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Abstract

Aims: N6-methyladenosine modification of RNA (m6A) regulates translational control,

which may influence neuronal dysfunction underlying neurodegenerative diseases.

Methods: Using microscopy and a machine learning approach, we performed cellular

profiling of m6A-RNA abundance and YTHDF1/YTHDF3 m6A reader expression within

four regions of the human brain from non-affected individuals and individuals with Par-

kinson’s disease, dementia with Lewy bodies or mild cognitive impairment (MCI).

Results: In non-diseased tissue, we found that m6A-modified RNAs showed cell-type

and sub-compartment-specific variation. YTHDF1 and YTHDF3 showed opposing

expression patterns in the cerebellum and the frontal and cingulate cortices. Machine

learning quantitative image analysis revealed that m6A-modified transcripts were signifi-

cantly altered in localisation and abundance in disease tissue with significant decreases

in m6A-RNAs in Parkinson’s disease, and significant increases in m6A-RNA abundance in

dementia with Lewy bodies. MCI tissue showed variability across regions but similar to

DLB; in brain areas with an overall significant increase in m6A-RNAs, modified RNAs

within dendritic processes were reduced. Using mass spectrometry proteomic datasets

to corroborate our findings, we found significant changes in YTHDF3 and m6A anti-

reader protein abundance in Alzheimer’s disease (AD) and asymptomatic AD/MCI tissue

and correlation with cognitive resilience.

Conclusions: These results provide evidence for disrupted m6A regulation in Lewy body

diseases and a plausible mechanism through which RNA processing could contribute to

the formation of Lewy bodies and other dementia-associated pathological aggregates.

The findings suggest that manipulation of epitranscriptomic processes influencing trans-

lational control may lead to new therapeutic approaches for neurodegenerative diseases.
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INTRODUCTION

N6-methyladenosine (m6A) and the cap-adjacent N6,20-O-

dimethyladenosine (m6Am) are highly abundant and reversible mRNA

modifications [1, 2]. m6A modification is regulated by effector pro-

teins termed writer, eraser and reader proteins. RNA binding proteins

belonging to the reader category recognise specific chemical modifica-

tions and direct binding events [3, 4]. The best-characterised m6A

readers belong to the YTH domain family, which consists of YTHDF1,

YTHDF2, YTHDF3, YTHDC and YTHDC2. The YTHDF1–3 proteins

have similar sequence identity and binding affinities toward preferred

RNA motifs [5, 6], and recent studies support dosage-dependent

redundancy in their function to regulate m6A-dependent mRNA sta-

bility and translation [7–9]. However, context-specific factors are pro-

posed to determine each of their unique roles in moderating cellular

protein turnover required for specialised physiological processes [10].

In addition to YTH domain reader proteins that interact with m6A

RNA modified sites, several proteins have been identified as preferen-

tially interacting with unmodified m6A RNA binding sequences, that is,

they are repelled by ‘m6A’ RNA modifications and are hence referred

to as m6A anti-readers [11, 12].

Synaptic plasticity is widely accepted as the main neural basis of

learning and memory and when disrupted gives rise to neurological

disease. Evidence now exists that m6A-methylated transcripts and

effector protein machinery are involved in synaptic function, as well

as glial cell plasticity and neuronal development [13–16]. For instance,

m6A-modified RNAs, the YTHDF proteins and the ALKBH5 eraser

protein are located at actively translating synapses and involved in

early- and late-stage synaptic plasticity [14], and disrupting writer,

reader and eraser effector protein function, for example, METTL3,

YTHDF1, and FTO, gives rise to changes in plasticity, behaviour and

cognition [17–19]. Furthermore, m6A methylome mapping of mouse

forebrain synaptosomes and human parahippocampus brain tissue

also indicates that synaptic and neuronal transcripts and RNAs associ-

ated with increased risk for cognitive diseases are commonly m6A

modified [14, 20].

Dementia with Lewy bodies (DLB) and Parkinson’s disease

(PD) are common progressive neurodegenerative diseases [21]. At the

prodromal stages of DLB, as with other dementia-related disorders

such as Alzheimer’s disease (AD), mild cognitive impairment (MCI) is a

common feature, although only individuals with non-amnestic MCI

progress to develop DLB [22–24]. Both DLB and PD are classified as

α-synucleinopathies as the neuropathological hallmarks are large

abnormal α-synuclein (α-syn) aggregates within the cytoplasm of neu-

rons known as Lewy bodies and associated dendritic structures

termed Lewy neurites [23–26]. However, early PD pathology is char-

acterised by the loss of dopaminergic neurotransmission in the

medulla, substantia nigra and cerebellum [27–29], whereas in DLB,

abnormal deposits of α-syn at synaptic sites accumulate within the

neocortex and limbic system regions [30, 31]. In both diseases, large

α-syn aggregates are initially regionally localised, but at later stages,

pathology progressively spreads to other areas of the brain [32].

Although the underlying mechanisms that drive neuropathological

spreading are currently still under debate, one hypothesis is that spe-

cific molecular factors may act as a ‘seed’ for the formation of neuro-

toxic aggregates in other regions [33]. Furthermore, with the recent

discovery that the YTHDF reader proteins are intrinsically disordered

proteins [9, 34] that can promote the formation of highly condensed

macromolecular aggregates, this leaves open the possibility that m6A

RNA modification within neurons may influence abnormal protein

aggregation.

