease 

(23 genes with higher 5hmC levels and 13 with lower levels in AD+DM vs. both single 

diseases), suggesting that they behave similarly in AD+DM versus underlying conditions. 

Interestingly, we identified only 5 differential genes in common between ‘AD-only vs. 

controls’ (which should reveal genes aberrantly 5hmC-modified in AD) and ‘DM-only 

vs. AD+DM’ (which should reveal genes aberrantly 5hmC modified in AD in a DM 

background). The paucity of shared AD-associated 5hmC-modified genes in these different 

backgrounds (non-DM versus DM) potentially hints at a substantial effect of DM upon the 

genes subject to aberrant 5hmC regulation in AD.

We also used data from DLPCF brain tissue to identify 52 differentially 5hmC-modified 

genes between AD-only and controls, 54 genes between AD-only and AD+DM, and 

300 genes between DM-only and AD+DM (Supplemental Figure S2A–C). Though the 

top-ranking differential genes appeared to be different between cfDNA and brain tissue, 

our simulation analysis suggested that the most differential genes identified in cfDNA 

significantly overlapped with those identified in brain tissue compared to a null distribution 

by random sampling (Supplemental Figure S3). Only a small number of differential 

genes from each comparison were found to overlap with any other comparison, again 

hinting at an important influence of DM on AD and brain biology (Supplemental Figure 

S2D). Supplemental Table S1 lists the gene bodies differentially 5hmC-modified between 

conditions.

Functional relevance of differentially modified gene bodies associated with AD

To further explore how 5hmC epigenetic modifications may illuminate biological features 

underlying AD and DM, we examined the differentially 5hmC-modified genes identified 

from circulating cfDNA in each of three comparisons, AD-only vs. controls, DM-only 

vs. AD+DM, and AD-only vs. AD+DM, in gene ontology/pathway analysis (Figure 4A; 

Supplemental Table S2). We eliminated redundant, overly broad, and cancer-specific terms 

and then ascertained the overlap of remaining annotations (Figure 4B). We uncovered 

distinct biological pathways for all three comparisons, as well as some common terms. Gene 

annotation terms unique to AD vs. controls included ‘genes associated with high-confidence 

PAX3-FOXO1 enhancer sites’ and ‘aberrant gene expression in senescent cells with forced 

cell cycle dysregulation.’ Similarly, for AD-only vs. AD+DM, ‘positive correlation with 
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GABAergic interneuron density in prefrontal cortex’ and ‘polymeric cytoskeletal fiber’ were 

uniquely significant, while ‘hematopoietic/lymphoid organ development’ and ‘upregulated 

in PHF8 (a histone demethylase) knockdown’ were unique to ‘DM-only vs. AD+DM.’

Further, several annotation terms, ‘ribonucleoprotein complex biogenesis,’ ‘up in fibroblasts 

transformed by constitutively active RHOA,’ and ‘up in oligodendroglial precursors during 

EGFR inhibition,’ were exclusive to the overlap between ‘AD-only vs. AD+DM’ and ‘DM-

only vs. AD+DM.’ As significant pathways common to persons with AD+DM, but absent in 

either single disease, should reveal biological functions specifically affected in persons with 

both AD and DM, alteration of these particular processes might be particularly important for 

the specific pathology of DM-associated AD.

We also performed gene annotation analyses for differentially modified genes in DLPFC 

brain tissue (Supplemental Figure S4A). No exact terms overlapped between any of 

the three comparisons (Supplemental Figure S4B). However, notably, several annotations 

found in ‘AD+DM vs. DM-only’ and ‘AD+DM vs. AD-only’ are involved directly 

or indirectly with immune system function, including ‘neutrophil degranulation, ‘up in 

activated macrophages,’ ‘enriched in pseudopodia,’ ‘lytic vacuole/lysosome,’ and ‘cilium 

assembly.’

