Molecular PSYCh iatry www.nature.com/mp

ARTICLE ) Check for updates
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Human hippocampal volume has been separately associated with single nucleotide polymorphisms (SNPs), DNA methylation and
gene expression, but their causal relationships remain largely unknown. Here, we aimed at identifying the causal relationships of
SNPs, DNA methylation, and gene expression that are associated with hippocampal volume by integrating cross-omics analyses
with genome editing, overexpression and causality inference. Based on structural neuroimaging data and blood-derived genome,
transcriptome and methylome data, we prioritized a possibly causal association across multiple molecular phenotypes: rs1053218
mutation leads to cg26741686 hypermethylation, thus leads to overactivation of the associated ANKRD37 gene expression in blood,
a gene involving hypoxia, which may result in the reduction of human hippocampal volume. The possibly causal relationships from
rs1053218 to cg26741686 methylation to ANKRD37 expression obtained from peripheral blood were replicated in human
hippocampal tissue. To confirm causality, we performed CRISPR-based genome and epigenome-editing of rs1053218 homologous
alleles and cg26741686 methylation in mouse neural stem cell differentiation models, and overexpressed ANKRD37 in mouse
hippocampus. These in-vitro and in-vivo experiments confirmed that rs1053218 mutation caused cg26741686 hypermethylation
and ANKRD37 overexpression, and cg26741686 hypermethylation favored ANKRD37 overexpression, and ANKRD37 overexpression
reduced hippocampal volume. The pairwise relationships of rs1053218 with hippocampal volume, rs1053218 with cg26741686
methylation, cg26741686 methylation with ANKRD37 expression, and ANKRD37 expression with hippocampal volume could be
replicated in an independent healthy young (n = 443) dataset and observed in elderly people (n = 194), and were more significant
in patients with late-onset Alzheimer's disease (n = 76). This study revealed a novel causal molecular association mechanism of
ANKRD37 with human hippocampal volume, which may facilitate the design of prevention and treatment strategies for
hippocampal impairment.
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INTRODUCTION

The human hippocampus contributes to memory, navigation and
cognition [1], and is vulnerable to stress [2]. Hippocampal
impairment is commonly seen in various brain disorders, such as
Alzheimer’s disease (AD) [3], epilepsy [4], major depression [5], and
schizophrenia [6]. As the most reliable neuroimaging measure,
hippocampal volume has been extensively used to assess
hippocampal impairment in brain disorders. For example,
hippocampal atrophy becomes the most established neuroima-
ging feature of AD [7, 8] and the strongest predictor of
progression to AD [9, 10]. Interindividual variability in hippocam-
pal volume is determined by genetic variations, environmental
exposures and their complex interactions. The human hippocam-
pal volume has an estimated heritability of 0.62-0.74 [11], and
therefore a number of studies have investigated its genetic
determinants.

Genetic determinants of human hippocampal volume include
variation at genetic, epigenetic and gene expression levels.
Genome-wide association studies (GWASs) have discovered a
number of genetic loci related to human hippocampal volume
[11-13]; however, the majority of the identified SNPs are located
in non-coding genomic regions [14], indicative of an influence on
transcriptional regulation rather than protein coding sequences.
Since GWASs cannot accurately predict the genes mediating the
effect of genetic variation on hippocampal volume, it is necessary
to investigate the association between gene expression and
hippocampal volume. Despite the lack of analyses throughout the
entire transcriptome, several studies have reported specific
associations between gene expression and hippocampal volume
[15, 16]. In addition, epigenome-wide association studies (EWASs)
have reported associations between blood DNA methylation and
human hippocampal volume [17]. However, these studies were
carried out separately to identify the association of genetic
variation, gene expression or DNA methylation with hippocampal
volume, leaving the complex relationships of hippocampal
volume with genetic, epigenetic and transcriptional variations
unexplored. Moreover, these studies can only generate correla-
tions rather than causal dependencies, which are more informa-
tive of efficacious therapies and diagnoses of brain disorders.