To better understand the importance of m6A RNA methylation in

human brain physiology and Lewy body diseases, we performed cellu-

lar profiling of m6A RNA abundance and YTHDF1 and YTHDF3 m6A

reader protein expression within cell populations of the cerebellum,

frontal and cingulate gyrus cortices and the hippocampus in aged indi-

viduals with no disease and from individuals with a diagnosis of PD,

DLB or MCI. m6A profiling revealed that modified transcripts and

YTHDF readers were found to be significantly altered in the localisa-

tion and abundance within PD, DLB and MCI brain tissue. YTHDF3

and specific anti-reader proteins were also found to change in abun-

dance in AD brain tissue. The results provide evidence for m6A regula-

tion disruption in Lewy body diseases and other degenerative

neurocognitive conditions, and a plausible mechanism influencing

translational control, which drives the formation of toxic protein

aggregates.

MATERIALS AND METHODS

Brain tissue

Non-affected, healthy brain tissue samples were obtained from the

Nottingham Health Science Biobank (Biobank reference ID

Key points

• m6A RNA modification influences the fate of RNAs and

has been associated with the formation of highly con-

densed macromolecular aggregates.

• The distribution of m6A-RNAs in specific cell populations

in human brain tissue and evidence for changes in Lewy

body disease has not yet been investigated.

• m6A-modified RNAs were found consistently more abun-

dant in dementia with Lewy bodies tissue and signifi-

cantly reduced or misplaced in brain tissue from

individuals with Parkinson’s disease.

• The findings of disrupted localisation and abundance of

m6A RNAs in Lewy body diseases are consistent with evi-

dence for alterations in the control of RNA translation

contributing to the formation of protein aggregate neuro-

toxic structures.
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ACP0000101). Individuals were at an advanced age at the time of

death (mean 85 years, ranging from 63 to 99 years old), but the brains

were classified as non-disease-affected by a neuropathologist. MCI,

PD and DLB brain tissue samples and associated clinical and neuro-

pathological data were supplied by the Parkinson’s UK Brain Bank,

funded by Parkinson’s UK, a charity registered in England and Wales

(258197) and in Scotland (SC037554). These samples had a mean age

of 82.5 years and ranged from 63 to 104 years old. Ethical permission

to collect and use human samples was previously granted to both tis-

sue banks by the relevant multicentre research ethical committees

(Parkinson’s UK Brain Bank approval Ref. No. 08/MRE09/31+5).

Demographic details and neuropathology at autopsy per tissue sample

are presented in Table S1. Tissue from four different brain regions

was examined: the cerebellum, cingulate gyrus, middle frontal gyrus

and hippocampus. These areas were chosen to enable comparison of

regions of the brain that undergo pathological changes in MCI, DLB

and PD at early or later stages of the disease. Three sections from

non-affected aged control, PD, DLB and MCI tissue per region were

examined. No differences in age or sex were evident between

affected and non-affected samples. Post-mortem interval data were

available for only a subset of PD and DLB brains (Table S1).

Immunohistochemistry

Sections were dewaxed and rehydrated by immersion in xylene and

ethanol. Antigen retrieval was conducted by immersing sections in

sodium citrate. Protein and endogenous peroxidases were blocked

by incubation with horse serum and by immersing sections in 3%

hydrogen peroxide. Endogenous avidin, biotin and biotin receptors

were blocked by incubating sections in Avidin D followed by Biotin

(Avidin/Biotin Blocking Kit, Vector Labs). Primary antibodies

were diluted in 0.2% Triton X-100, and sections were incubated

overnight. A universal secondary antibody was incubated with slides

for 1 h before incubation with Vectastain ABC Reagent (Vectastain

Elite ABC Kit, Vector Labs, USA) for 30 min. Tissue sections were

finally incubated with ImmPACT DAB substrate, counterstained in

haematoxylin and Scott’s tap water, and dehydrated. Positive

(GFAP immunoreactivity) and negative controls were included for

each experiment.

Antibodies and bright field microscopy

The following primary antibodies and dilutions were used: mouse

anti-m6A (Merck Millipore, MABE 1006, clone 17-3-4-1) 1:50,

mouse anti-YTHDF3 (Santa Cruz Biotech, sc-377119) 1:200, rabbit

anti-m6A (Abcam, ab190886) 1:250, rabbit anti-YTHDF1 (Abcam,

ab99080) 1:100, mouse anti-NeuN (Merck Millipore, MAB377)

1:100 and rabbit anti-GFAP (ThermoFisher, RM-2125-S) 1:50. The

mouse anti-m6A (Merck Millipore, MABE 1006), consistent with

other anti-m6A antibodies, does not show immunoreactivity in the

nucleus of cells in cell cultures or FFPE tissue [14]. Images of

immunostained tissue were captured using the Micro Manager

open-source microscope controller software [35] on an Axioplan

microscope (Carl Zeiss, Germany). All images were captured using a

20� air objective (NA = 0.5) with an exposure time of 35 ms. A

blank image was captured and used to white balance all other

experimental images using a macro created to apply the same

degree of colour intensity change to all images.