Machine learning to explore the diagnostic potential of 5hmC in cfDNA

To explore the possibility of using 5hmC epigenomic profiles derived from circulating 

cfDNA as a tool for AD screening and diagnosis, we used elastic net regularization under 

multivariable logistic regression models to create a final panel of 11 genes differentially 

modified between persons with AD-only and controls (Figure 5A), 4 genes between persons 

with AD-only and AD+DM (Figure 5B), and 4 genes between persons with DM-only 

and AD+DM (Figure 5C; Supplemental Table S1). Specifically, the LOOCV procedure 

using these final panels produced AUCs of 91.8% for distinguishing persons with AD-only 

from controls (95% CI 82.9–100.0%; Figure 5A), 87.9% for distinguishing persons with 

AD-only from those with both AD and DM (95% CI, 77.5–98.3%; Figure 5B), and 82.7% 

for distinguishing persons with DM-only from those with both AD and DM (95% CI, 

67.6–97.9%; Figure 5C). Notably, several gene components in the final model have been 

implicated in AD or identified as potential therapeutic targets in previous studies, such as 

CXCL9 [40], ERLIN2 [41], POLDIP2 [42] between AD-only and controls; SENP8 [43] 

between AD-only and AD+DM; and BCR [44] between DM-only and AD+DM.

DISCUSSION

Here, we demonstrate that 5hmC epigenetic modifications to DNA can be detected and 

characterized in DM-associated AD from both brain tissue and circulating cfDNA. We 

uncover genes and biological pathways that may be important specifically for the pathology 

of DM-associated AD, including ribonucleoprotein complex biogenesis, constitutive activity 

of RHOA GTPase, and action of oligodendrocyte precursor cells in response to EGFR 

inhibition. We further demonstrate the feasibility of using 5hmC information contained 

in circulating cfDNA as a tool for the detection of AD in high-risk individuals, such 

as those with diabetes. We identify panels containing modest numbers of differentially 

Beadell et al. Page 9

J Alzheimers Dis. Author manuscript; available in PMC 2023 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5hmC-modified genes that demonstrate considerable ability to distinguish persons with 

either single disease (AD-only or DM-only) from those with both AD and DM. Of note, 

the 5hmC discriminating models were found to contain genes relevant to AD and/or DM 

disease states. Finally, while most previously published studies employing the 5hmC-Seal 

technique have utilized plasma-derived cfDNA as input material, in the current study, 

we show the feasibility of 5hmC profiling in cfDNA derived from serum samples. This 

technical development provides a key advance for widely applying 5hmC-Seal, offering 

more flexibility for future research.

Previous work has implicated epigenetic contributors, including 5hmC, in DM and diabetic 

complications, as well as in Alzheimer’s dementia [45]. 5hmC is important for dynamically 

regulating chromatin states and gene expression and is closely associated with open 

chromatin, reflecting positive gene expression [46,47]. Thus, the specific locations of 

5hmC modifications in the genome can provide information about the identity of loci 

likely transcriptionally activated, offering insights into the aberrantly regulated genes driving 

disease. Here, we found that the majority of differentially 5hmC-modified genes were 

not shared between persons with AD in different biological backgrounds, suggesting that 

AD pathogenesis might be influenced by different biological mechanisms depending on 

underlying condition. Indeed, between ‘AD vs. controls’ and ‘AD+DM vs. DM-only,’ the 

latter which should provide a sensitized background for investigating DM-associated AD, 

only 5 of ~200 genes were shared between the two comparisons.

Though largely of hematopoietic origin, the remaining cfDNA is derived from a number of 

characteristic and heterogeneous anatomical sources in healthy individuals. Given that DM 

is a system-wide disorder, and that brain-derived DNA can be detected within circulating 

cfDNA [39], it is not entirely surprising that we observed a larger differential 5hmC 

signal between conditions using cfDNA, which interrogates multiple tissues, rather than 

brain tissue gDNA. Further, the solid tissue responsible for contributing the largest amount 

(~10%) of cfDNA in healthy individuals is the vascular endothelium [23]. Vasculature is 

very often compromised in persons with DM, and it is also increasingly understood as 

significant in the pathogenesis of AD. For these reasons, we might expect cfDNA to be a 

rich source of differential 5hmC modifications between persons with AD, with DM, and 

healthy individuals versus brain tissue.