Non-coding functional genetic variants (S) may affect hippo-
campal volume (H) by regulating gene expression (E), which is
defined as S— E — H, is the simplest and widely acknowledged
causal model. Since DNA methylation (M) is under considerable
genetic control [18, 19] and usually regulates gene expression by
affecting chromatin state or the binding of transcription factors to
DNA sequences [20], presumably, S - M — E — H could be a more
detailed causal model where genetic variation initially regulates
DNA methylation, and the latter affects hippocampal volume by
modulating gene expression. Because gene expression and DNA
methylation show both tissue-specific and shared patterns [21] as
well as blood tissue is easier accessible than hippocampal tissue,
identifying the S— M —E—H causal associations shared by
blood and hippocampal tissues will create useful blood biomar-
kers for assessing hippocampal impairment in brain disorders.

In this study, we aimed at identifying S— M — E — H causal
mechanisms shared by blood and hippocampal tissues. We firstly
combined multi-omics analyses of GWAS [12] (S-H), genome-wide
expression quantitative trait loci (cis-eQTL, S-E) and methylation
quantitative trait loci (cis-mQTL, S-M) with causality approaches of
summary data-based Mendelian Randomization (SMR) [22],
Bayesian co-localization [23] and casual inference test (CIT) [24]
to identify S— M — E - H causal mechanisms in human blood
tissue. The identified possibly causal S — M — E associations were
then replicated in human hippocampal tissue, and the possibly
causal S— M, S — E and M — E effects were confirmed by CRISPR-
Cas9 genome and epigenome-editing techniques in the mouse
neural stem cell differentiation models, and the possibly causal
E — H effects were confirmed by gene overexpression in mouse
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hippocampus. We finally replicated the identified pairwise
relationships of S-H, S-M, M-E, and E-H in an independent dataset
of healthy young controls (HYC), and quantitatively compared
these correlations in different populations, including HYC, healthy
elderly controls (HEC) and patients with late-onset AD (LOAD). A
schematic summary of the study design is demonstrated in Fig. 1.
Throughout the work, the symbol-'demonstrated associations
and'—’'demonstrated possible causality.

MATERIAL AND METHODS

Summary statistics of samples and datasets

In the discovery analysis, we used participants from ADNI dataset. In ADNI
dataset, 808 subjects had qualified WGS data (10,142,241 SNPs),
744 subjects had qualified gene expression data (47,244 transcripts), and
649 subjects had qualified DNA methylation data (736,806 CpG sites).
Structural neuroimaging data were acquired from 803 subjects at baseline,
and Freesurfer version 5.1.0 was used to calculate bilateral hippocampal
volumes and TIV. The mean value of the bilateral hippocampal volumes
was defined as the hippocampal volume in this study. We used HYC
participants from IMAGEN as replication sample. In IMAGEN dataset,
1982 subjects had qualified genotyping data (506,932 SNPs), 570 subjects
had qualified gene expression data (34,834 transcripts) and 1290 subjects
had qualified DNA methylation data (422,111 CpG sites). Structural
neuroimaging data were acquired from 1724 subjects at the age of 14,
and the same method was used to calculate individual's hippocampal
volume and TIV. The detailed preprocessing and quality control of
genomics, transcriptome, methylation and neuroimaging data in ADNI and
IMAGEN datasets were shown in Supplementary methods. Demographic
information of the included participants for each statistical analysis is listed
in Table 1.

Identifying causal S - M — E — H associations in blood tissue
Identifying S-E associations. In the blood sample, significant associations
between SNPs and gene expression were identified by genome-wide cis-
eQTL in 735 ADNI subjects with both blood-derived WGS and gene
expression data using nominal pass function of QTLtools software [25]. For
each probe, Spearman’s rank correlation was used to identify SNPs
showing significant cis-correlations with this probe, controlling for the first
five genetic principal components, 60 PEER factors of gene expression,
blood cell-type composition, copy numbers of APOE4, age, gender,
educational years and disease status as covariates in the rank correlation
analysis (Supplementary methods and Supplementary Fig. 1). The mapping
window was defined as 1 Mb up and downstream of the transcription start
site of the probe. The numbers of SNPs (n=10,142,241) and probes
(n = 47,244) were corrected by the Bonferroni method with a significant
threshold of P <0.05/10,142,241/47,244 =1.04x 10",