Image analysis of IHC using machine learning

Quantitative localisation was performed blind using the ilastik open-

source image classification and segmentation software (www.ilastik.

org) [36, 37]. Ilastik uses machine learning algorithms to automati-

cally, but under supervision, quantify features in an image. All

feature selection algorithms were set at a threshold of σ = 1.0. Two

labels were used in the training modules; one to identify and train

for brown DAB staining and one to teach the exclusion of blue

haematoxylin staining. After training, experimental images were

batch processed, and the probability maps generated were exported

as .tiff files and used in FIJI as masks. A macro was run in FIJI to

calculate and record mean pixel intensity values. A pipeline for this

analysis is presented in Figure S1. One-way ANOVAs and Dunnett’s

multiple comparison tests were undertaken to assess statistical

significance. Statistical tests and the generation of graphs were

performed using GraphPad Prism.

Data analysis of effector proteins using tandem mass
tag mass spectrometry (TMT-MS) quantitative
proteomic datasets

Tandem mass tag mass spectrometry (TMT-MS) data from the dorsal

lateral prefrontal cortex (DLPFC) published by Johnson et al. [38] and

Yu et al. [39] were examined for changes in YTHDF1 and YTHDF3

protein abundance and 18 human cytoplasmic m6A anti-readers

reported by Edupuganti et al. [12]. The anti-reader proteins examined

were METTL16, THUMD1, DUS3L, SRSF9, SRSF6, SRSF5, SRSF4,

SRSF1, ZC3HAV1, LSM12, DNAJC13, ATXN2L, POLD1, NUFIP2,

CAPRIN1, USP10, G3BP1 and G3BP2. The Johnson et al.’s dataset

performed TMT-MS using AD, Asymptomatic AD (AsymAD) and unaf-

fected control brain tissue from the Religious Orders Study and Mem-

ory and Aging Project (ROSMAP, n = 84 control, 148 AsymAD and

108 AD) and the Banner Sun Health Research Institute (Banner,

n = 26 control, 58 AsymAD and 92 AD) [38]. Asymptomatic AD sam-

ples in this dataset are similar in phenotype to MCI. In addition to

quantifying protein levels, individual protein abundance was corre-

lated with performance in the mini-mental state examination (MMSE);

Braak staging; CERAD scores; alpha-synuclein (SNCA) and TARDBP

[TDP-43]; and amyloid beta 6–28 protein measures. In the Yu et al.

study, cognitive resilience was quantified using cognitive and clinical

evaluations [39]. Further details of methods and statistical analyses

are provided by [38, 39].
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RESULTS

m6A-modified RNA distribution within neuronal cells
in the aged human brain

Using an antibody specific for m6A-modified RNAs, we characterised

m6A-RNA distribution and abundance in non-diseased aged human

brain tissue. We observed m6A-modified transcripts throughout all

cytoplasmic regions, including axons and dendrites, of neuronal and

glial cells, but an m6A signal was absent from the nucleus. M6A-

modified RNAs were observed within the three main regions of the

cerebellum, the outermost molecular layer (ML), the Purkinje cell layer

(PL) and the granular cell layer (GL), although there was some clear

variation in the presence and abundance of modified RNAs between

cells. Medium to high abundance of m6A-modified RNA was observed

around the nucleus of inhibitory interneurons in the ML, within the

cytoplasm of the granular layer cells and large Purkinje cells and in

putative Bergmann glia cells. Strong m6A abundance was observed in

the processes of the Purkinje cells, which extended into the molecular

layer (Figure S2).

We next examined the abundance of modified RNAs within the

cingulate gyrus (CG), a part of the limbic system reported to be one of

the first areas in DLB to accumulate α-synuclein aggregates at synap-

ses as well as large cytoplasmic Lewy bodies. Within the six cortical

layer structure (Figure 1, column 1), glial cells and processes within

Layer I and granular cells within Layers II and IV showed a high abun-

dance of m6A RNAs. Within Layer III pyramidal cells, m6A immunore-

activity was found to be darker near the nucleus and lighter within

the cytoplasm along neuronal processes indicating fewer modified

RNAs. However, the large pyramidal cells of Layer V were darkly

immunostained throughout the cytoplasm. Finally, Layer VI contained

a mixture of immunoreactive cell types showing varying degrees of

m6A abundance. Consistent with the CG, observations of the frontal

cortex (FC), also a cortical region, revealed similar m6A-modified RNA

abundance (Figure S3). However, a decrease in modified m6A RNAs

was observed within the cell body and processes of pyramidal cells

within Layer V.

m6A modified RNA profiles were also characterised within

the hippocampal formation, a region in which neuropathological

changes associated with dementias contribute to cognitive decline.