Evaluating the differential 5hmC genes and associated pathways exclusive to persons with 

AD+DM, and not present in persons with either single disease, might allow elucidation 

of the biological functions important specifically for DM-associated Alzheimer’s dementia. 

Here, we uncovered 34 differentially 5hmC-modified genes from cfDNA and an additional 8 

from DLPFC brain tissue that are common to persons with AD+DM. Importantly, all of the 

genes identified from cfDNA exhibit the same up- or down- direction of enrichment in both 

comparisons (i.e., AD+DM vs. AD and AD+DM vs. DM), increasing our confidence that 

these genes operate similarly across disease comparisons and allowing cohesive pathway 

analysis. Using the 34 genes, we identified three unanticipated gene annotation terms. Of 

these, the roles of oligodendrocytes and white matter EGFR signaling [48,49] and also 

ribonucleoprotein complexes [50–52], such as the spliceosome and telomerase complex, are 

under-studied areas in AD, yet increasingly appreciated as important for its pathology. The 
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small GTPase RhoA has been reasonably well-studied in AD [53,54] and in DM [55,56] 

independently, but no studies to our knowledge have explored how shared aberrant RhoA-

mediated signaling could impact DM-associated cognitive dysfunction. We also observed 

that annotations related to the processing and secretion of molecules membrane-bound 

and/or external to the cell were in common to all three comparisons (AD+DM vs. AD, 

AD+DM vs. DM, and AD-only vs. controls), perhaps highlighting the key roles that 

secretion and its requisite protein processing play in both diseases [57–59].

Our ability to separate persons based on disease condition using differential 5hmC gene 

analysis was diminished in DLPFC gDNA relative to circulating cfDNA. This may reflect 

the modest number of DM-instigated changes to brain tissue versus other tissues of the 

body, small sample size, or other factors. Using brain tissue 5hmC, we uncovered a 

small number of differential genes that overlap between the different disease and control 

groups. Consequently, we uncovered gene annotation terms unique to each disease/control 

comparison, including “up in radial glia relative to neurons” for ‘AD-only vs. controls,’ 

“metabolism of lipids” for ‘DM-only vs. AD+DM,’ and “transcriptional regulation by 

TP53” for ‘AD-only vs. AD+DM.’ Interestingly, we also uncovered significant gene 

annotation terms regarding primary endothelial and hematopoietic stem progenitor cells 

among the brain tissue comparisons. The manifestation of these terms may reflect the 

presence of vasculature within our DLPFC brain tissue samples, thereby allowing evaluation 

of differentially 5hmC-modified genes in a known physiological contributor to Alzheimer’s 

dementia, the brain vasculature.

Alzheimer’s dementia remains an underdiagnosed condition, and it has been estimated that 

average time to diagnosis is delayed 2–3 years after symptom onset. Current screening 

and diagnostic procedures, such as PET scans and lumbar punctures, are time-consuming, 

invasive, expensive, and not widely available. Circulating cfDNA might be used to create 

diagnostic and/or prognostic disease assays that use simple blood draws for detecting 

molecular changes associated with AD, even in the absence of clinical symptoms. Assayable 

from cfDNA, 5hmC is a sensitive and powerful analyte to probe for disease monitoring, 

as it is abundant in the genome, chemically stable, and closely associated with disease 

states. Other studies have shown that AD-associated levels of 5hmC can be detected at 

preclinical stages, indicating that 5hmC should be a viable analyte by which to monitor 

Alzheimer’s dementia onset and progression [60,61]. Moreover, as epigenetic changes like 

alterations in 5hmC distribution are influenced by environment, they may be particularly 

appropriate for assessing the onset, progression, and/or treatment response of multifactorial 

and lifestyle- and environmentally-impacted diseases like Alzheimer’s dementia and DM 