Identifying S-M associations. In the blood sample, significant associations
between SNPs and DNA methylation were identified by genome-wide cis-
mQTL in 604 ADNI subjects with both WGS and CpG methylation data
using nominal pass function of QTLtools software [25]. For each CpG site,
Spearman’s rank correlation was used to identify SNPs showing significant
cis-correlations with this site, controlling for the first five genetic principal
components, 60 PEER factors of DNA methylation, the first four
methylation principal components, blood cell-type composition, copy
numbers of APOE4, age, gender, educational years and disease status as
covariates in the rank correlation analysis (Supplementary methods). The
mapping window was defined as 1 Mb up and downstream of the CpG
site. Multiple testing was corrected for the numbers of SNPs
(n=10,142,241) and CpG sites (n=736,806) by the Bonferroni method
(P<0.05/10,142,241/736,806 = 6.69 x 10~ ).

Identifying possibly causal S— E— H associations. We used a summary
data-based Mendelian Randomization (SMR) test [22] to identify S— E > H
associations (http://cnsgenomics.com/software/smr/), where y was defined
as phenotype (hippocampal volume), x as exposure (gene expression), z as
instrumental variable (SNP), b,, as the effect of z on x, b,, as the effect of z
ony, and b,, = b,,/b,, as the effect size of x on y. The b,, was interpreted as
the effect of x on y free of non-genetic confounders. The SNP effects on the
hippocampal volume (b,,) were estimated by GWAS summary statistics of
the hippocampal volume from the ENIGMA consortium [12], and the SNP
effects on gene expression (b,,) were estimated by the summary data of
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Fig. 1

A schematic summary of the study design. Based on blood-derived genomic, transcriptomic and methylomic data and structural MRI

data collected from ADNI dataset, we identify possibly causal S— M — E — H associations in blood tissue by jointly using multi-omics and
causality analyses. We then replicate the identified possibly causal S— M — E association in human hippocampus tissue, and confirm the
causal S—> M, S — E and M — E effects in mouse neural stem cells by CRISPR-Cas9 genetic and epigenetic editing techniques, and the causal
E — H effects by gene overexpression in mouse hippocampus. The pair-wise associations of different molecular traits are further confirmed in
an independent dataset of HYC and compared between HYC, HEC and LOAD. 2s Mendelian Randomization two-sample Mendelian
Randomization, eQTL expression quantitative trait loci, E gene expression, GWAS genome-wide association analysis, H hippocampal volume,
HC healthy controls, HEC healthy elderly controls, HEIDI heterogeneity in dependent instruments, HYC healthy young controls, LOAD Late
onset Alzheimer’s disease, M DNA methylation, MWM Morris water maze, S single nucleotide polymorphisms, and SMR summary data-based

Mendelian Randomization.

our cis-eQTL analysis. By matching significant SNPs derived from the GWAS
(P<0.05) and the cis-eQTL (P<1.04x 10 '®), we obtained 5595 eSNPs
corresponding to 7062 independent eSNP-eProbe pairs. In the SMR
analysis, for each candidate eSNP-eProbe pair, we tested for the
association (b,,) between the probe (x) and trait (y) at this eSNP, and the
number of pairs were corrected by the Bonferroni method (Psyr < 0.05/
7,062 =7.08 x 107°).

An observed association in an SMR test could be due to any one of the
following three associations: causality (where the effect of a SNP on a trait

Molecular Psychiatry

is mediated by gene expression); pleiotropy (where a SNP shows direct
effects on both a trait and gene expression); and linkage (where a SNP is in
LD with two distinct causal variants, one impacting gene expression and
the other impacting the trait) (Fig. 1). Thus, a heterogeneity in dependent
instruments (HEIDI) test was applied to multiple SNPs in a cis-eQTL region
(£1 Mb from the center of the gene probe) to further exclude the linkage
associations of less biological interest. Under the hypothesis of pleiotropy
or causality, where gene expression and the hippocampal volume share
the same causal variant, the b,, values of any SNPs in LD with the causal