Within the dentate gyrus granular cell layer, a site where adult neu-

rogenesis occurs, widespread m6A immunoreactivity was observed

(Figure 2). In the dentate gyrus hilar region, m6A-modified RNAs

were observed in large pyramidal cells and along extended pro-

cesses of mossy cell and CA4 field neurons. Putative small inhibi-

tory basket cells within this region appeared to have few modified

RNAs. In the Cornu Ammonis (CA) fields outside of the dentate

gyrus, individual neurons within the CA4 and CA3/2 were all

similarly stained. The hippocampus CA1 field displayed the most

variance in m6A immunostaining with some cells showing low

overall immunoreactivity while others were darkly stained in the

cytoplasm. The location of m6A-RNAs also varied between the

cytoplasm and axons in CA1 cells.

m6A-readers YTHDF1 and YTHDF3 expression in
human brain

We next characterised YTHDF1 and YTHDF3 expression across the

same four brain regions. YTHDF1 was found to be expressed in all

layers of the cerebellum with cell type-specific variation. Expression

of YTHDF1 within the Purkinje cells was especially high in the cyto-

plasm including neuronal/dendritic processes but these cells had low

or no YTHDF3 expression (Figures S4 and S5). Similarly, YTHDF1 was

also highly expressed in the GL whereas few cells in the GL were

immuno-positive for YTHDF3. The abundance of YTHDF1 and

YTHDF3 varied in the CG and FC cortices and contrasted with the

pattern observed in the cerebellum. YTHDF1 abundance in both corti-

cal regions was generally low across cell populations. An exception

was pyramidal neurons within layer III that had high cytoplasmic

expression and layers V-VI where YTHDF1 was consistently located

in the cytoplasm opposite to the axon, that is, showed a polarised pat-

tern. Conversely, YTHDF3 abundance was high in all layers of CG and

layers I–IV of FC (Figure S6). However, within FC the large pyramidal

cells of layer V had very low immunoreactivity and interestingly,

YTHDF3 staining was also not observed in the neuronal processes of

pyramidal cells. The lack of expression of YTHDF1 and YTHDF3

readers within processes of layer V cortical pyramidal cells deviates

from our previous observation of high m6A-modified mRNA in these

same pyramidal cells.

Within the hippocampus, low levels of cytoplasmic YTHDF1

expression were observed within the dentate gyrus granular cells and

large neurons within the hilar, while in the CA4 primary neurons,

strong m6A abundance was evident but restricted to neuronal soma

(Figure S7). Within the CA3/CA2 and CA1 fields, YTHDF1 was highly

abundant in small cytoplasmic clusters, whereas in CA1 pyramidal

neurons YTHDF1 was also evident in axons. YTHDF3 expression was

observed in all sub-regions of the hippocampus (Figure S8). In the CA

fields, pyramidal cells displayed strong YTHDF3 immunoreactivity as a

distinctive ring pattern in soma, which might reflect high YTHDF3

expression in the endoplasmic reticulum. In contrast to YTHDF1 in

the CA1, YTHDF3 was absent from neuronal processes. These results

suggest that YTHDF1 and YTHDF3 are co-expressed within pyramidal

neurons but they also differentially localise within cell sub-

compartments.

Quantitative image analysis of m6A-modified RNAs
and YTHDF1/YTHDF3 abundance in PD, DLB and
MCI brain tissue

Cerebellum

To examine whether m6A processes are disrupted in Lewy body dis-

eases, we examined brain tissue from individuals with PD, DLB and

MCI and performed unbiased machine learning quantification of m6A

staining intensities. In the cerebellum, there was a significant increase

in m6A abundance across the entire cerebellum in PD, (Ctrl 120.8

4 of 12 MARTINEZ DE LA CRUZ ET AL.
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± 21.31, PD 149.5 ± 24.14, p ≤ 0.005), DLB (149.8 ± 26.05;

p ≤ 0.0005) and MCI tissue samples (MCI 154.8 ± 27.00; p ≤ 0.0001;

Figure S2 and Table 1). However, the large Purkinje cells in all disease

tissue had reduced or no m6A expression as compared with unaf-

fected control tissue (Figure S2, yellow arrows). Counter to m6A abun-

dance, we observed a significant reduction in YTHDF1 expression in

PD cerebellum tissue (Ctrl 113.7 ± 25.42, PD 95.02 ± 20.82;

p ≤ 0.005), with no YTHDF1 expression in Purkinje cells or cells within

the molecular layer (Figure S4, column 2). Like PD tissue, MCI tissue

showed an overall reduced YTHDF1 expression (MCI 99.88 ± 23.87;

p ≤ 0.05). This contrasted significantly with YTHDF1 expression in

DLB tissue which was found to be of comparative abundance and dis-

tribution as non-affected control tissue (DLB 108.2 ± 23.77; p > 0.65,

Figure S4, column 3). YTHDF3 expression was found to be signifi-

cantly increased in the cerebellum of all disease tissues compared with

control tissue (Ctrl 136.9 ± 25.52, PD 160.1 ± 20.7, p ≤ 0.0005; DLB

158.7 ± 20.17, p ≤ 0.0005; MCI 158.9 ± 23.33, p ≤ 0.001; Figure S5).

However, Purkinje cells in PD samples had either no or very low

F I GU R E 1 m6A-modified transcripts in non-affected and diseased tissue within the cingulate gyrus in tissue. m6A-modified transcripts were
found abundant in cells of all six cortical layers, I–VI (rows 1–6). The location and abundance of m6A-modified transcripts were found to
significantly differ in disease tissue with an overall decrease in m6A-modified RNAs in PD and an overall increase in DLB and MCI tissue. White
arrows indicate changes in subcellular localisation of m6A-modified transcripts between control and disease samples. DLB, dementia with Lewy
bodies; GL, granular layer. MCI, mild cognitive impairment; ML, molecular layer; PD, Parkinson’s disease; PL, Purkinje layer. **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001. Scale bar = 20 μm.
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YTHDF3 immunoreactivity and in DLB tissue YTHDF3 was observed

in the cytoplasm but not proximal neuronal processes. Finally, MCI tis-

sue showed some Purkinje cells had high, medium, or low YTHDF3

expression in the cytoplasm and proximal neuronal processes.