[62–64]. Our findings here lay the groundwork for further research on utilizing 5hmC in 

circulating cfDNA as a diagnostic biomarker or disease monitoring tool, with the ultimate 

goal of identifying individuals at risk for, or with early-stage, DM-associated Alzheimer’s 

dementia for timely intervention and improved clinical outcomes. Future work will seek to 

replicate and expand these findings in larger and more diverse samples.
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Limitations of the Study

There are several limitations to the current study. First, sample size was relatively small. 

Larger studies in this and other cohorts are underway to confirm the 5hmC diagnostic 

models for AD and the genomic 5hmC signatures identified here as associated with AD. 

Secondly, the current study included mostly individuals of European ancestry, and future 

studies of more diverse populations will allow us to evaluate population differences and 

health disparities. Thirdly, although our cross-sectional analyses allowed us to identify 

5hmC signatures that correlate with AD with or without DM, for the ultimate goal of 

developing a tool for early Alzheimer’s dementia detection and intervention, a longitudinal 

study framework will best help us evaluate the predictive ability of our models by examining 

the time to Alzheimer’s dementia onset. Fourthly, this study did not take into account 

several potential confounders and other important variables that may play a role in the 

relation of 5hmC signatures to metabolism and brain function. We are planning follow-up 

research in a larger sample that will consider socio-demographic factors such as age, sex, 

and race, as well as common co-occurring medical conditions in DM (e.g., hypertension, 

obesity), especially as we and others have shown their relation to brain impairment and 

pathology [65–67]. Fifthly, there might be limitations in comparing results from our study 

with those of other studies using different designs and/or methods, for instance with cfDNA 

data generated from plasma or from samples that were “double-spun” (e.g., once at low 

speed and once at high speed). Finally, future systems biological studies that integrate, 

for example, transcriptomics, genome-wide association data, and detailed phenotype and 

lifestyle data, will help elucidate the interactions of epigenetic contributors to Alzheimer’s 

dementia with gene expression, genetic background, and environmental influences.

Conclusions

We performed genome-wide mapping of 5hmC in circulating cfDNA and brain tissue 

samples, and we identified distinct 5hmC signatures and biological pathways in persons with 

DM-associated AD compared to persons with only AD or only DM. These pathways may 

be particularly important for future investigation into the pathogenesis of DM-associated 

Alzheimer’s dementia. Our findings help lay the foundation for future development of 

5hmC-based tests using routine blood draws for Alzheimer’s dementia diagnosis or 

prognosis, which could be integrated into the management of high-risk individuals, such 

as those with DM, or utilized as a screening tool for the early detection of Alzheimer’s 

dementia in the general population. For devastating, currently, poorly treated conditions like 

AD and associated dementias, early detection of at-risk persons from among those with 

potentially modifiable diseases, such as DM, offers a powerful opportunity for targeted 

intervention and improved cognitive and societal outcomes.
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Figure 1. Study design.
A cohort of age- and sex-matched circulating cfDNA and DLPFC brain tissue gDNA 

samples from the Memory and Aging Project (Rush University Medical Center) was used 

to identify genomic distributions of 5hmC in four different disease/control groups (AD-only, 

DM-only, AD+DM, and controls), to perform differential 5hmC-gene analysis to determine 

5hmC-associated biological features in the different groups, and to explore the diagnostic 

potential of 5hmC in circulating cfDNA for AD using a machine learning approach. AD: 

Alzheimer’s Disease; DM: Diabetes Mellitus; control: non-AD/non-DM individuals; QC: 
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quality control; DLPFC: dorsolateral pre-frontal cortex; cfDNA: cell-free DNA; gDNA: 

genomic DNA.
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Figure 2. Genome-wide distributions of 5hmC in circulating cfDNA and brain tissue.
Genome-wide 5hmC profiles are summarized for various genomic feature types, including 

gene bodies, promoter regions, exons, and enhancers. A. Gene bodies exhibit enrichment of 