SPRINGER NATURE
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Table 1. Demographics of participants used in specific statistical analysis.
Analysis (data Required data Sample Age
sources) size (n) (years)
cis-eQTL (ADNI) S, E 735 73.13 (7.06)
cis-mQTL (ADNI) S, M 604 73.29 (7.04)
SMR and HEIDI®

S—»E—-H S,EH 735 73.13 (7.06)

(ENIGMA)

S — E— H (ADNI) S, EH 707 73.19 (7.07)

S->M-H S, M, H 604 73.29 (7.04)

(ENIGMA)

S—>M-H(ADNI) S, M H 585 73.35 (7.05)
Bayesian coloc test® S,EEM 590 73.71 (6.99)
CIT (ADNI) S,EEM 590 73.71 (6.99)
Spearman correlation

HYC (IMAGEN) S,EEM H 443 14.45 (0.42)

HEC (ADNI) S,E,M, H 194 74.46 (5.75)

LOAD (ADNI) S,E,M, H 76 74.07 (7.65)

Gender (Male/ SNP eProbe/CpG eGene Pair
Female)
402/333 261,062 4186 eProbes 2723 528,079
336/268 1,651,226 114,625 CpGs 16,149 4,966,055
402/333 260 323 eProbes 229 323
395/312 274 315 eProbes 249 315
336/268 2218 5330 CpGs 1983 5330
331/254 3223 12,831 CpGs 3448 12,831
329/261 16 12 eProbes and 12 25

17 CpGs
329/261 4 3 eProbes and 3 4

3 CpGs
236/207 - - - -
101/93 - - - -
46/30 - - - -

ADNI Alzheimer’s Disease Neuroimaging Initiative, Bayesian coloc test Bayesian co-localization test, cis-eQTL cis-expression quantitative trait loci, cis-mQTL cis-
methylation quantitative trait loci, ENIGMA enhancing neurolmaging genetics through meta-analysis, E gene expression, H hippocampal volume, HEC healthy
elderly controls, HEIDI heterogeneity in dependent instruments, HYC healthy young controls, LOAD late onset Alzheimer’s disease, M CpG methylation, S single
nucleotide polymorphisms, SMR summary data-based Mendelian Randomization.
2SMR and HEIDI are performed twice: the first is based on GWAS summary data of hippocampal volume from ENIGMA [12] and cis-eQTL and cis-mQTL results
from ADNI (the first two rows) and the second is based on GWAS summary data of hippocampal volume, cis-eQTL and cis-mQTL results from ADNI.

POnly 25 pairs with PPy > 0.8 in the Bayesian co-localization test are shown in the table.

“Only 4 pairs in the S— M — E — H association model of CIT test are shown in the table.

variant are identical. Therefore, testing against the null hypothesis that
there is a single causal variant is equivalent to testing whether there is
heterogeneity in the b,, values estimated for the SNPs in the cis-eQTL
region. For each probe that passed the significance threshold for the SMR
test, we used the HEIDI method to test the heterogeneity in the b,, values
estimated for multiple SNPs in the cis-eQTL region. A Py, > 0.05 for the
HEIDI test was used since it is conservative for discovery by retaining fewer
genes than correcting for multiple testing.

The effect size of GWAS summary statistics of hippocampal volume from
the ENIGMA consortium [12] is large, however, a limitation of the above-
mentioned analysis is that the GWAS summary data of the hippocampal
volume and the cis-eQTL summary data came from different subjects, which
may introduce bias to the SMR test. To exclude the false positive S - E - H
associations identified by the above analysis, we re-performed the SMR and
HEIDI tests based on the GWAS summary data of the hippocampal volume
and the cis-eQTL summary data derived from 707 ADNI subjects with
complete genomic, gene expression and hippocampal volume data. The
SNP coding alleles were aligned between ENIGMA and ADNI datasets, and
also set into the same build GRch37/hg19. The same statistical thresholds
were applied (P<005 for the GWAS, P<1.04x 10" for the cis-eQTL,
Pspr < 7.08 x 107 for the SMR test, and Ppgp, > 0.05 for the HEIDI test). Only
the S— E— H associations pairs surviving the statistical threshold and
showing the consistent direction of effects in the subgroup of ADNI subjects
were identified as replicated pairs and were included in the further analysis.