Frontal cortex and cingulate gyrus

Cingulate gyrus tissue showed an overall increased m6A abundance in

DLB and MCI (Ctrl 107.5 ± 12.66, DLB 153.0 ± 4.43, p ≤ 0.0001; MCI

123.5 ± 15.43; p ≤ 0.0005; Figure 1). However, in Layer V of the CG

in DLB and MCI tissue, a notable decrease in the number of m6A-

stained pyramidal neuron processes was observed despite an overall

increase in the expression of m6A modifications in these cells. Fur-

thermore, pyramidal neurons in Layer VI of CG and FC tissue in MCI

individuals indicated a polarised distribution with m6A abundance

localised to the cytoplasmic region opposite the cell’s axon, a pattern

which was also evident for YTHDF1 expression in this cortical layer in

non-affected tissue (Figures 1 and S3). DLB tissue also showed a simi-

lar decrease in pyramidal neuron processes immunoreactivity but an

overall increase in m6A methylation levels (Figure S3, column 3) in

both cytoplasm and processes of cells within the FC (Ctrl 116.8

± 6.14, DLB 136.3 ± 9.13, p ≤ 0.001).

Compared with control tissue, CG and FC cortical regions in PD

tissue revealed a large decrease in m6A modification abundance

(CG Ctrl 107.5 ± 12.66, PD 93.57 ± 15.09, p ≤ 0.005; FC Ctrl 116.8

± 6.14, PD 109.1 ± 6.71, p ≤ 0.05) but notably, modified RNAs in

pyramidal processes remained apparent and numerous and the spatial

distribution and localisation of m6A abundance within cells was gener-

ally unchanged (Figure 1, column 2, Figure S3, column 2). MCI tissue

F I GU R E 2 m6A-modified spatial profiling in the hippocampus in healthy and diseased brain tissue. m6A-modified transcripts were found to
be highly prevalent in granular cells of the dentate gyrus and pyramidal neuron cytoplasm and processes. Arrows point to sites where differential
abundance was observed between diseases. Yellow arrows indicate changes in abundance between control and disease samples, and white
arrows indicate changes in subcellular localisation of m6A-modified transcripts between control and disease samples. CA, cornu ammonis; DG,
dentate gyrus; DLB, dementia with Lewy bodies; MCI, mild cognitive impairment, PD, Parkinson’s disease; SUB, subiculum. ****p ≤ 0.0001. Scale
bar = 20 μm.
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in the frontal cortex also showed an overall decrease in m6A abun-

dance (FC Ctrl 116.8 ± 6.14, MCI 102.3 ± 16.97, p ≤ 0.0001), a pat-

tern opposite to the increased m6A abundance in the CG. Of interest,

layer V showed a clear decrease in immunoreactivity in neuronal pro-

cesses, and unlike PD tissue, also showed decreased m6A modified

RNAs in large pyramidal layer V neuronal processes.

T AB L E 1 Mean quantitative abundance of m6A-modified RNAs and YTHDF1 and YTHDF3 reader proteins across brain regions and in
healthy, PD, DLB and MCI tissue.