5hmC-Seal reads compared to flanking regions regardless of AD status. TSS: transcription 

start site; TES: transcription end site; AD+: AD-only and AD+DM samples; AD-: DM-only 

and non-AD/non-DM controls. B. and C. Co-localization of 5hmC-Seal reads with histone 

modifications identified in specific tissues from the Epigenomics Roadmap Project are 

shown for two enhancer markers: B. H3K27ac; and C. H3K4me1. AD+: AD-only and 
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AD+DM samples; AD-: DM-only and non-AD/non-DM controls. D. 5hmC-Seal reads 

demonstrate high correlation between person-matched brain tissue and circulating cfDNA 

samples. Blue, green, red, and black lines indicate shared top genes between cfDNA and 

brain tissue in AD-only, DM-only, AD+DM, and control samples, respectively. Dotted line 

indicates the number of simulated shared genes. AD: Alzheimer’s Disease; DM: Diabetes 

Mellitus; CTL: non-AD/non-DM individuals.
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Figure 3. Differential analysis and hierarchical clustering using circulating cfDNA suggests 
strong correlations between 5hmC distribution and disease states.
Differential analysis using multivariable logistic regression detects gene bodies differentially 

5hmC-modified in cfDNA for hierarchical clustering: A. AD-only vs. controls (CTL); B. 
AD-only vs. AD+DM; and C. DM-only vs. AD+DM. D. Venn diagram of the differential 

genes identified in three comparisons: AD+DM vs. DM-only; AD+DM vs. AD-only; AD-

only vs. non-AD/non-DM controls. Abbreviations as above and in main text.
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Figure 4. Gene annotation analyses of differential genes using circulating cfDNA suggests 
distinct biological pathways affected in persons with AD in different backgrounds.
A. B. Comparison of gene annotation terms associated with differential genes reveals 

similarities and differences in associated biological pathways for the different disease 

and control backgrounds. Dashed box highlights annotation terms in common to the two 

comparisons of persons with AD+DM versus each single disease (≥ 5% of input genes 

and p-value <0.01). PFC, pre-frontal cortex; ECM, extracellular matrix; ER, endoplasmic 
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reticulum; NPCs, neural precursor cells; H3me, methylation of histone H3. AD: Other 

abbreviations as above and in main text.
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Figure 5. Machine-learning suggests diagnostic potential of 5hmC in cfDNA for AD.
Statistical modeling using an elastic net regularization and multivariable logistic regression 

approach identifies: A. a weighted model comprised of 11 gene bodies that distinguishes AD 

from controls (CTL); B. a 4-gene weighted model that distinguishes AD from AD+DM; and 

C. a 4-gene weighted model that distinguishes DM from AD+DM. The AUC (area under the 

curve) and 95% CI (confidence interval) indicate performance of selected features evaluated 
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by the LOOCV (leave-one-out cross-validation) procedure. Abbreviations as above and in 

main text.
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Table 1.

Summary of the study participants and biospecimens.

Variable/Summary Age, blood draw - yrs (SD) Age, death - yrs (SD) Sex - male (%) Education - yrs (SD)

AD 86.2 (4.3) 88.4 (4.0) 12 (60.0) 14.9 (2.4)

DM 86.1 (3.7) 88.2 (3.9) 12 (60.0) 14.6 (2.5)

AD+DM 86.3 (2.6) 88.4 (2.5) 12 (60.0) 14.9 (3.1)

Controls 86.3 (3.8) 88.5 (3.6) 12 (60.0) 16.5 (2.8)

TOTAL 86.2 (3.6) 88.4 (3.5) 48 (60.0) 15.2 (2.8)

Abbreviations: SD, standard deviation; AD, Alzheimer’s Disease (based on neuropathologic criteria as described in the text); DM, Diabetes 
Mellitus; Controls, individuals with neither AD nor DM.
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