Identifying possibly causal S— M — H associations. We used the same
approaches (SMR and HEIDI test) and GWAS data [12] to identify causal
S — M — H associations. By matching significant SNPs derived from the
GWAS (P<0.05) and cismQTL (P<6.69x10™'°), we obtained 65417
meSNPs corresponding to 153,987 independent meSNP-CpG pairs. For
each candidate meSNP-CpG pair, we tested the associations between CpG
methylation and hippocampal volume by the SMR (P<0.05/
153,987 = 3.20x 1077), and then the HEIDI test (P> 0.05) was performed
to filter out the linkage association.

Since the GWAS summary data of the hippocampal volume and the cis-
mQTL summary data came from different subjects, we re-performed the
SMR and HEIDI tests based on the GWAS summary data of the
hippocampal volume and the cis-mQTL summary data derived from 585
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ADNI subjects with complete genomic, CpG methylation and hippocampal
volume data. The same statistical thresholds of P<0.05 for the GWAS,
P<6.69x107 " for the cismQTL, P<3.20x 107 for the SMR test, and
P>0.05 for the HEIDI test were applied here. Only the S->M—H
associations pairs surviving the statistical threshold and showing the
consistent direction of effects in the subgroup of ADNI subjects were
identified as replicated pairs and were included in the further analysis.

Co-localizing S— M — H and S — E — H associations. Through the above-
mentioned steps, we identified possibly causal S - M — H associations and
S— E—H associations. To further identify the causal genetic variants
(SNPs) that are associated with both gene expression and CpG
methylation, we performed colocalization analysis using coloc R package
with default prior parameters [23]. The colocalization analysis used a
Bayesian framework to estimate the posterior probability that two GWAS
traits (cis-eQTL and cis-mQTL) share a single casual variant (PP4) in the
selected genome region. For each trait pair, SNPs within 250 kb from the
lead SNP in the cis-eQTL analysis and cis-mQTL analysis were included. The
default prior parameters were 1.00 x 10~ for P1 (the probability of a SNP
being associated with gene expression) and P2 (the probability of a SNP
being associated with CpG methylation), and 1.00%x 107> for P12 (the
probability of a SNP being associated with both gene expression and CpG
methylation). With a Bayesian posterior probability (P> 0.80), we can
identify the possibly causal SNPs that are associated with both gene
expression and CpG methylation.

Identifying possibly causal S— M — E — H associations. A casual inference
test (CIT) [24] was applied to the co-localized S-M-E pairs in 590 ADNI
subjects with complete genomic, transcriptomic and DNA methylation
data. Here, we tested four possible relationship models: (1) S-M - E > H
model: a SNP affects CpG methylation, then regulates gene expression,
and finally impacts on hippocampal volume; (2) S— E — M — H model: a
SNP affects gene expression, then regulates CpG methylation, and finally
impacts on hippocampal volume; (3) Independent model (S—E—H or
S — M — H): a SNP affects gene expression and then regulates hippocam-
pal volume, or a SNP affects CpG methylation and then regulates
hippocampal volume; (4) Unspecified model: the relationship among
SNP, gene expression and CpG methylation cannot be specified (Fig. 1).
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The conditions for the establishment of a S—M—E—H model
included: (1) a SNP is associated with gene expression; (2) the SNP is
also associated with CpG methylation of this gene; (3) the SNP is associated
with CpG methylation when adjusting for the expression of this gene; and
(4) the SNP is independent of the gene expression after adjusting for the
gene methylation. The conditions for the establishment ofaS—>E—->M —
H model were similar to the S— M — E — H model except for reversing
the role of gene expression and CpG methylation. If a SNP is only
associated with gene expression or CpG methylation, the S—E—H or
S—>M-—H was established. The P value was identified using the
intersection-union test [24] because all the above four associations must
be satisfied. Multiple comparisons were corrected for the number of tested
associations using the Bonferroni at corrected P < 0.05.