Brain region Control abundance Disease Disease abundance p value

Cerebellum m6A 120.8 ± 21.3 PD 149.5 ± 24.1** <0.005

DLB 149.8 ± 26.1*** <0.0005

MCI 154.8 ± 27.0**** <0.0001

YTHDF1 113.7 ± 25.4 PD 95.0 ± 20.8** 0.005

DLB 108.2 ± 23.8 0.65

MCI 99.9 ± 23.9* <0.05

YTHDF3 136.9 ± 25.5 PD 160.1 ± 20.7*** <0.0005

DLB 158.7 ± 20.2*** <0.0005

MCI 158.9 ± 23.3*** <0.001

Frontal cortex m6A 116.8 ± 6.1 PD 109.1 ± 6.7* <0.05

DLB 136.3 ± 9.1**** <0.0001

MCI 102.3 ± 17.0**** <0.0001

YTHDF1 118.7 ± 6.4 PD 116.5 ± 5.7 0.49

DLB 118.1 ± 10.3* 0.98

MCI 120.6 ± 6.2 0.69

YTHDF3 128.7 ± 9.6 PD 123.4 ± 7.6* <0.05

DLB 133.7 ± 4.2* <0.05

MCI 131.8 ± 6.0 0.21

Cingulate gyrus m6A 107.5 ± 12.7 PD 93.6 ± 15.1** <0.005

DLB 153.0 ± 4.4**** <0.0001

MCI 123.5 ± 15.4*** <0.0005

YTHDF1 135.9 ± 10.5 PD 124.0 ± 18.8** <0.005

DLB 135.4 ± 5.2 0.99

MCI 141.6 ± 9.8 0.24

YTHDF3 120.5 ± 11.2 PD 106.4 ± 11.0**** <0.0001

DLB 136.4 ± 6.8**** <0.0001

MCI 111.2 ± 8.3** <0.005

Hippocampus m6A 110.8 ± 11.7 PD 94.0 ± 16.3**** <0.0001

DLB 133.7 ± 4.6**** <0.0001

MCI 89.2 ± 8.5**** <0.0001

YTHDF1 122.2 ± 16.5 PD 141.4 ± 14.5**** <0.0001

DLB 138.6 ± 9.3**** <0.0001

MCI 109.4 ± 8.5*** <0.0005

YTHDF3 118.2 ± 10.8 PD 145.4 ± 6.6**** <0.0001

DLB 137.1 ± 6.5**** <0.0001

MCI 121.4 ± 4.3 0.12

Note: Mean abundance or protein expression in affected and control tissue and p values for differences in abundance are presented for the cerebellum,

frontal and cingulate cortices and the hippocampal regions. p values presented are corrected for multiple comparisons.

Abbreviations: DLB, dementia with Lewy bodies; MCI, mild cognitive impairment; PD, Parkinson’s disease.
*p ≤ 0.05.

**p ≤ 0.01.

***p ≤ 0.001.

****p ≤ 0.0001.

M6A MRNA METHYLATION IN HUMAN BRAIN IS DISRUPTED IN LEWY BODY DISORDERS 7 of 12

 13652990, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/nan.12885 by U

niversity O
f N

ottingham
, W

iley O
nline L

ibrary on [28/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



YTHDF1 expression in the CG and FC PD tissue was globally

reduced although this change in abundance was significant only for

the CG (CG Ctrl 135.9 ± 10.54, PD 124.0 ± 18.82, p ≤ 0.005; FC Ctrl

118.7 ± 6.37, PD 116.5 ± 5.7, p > 0.49). Decreased expression was

most notable in Layer III and Layers V-VI. For DLB and MCI tissue, no

overall quantitative differences were identified for YTHDF1 expres-

sion in either the CG or FC (CG Ctrl 135.9 ± 10.54, DLB 135.4 ± 5.22,

p > 0.99; MCI 141.6 ± 9.76; p > 0.24; FC Ctrl 118.7 ± 6.37, DLB

118.1 ± 10.34, p > 0.98; MCI 120.6 ± 6.2, p > 0.69). However, in MCI

tissue Layers III and V of CG, YTHDF1 expression was not observed

in processes.

YTHDF3 expression was found reduced in PD samples within the

CG and FC (CG Ctrl 120.5 ± 11.24, PD 106.4 ± 11.02, p ≤ 0.0001;

FC Ctrl 128.7 ± 9.62, PD 123.4 ± 7.63, p < 0.05) and this decrease

was evident across all cortical layers (Figure S6). An overall decrease

in YTHDF3 expression in MCI tissue was found in the CG (CG Ctrl

120.5 ± 11.24, MCI 111.2 ± 8.26, p ≤ 0.005) but no significant

differences in expression for the FC (FC Ctrl 128.7 ± 9.62, MCI 131.8

± 6.01, p > 0.21). In contrast, YTHDF3 expression in DLB CG and FC

tissue saw a global increase (CG Ctrl 120.5 ± 11.24, DLB 136.4 ± 6.8,

p ≤ 0.0001; FC Ctrl 128.7 ± 9.62, DLB 133.7 ± 4.2, p < 0.05).

Hippocampus

Consistent with other regions of the brain, PD-affected hippocampal

tissue had significantly reduced overall m6A-modified RNAs (Ctrl

110.8 ± 11.65, PD 94.02 ± 16.27, p ≤ 0.0001). The intensity of stain-

ing in dentate gyrus neurons was lower and processes did not show

m6A immunoreactivity (Figure 2). Likewise, we did not observe

modified transcripts in the neuronal processes of CA4 and CA3/CA2

neurons but in the CA1 field, although m6A abundance was reduced,

some processes were m6A-positive (Figure 2, rows 2–4). In contrast

to PD, but consistent with all three other regions, DLB samples

showed a significant increase in m6A abundance, (Ctrl 110.8 ± 11.65,

DLB 133.7 ± 4.59, p ≤ 0.0001). However, patterns of subcellular

localisation including within processes did not appear different to

unaffected control tissue. MCI-affected hippocampal tissue showed

the largest reduction in m6A expression (Ctrl 110.8 ± 11.65, MCI

89.16 ± 8.45, p ≤ 0.0001), and compared with controls tissue, there

was a lack of modified transcripts in dentate gyrus cells including

granular cells as well as within neuronal processes in all CA fields

(Figure 2, column 4, rows 1–4).

Global YTHDF1 expression was increased in PD and DLB samples

within the hippocampus (Ctrl 122.2 ± 16.46, PD 141.4 ± 14.48,

p ≤ 0.0001; DLB 138.6 ± 9.32, p ≤ 0.0001), where highly increased

cytoplasmic and axonal expression was observed in the CA fields

(Figure S7). However, the expression of YTHDF1 was reduced in MCI

samples (Ctrl 122.2 ± 16.46, MCI 109.2 ± 8.45, p ≤ 0.0005). A global

increase of YTHDF3 immunoreactivity was also evident in PD (Ctrl

118.2 ± 10.79, PD 145.4 ± 6.63, p ≤ 0.0001) and DLB (Ctrl 118.2

± 10.79, DLB 137.1 ± 6.55, p ≤ 0.001) (Figure S8) and in particular, in

PD tissue within the dentate gyrus and CA3/CA2 cells. Expression of

YTHDF3 did not appear to differ in MCI from the control tissue (Ctrl

118.2 ± 10.79, MCI 121.4 ± 4.31, p = 0.12). These significant changes

in m6A methylation abundance and reader expression patterns sug-

gest that m6A methylation is a key mechanism underlying RNA pro-

cessing, which is dysregulated in the hippocampus of individuals with

Lewy body disease or MCI.

Factors which influence changes in YTHDF protein sub-

localisation within cells or abundance across cell populations are not

well characterised but may include feedback systems involving m6A

autoregulation of effector reader proteins, reader Lnc RNAs, for

example, YTHDF3-AS1, or m6A anti-reader proteins [14]. In an attempt

to first provide corroborating evidence supporting our findings that

the YTHDF1 and YTHDF3 m6A reader proteins change in abundance

in neurodegenerative disease brain tissue, we examined tandem mass

tag mass spectrometry (TMT-MS) proteomic datasets which assessed

protein abundance in the prefrontal cortex and quantified differences

between individuals with AD, asymptomatic AD and healthy control

individuals [38] or protein associations with cognitive resilience [39].

We found that YTHDF3 protein abundance was significantly lower in

the prefrontal cortex in individuals with AD (post hoc FDR corrected

p value, AD vs control p = 0.003; AD vs AsymAD p = 0.006) and that

YTHDF3 protein abundance showed a significant positive correlation

with high cognitive performance in the MMSE (p = 0.03), as well as

positive correlations with α-syn [SCNA] (p = 0.009) and TARDBP

(p = 1.92 x 10�10) protein levels. In contrast, a negative correlation

between YTHDF3 protein levels and CERAD pathology score

(p = 0.046) was observed. YTHDF3 protein abundance was also

reported to be significantly positively associated with cognitive resil-

ience which is consistent with lower YTHDF3 abundance in cogni-

tively impaired AD individuals (Table S2). YTHDF1 indicated no

differences in expression in the prefrontal cortex across AD, AsymAD

or control groupings and no correlations with pathological or cognitive

measures.

We hypothesised that if significant changes to m6A reader

protein localisation and abundance occur across neurodegenerative

disease tissues, anti-reader proteins, which may influence m6A RNA

binding protein complexes and could be part of an autoregulatory

feedback mechanism, would also show changes with disease.

On analysing the protein abundance of the 18 cytoplasmic anti-

readers, we discovered that 9 of the 18 anti-reader proteins showed

significant differences in abundance between AD/AsymAD and

control tissue (Table S2). These significant differences included both

increases and decreases in protein expression in AD suggesting

context-specific factors influence effector protein localisation and

function. Furthermore, one anti-reader protein, ATXN2L, like

YTHDF3, also showed a significant association with cognitive

resilience. These findings support that reader and anti-reader protein

abundance change across neurodegenerative diseases and that the

direction of change in m6A effector machinery, like changes in m6A

modified RNA, are different depending on the disease, for example,

AD, PD or DLB.
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DISCUSSION

The processes leading to neurodegeneration in brain tissue will

involve disruption to normal cellular turnover of RNAs and proteins in

subcellular compartments. m6A modification regulates translation,

degradation and stability across most RNA species known. However,

whether, how and where disruption to m6A modified-RNA contrib-

utes to Lewy body pathology, is still unknown. In healthy brain tissue,

we observed m6A-RNAs in most cytoplasmic regions including in both

neuronal and glial cells. High abundance was observed in dendritic

processes of specific neuronal cell populations, for example, cortical

pyramidal layers III, V and VI, CA regions of the hippocampus and

granular cells of the dentate gyrus, but, found sparse or inconsistently

abundant within processes of pyramidal cells of the subiculum and

Purkinje cells of the cerebellum. Of note, and consistent with reports

that m6A modification governs cell fate determination [40], self-

renewal of mouse embryonic stem cells [41] and prolongs embryonic

cortical neurogenesis [16], we observed in non-disease tissue high

abundance of modified RNAs within potential stems cells in the SGZ

of the hippocampus, as well as in the large mossy fibre cells of the

dentate gyrus. Changes in m6A-modified RNA abundance in these

‘neurogenic’ cell populations were evident in PD, DLB and MCI tissue

but showed contrasting patterns of change across the Lewy body dis-

eases. For example, in PD and MCI, m6A-RNAs were reduced in den-

tate gyrus neurons and were no longer located in the processes,

whereas in DLB, there was a significant increase in m6A-RNAs, but no

evident change in subcellular localisation. Whether demethylation by

ALKBH5 controls modified RNA abundance within sub-cellular com-

partments and thus influences the development and proliferation of

SGZ cells, as evident in developing mouse cerebellar cells [42],

remains to be determined.