Replication of possibly causal S — M — E associations in
hippocampus tissue

Due to the high tissue-specificity of gene expression and DNA methylation
[21, 26], the identified associations of blood gene expression and CpG
methylation with hippocampal volume may reflect either a shared feature
of blood and hippocampal tissues or a paradoxical association with
unknown biological relevance [21, 27]. If the former is correct, the gene
expression and CpG methylation in blood tissue can be regarded as
reliable biomarkers for hippocampal volume. Therefore, we first tested if
the identified cis-mQTLs and cis-eQTLs in blood tissue can be observed in
human hippocampus tissue. Therefore, we first tested if the identified cis-
mQTLs and cis-eQTLs in blood tissue can be observed in human
hippocampus tissue. The genome-wide cis-mQTL analysis was conducted
in hippocampal biopsies from 110 European patients (58 males) with
chronic pharmacoresistant temporal lobe epilepsy provided by Schulz’s
work [28]. After stringent quality control (Supplementary methods),
536,041 SNPs and 344,106 CpG sites were finally included in the cis-mQTL
analysis, from which we detected 66,970 significant meSNP-CpG pairs at
14,118 CpG sites at FDR Pc<0.01. The genome-wide cis-eQTL analysis was
performed in hippocampal tissues from 111 participants provided by GTEx
v7 (https://gtexportal.org/home). After stringent quality control (Supple-
mentary methods), 10,526,813 SNPs and 23,737 genes were included in
the cis-eQTLs analysis, from which we detected 221,877 significant eSNP-
probe pairs of 3,262 genes at FDR Pc < 0.05.

For the S-M and S-E associations replicated in human hippocampal
tissue, we defined y as phenotype (gene expression), x as exposure (CpG
methylation), and z as instrumental variable (SNP), and then we jointly
performed a two-sample Mendelian randomization (2sMR) and a MR-Egger
sensitivity analysis (http://www.mendelianrandomization.com/index.php/
software-code) [29] to identify the causal S— M —E associations in
hippocampal tissue.

Validation of S > M and M — E causal association in mouse
neural stem cells

To confirm the causal effects of the rs1053218 on cg26741686 methylation
and casual effects of cg26741686 methylation on Ankrd37 expression, we
performed genome editing of the rs1053218 in the mouse neural stem cell
(NSQ) line NE-4C. The detailed cell culture and neuronal differentiation, SNP
editing, generation of Tetracycline-inducible DNA methylation system, DNA
methylation detection and reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) analysis were shown in Supplementary methods.

Validation of E — H causal association in mouse hippocampus
To confirm the causal effect of Ankrd37 overexpression on hippocampal
volume, we designed an in-vivo experiment by evaluating hippocampal
volume and related cognitive test after overexpressing Ankrd37 in mice
hippocampus. The detailed Ankrd37 overexpressed adeno-associated-virus
packaging, animals and grouping, Ankrd37 overexpression in mouse
hippocampus and mice cross-sectional and longitudinal neuroimaging
acquisition and hippocampal volume calculation process were shown in
Supplementary methods.

Replication in an independent dataset

To replicate the identified pairwise associations of ANKRD37, we performed
the associations among the rs1053218 (S), cg26741686 methylation (M),
ANKRD37 expression (E), and hippocampal volume (H) in an independent
443 HYC. HYC subjects were from the IMAGEN cohort [30]. There are
443 subjects with quality-controlled genome, transcription and methylome
data from the blood sample, and structural neuroimaging data. Spearman
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correlations were applied to test the pairwise relationships of S-H, S-M, M-
E, and E-H in HYC from IMAGEN datasets.

These analyses included: S-H association (correlation between the
numbers of risk allele of the candidate SNP and hippocampal volumes),
controlling for the first five genetic principal components, copy numbers of
APOE4, age, gender, educational years, TIV, and imaging centers; S-M
association (correlation between the numbers of risk allele of the
candidate SNP and the candidate DNA methylation levels), controlling
for the first five genetic principal components, copy numbers of APOE4, 60
PEER factors of DNA methylation, the methylation principal components,
blood cell-type composition, age, gender and educational years; M-E
association (correlation between the candidate DNA methylation and gene
expression levels), controlling for copy numbers of APOE4, 60 PEER factors
of gene expression, 60 PEER factors of DNA methylation, the methylation
principal components, blood cell-type composition, age, gender and
educational years; and E-H association (correlation between the candidate
gene expression levels and the hippocampal volumes), controlling for copy
numbers of APOE4, 60 PEER factors of gene expression, blood cell-type
composition, age, gender, educational years, TIV and imaging centers.

Comparing pairwise associations in different populations

To further compare the pairwise associations of ANKRD37 between HYC,
HEC and LOAD, we performed the associations among the rs1053218 (S),
926741686 methylation (M), ANKRD37 expression (E), and hippocampal
volume (H) in HEC (n=194) and LOAD (n=76) from ADNI datasets,
respectively. And the pairwise associations of ANKRD37 were compared
between HYC, HEC and LOAD. All subjects had quality-controlled genome,
transcription and methylome data from the blood sample, and structural
neuroimaging data. Spearman correlations were applied to test the
pairwise relationships of S-H, S-M, M-E, and E-H in HEC (n = 194) and LOAD
(n=176) from ADNI dataset, respectively. Then we compared the
correlation coefficients among the HEC, HYC and LOAD groups using
cocor 1.0-1 R package [31].

RESULTS

Identifying possibly causal S — E — H associations in blood
tissue

To find SNPs with cis-requlatory effects on gene expression
(eSNPs), we performed genome-wide cis-eQTL by defining a
window of 1Mb implemented in QTLtools [25] in 735 ADNI
subjects with both WGS (10,142,241 SNPs) and gene expression
(47,244 transcripts) data. Using a Bonferroni corrected threshold
(Pc<0.05 equals to uncorrected P<0.05/10,142,241/
47,244 =1.04x10""3), we detected 528,079 significant eSNP-
probe pairs, including 261,062 unique eSNPs and 4,186 probes
corresponding to 2,723 unique genes (eGenes) (Table 1 and
Supplementary Fig. 2a).

SMR was used to identify the possibly causal S—E—H
associations based on the GWAS summary statistics of hippo-
campal volume from the ENIGMA consortium (n=30,717) [12]
and the cis-eQTL summary statistics from this study. From a total
of 7062 candidate SNP-probe pairs, we identified 526 significant
S — E— H associations (Psyz < 0.05/7,062 =7.08 x 10~°) (Supple-
mentary Fig. 2b). An HEIDI test (Pygp,>0.05) was performed to
exclude the linkage effect and finally resulted in 323S—-E—H
associations corresponding to 229 eGenes (Supplementary Fig. 2b
and Supplementary Data 1). Among the 229 eGenes, 54 genes
were replicated in S — E — H associations in 707 ADNI subjects
with complete genomic, gene expression and hippocampal
volume data. For example, the expression levels of probe
11763200_at tagging FBXWS8, probe 11719186_a_at tagging
N4BP2L2, probe 11721917_a_at tagging ANKRD37 were possible
causally associated with hippocampal volume (Supplementary
Fig. 2b).

Identifying possibly causal S — M — H associations in blood
tissue

To identify SNPs with cis-regulatory effects on CpG methylation
(meSNPs), we performed genome-wide cis-mQTL by defining a
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Fig. 2 Identifying possibly casual S - M — E — H associations in blood and hippocampal tissues. a The significance of a co-localizing SNP
rs1053218 (red circle) in cis-eQTL (orange) and cis-mQTL (green). b LD information of a co-localized SNP-CpG-eProbe pair tagging ANKRD37.
The rs1053218 (purple dot) simultaneously affect the expression of 11721917_a_at (left) and the methylation of cg26741686 (right). c First row.
Four possible relationships (S-M—>E, S—>E—-M, S—>E or S— M, and unspecified) of the hippocampal volume (H)-related molecular
phenotypes of SNP (S), gene expression (E) and CpG methylation (M); Second row. Left. Causal interference test (CIT) reveals 4S - M — E,
3S—>E—M, 185 - E or S — M associations from the 25 co-localized SNP-CpG-eProbe pairs. The pink regions shows summary workflow for
identifying S — M — E associations. An example of the identified S— M — E associations. The numbers of risk allele (T) of rs1053218 are
positively correlated with ANKRD37 expression (medium) and cg26741686 methylation (right). Third row. The rs1053218 is still positively
correlated with ¢g26741686 methylation after adjusting ANKRD37 expression (left), but not with ANKRD37 expression after adjusting
cg26741686 methylation (medium); and cg26741686 methylation is positively correlated with ANKRD37 expression (right). The red line
represents the mean. d Replication of S — M associations in human hippocampal tissue. The rs1053218 is correlated with cg26741686
methylation in blood tissue (top, green) and the rs10000869 is correlated with cg26741686 methylation in hippocampal tissue (top, yellow),
and rs1053218 and rs10000869 show strong LD (R? = 1.0). e Replication of S — E associations in human hippocampal tissue. The rs1053218 is
correlated with ANKRD37 expression both in blood (orange) and hippocampal (red) tissues. ANKRD37 ankyrin repeat domain 37, cis-eQTL cis-
expression quantitative trait loci, cis-mQTL cis-methylation quantitative trait loci, E gene expression, Hippo human hippocampal tissue, LD
linkage disequilibrium, M CpG methylation, S single nucleotide polymorphisms, SEM S — E — M association, SME S — M — E association; SE/
SM S — E or S — M association.