m6A abundance was found to be significantly altered in diseased

tissue in all brain regions examined but showed consistent opposing

patterns across neurodegenerative disorders (Figure 3). In PD tissue,

the abundance of m6A-modified RNAs was significantly decreased

across all regions except for the cerebellum where modified RNAs

were significantly more abundant than in the healthy tissue. However,

within the cerebellum, Purkinje cells showed no, or reduced, m6A-

RNAs and YTHDF3 abundance within the cytosol. This is of interest

because Purkinje cell loss or depletion of Purkinje cell processes has

been repeatedly reported in Parkinsonism [31, 43], and hence, our

findings support that RNA processing mechanisms may be contribut-

ing to such Parkinson’s disease cerebellar dysfunction. The signifi-

cantly decreased abundance of modified RNA in PD in the cytosol of

cells found throughout the hippocampus and in both cortical regions

could have a significant influence on cytoplasmic protein turnover and

protein subcellular distribution and aggregation, affecting known

molecular neuropathological processes. As yet, the mechanisms that

may be determining why modified RNAs are significantly reduced are

not known but could involve disruption to m6A RNAs transport out of

the nucleus into the cytoplasm or could increase demethylation pro-

cessing occurring at localised cytoplasmic sites.

DLB tissue showed a significant increase in both modified RNAs

and YTHDF3 expression across all regions although in some areas

such as the hippocampus, the pattern of m6A-RNA subcellular locali-

sation did not differ from the unaffected tissue. Futhermore, MCI tis-

sue showed variability with both significant increases and decreases

in m6A abundance across brain areas and similar to DLB, in brain areas

where there was an overall increase in m6A-RNAs, modified RNAs

within dendritic processes were found to be reduced. Mass spectrom-

etry proteomic data of prefrontal tissue also substantiated that m6A

effector machinery is altered in AD and extended the findings to

include anti-reader proteins. Together, these findings suggest that

there may be independent molecular switches that govern changes in

modified RNA abundance within the cell compartments and functional

subcellular structures and that differ between neurodegenerative

F I GU R E 3 Heat chart of changes in abundance of m6A-modified RNAs and YTHDF1 and YTHDF3 reader proteins across brain regions and
in healthy aged, PD, DLB and MCI tissue. Increased red, normal yellow, and decreased green for m6A-modified RNAs abundance and YTHDF1
and YTHDF3 expression across regions and within disease categories. DLB tissue was found to have consistently increased abundance of m6A-
modified RNAs across all brain tissue regions as well general increases in YTHDF1 and YTHDF3 expression compared with healthy control tissue.
PD tissue, in contrast, showed significantly reduced m6A-modified RNAs in three brain regions and no consistent pattern of changes in YTHDF
reader protein expression. DLB, dementia with Lewy bodies; MCI, mild cognitive impairment; PD, Parkinson’s disease.
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diseases and, potentially, stage of disease pathology. Future m6A

mRNA mapping studies using base resolution techniques such as

miCLiP-seq [44] and brain tissue from clinical populations are needed

to determine which transcripts change their modification profiles in

disease.

The study is not without limitations. First, the cellular profiling of

m6A-RNAs was conducted with relatively few samples per disease

group, and a possible difference between amnestic and non-amnestic

MCI cases was not explored. Moreover, the approach adopted cannot

distinguish whether significant increases or decreases in m6A-

modified RNA abundance are owing to changes in the number of

modified mRNAs or a change in the number of modifications along

mRNAs, that is, an increase or decrease in multi-modified transcripts.

However, evidence providing further support for our findings that

m6A processes are disrupted in neurodegenerative disease is begin-

ning to emerge. First, RNA-binding motif protein 3 (RMB3), an RNA-

binding protein involved in cellular stress response, which is known to

increase global protein synthesis rates including in dendrites [45, 46],

was recently predicted to bind to m6A modified sites, that is, act as an

alternative m6A effector reader protein [47]. RBM3 knockdown has

been found to exacerbate synaptic loss in mouse prion and AD models

of disease, whereas enhanced expression of RBM3 restores the

capacity for synapse repair after cooling [48]. Second, HNRNPA2B1,

an m6A writer that influences splicing [49], associates with oligomeric

tau and m6A-RNAs, and in late-stage AD temporal cortical tissue,

global HNRNPA2B1, tau and m6A-RNAs are all found increased in

abundance [50]. Indeed, the cytoplasmic distribution of m6A immuno-

reactivity in severe AD cases was found much broader than Tau or

HNRNPA2B1, suggesting that changes in the m6A modification pro-

cess begin earlier, and may be independent of HNRNPA2B1 or tau

pathology [50]. Third, α-syn RNA is m6A modified in brain tissue as

are several proteins which interact with α-syn including β-synuclein

and γ-synuclein [13, 14, 51]. Furthermore, α-syn undergoes extensive

protein phosphorylation in synuclein aggregates in DLB and PD tissue

and is commonly found ubiquitinated in Lewy bodies [52, 53]. Pro-

teins involved in both these post-translational modification processes

have to be found significantly enriched for m6A-modified transcripts

in brain tissue [14]. With the uncovering role of multi-modified-m6A

mRNAs in promoting the formation of highly condensed membrane-

less macromolecular aggregates [9, 34, 54, 55], our study provides a

novel avenue to explore mechanisms which drive the formation of

neurotoxic Lewy aggregates. Together, our findings provide support

that manipulation of common epitranscriptomic processes influencing

translational control may lead to new therapies preventing synaptic

failure and neuronal pathology across the spectrum of neurodegener-

ative diseases.
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