window of 1Mb implemented in QTLtools [28] in 604 ADNI To identify possible causal S— M — H associations, SMR was
subjects with both WGS (10,142,241 SNPs) and DNA methylation performed by integrating the c¢is-mQTL summary statistics from
(736,806 CpG sites) data. With a Bonferroni corrected threshold this study and the GWAS summary statistics of hippocampal
(Pc<0.05 equals to uncorrected P<0.05/10,142,241/736,806 = volume from the ENIGMA consortium [12]. From 153,987
6.69 x 107 %), we detected 4,966,055 significant meSNP-CpG pairs, candidate SNP-CpG pairs, we identified 6853 S - M — H associa-
including 1,651,226 unique meSNPs and 114,625 CpG sites tions (Psyr < 0.05/153,987 =3.20 x 10~7). The HEIDI test (Pugp; >
corresponding to 16,149 eGenes (Supplementary Fig. 2c). 0.05) confirmed 5330S - M — H associations including 1,983
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eGenes (Supplementary Fig. 2d and Supplementary Data 2). In the
1,983 eGenes, 342 genes were replicated in S— M — H associa-
tions from independent 585 ADNI subjects with complete
genomic, CpG methylation and hippocampal volume data. As an
example, we found cg27632911 tagging SPAG4 whose DNA
methylation was possible causally associated with hippocampal
volume (Table 1 and Supplementary Fig. 2d).

Identifying candidate S-M-E-H associations in blood tissue
To construct candidate S-M-E-H associations, first, we should find
eSNPs that affect hippocampal volume by regulating both gene
expression and methylation. In the identified eSNP — eProbe — H
and meSNP — CpG — H associations, there are repeated SNPs or
SNPs in high linkage disequilibrium (LD). Thus, we screened out
234 independent index eSNPs with significant S — E — H associa-
tions and 1854 independent index meSNPs with significant
S—M—H associations (LD clump r*>0.8 in 250kb). The
intersected SNPs (n=16) of these independent eSNPs and
meSNPs were defined as SNPs affecting hippocampal volume
via regulating both gene expression and methylation. Based on
the associations of eSNP — eProbe - H and meSNP — CpG — H,
these intersected SNPs corresponded to 30 eProbes and 44 CpGs,
forming a total of 108 candidate SNP-CpG-eProbe pairs. The eSNP-
eProbe pairs and meSNP-CpG pairs were input into a Bayesian co-
localization test implemented in coloc R package [23] to estimate
the probability for each intersected SNP that simultaneously affect
eProbe and CpG. With a posterior probability (PPgy) of >0.80, we
identified 25 co-localized SNP-CpG-eProbe pairs. The cis-eQTL and
cis-mQTL effects and LD information of a representative co-
localized SNP (rs1053218) are shown in Fig. 2a, b.

Identifying possibly casual S — M — E — H associations in
blood tissue

To establish the possibly causal S— M — E —» H associations, a
casual inference test (CIT) [24] was applied to the 25 co-localized
SNP-CpG-eProbe pairs in 590 ADNI subjects with genome,
transcriptome and methylome data. Here, we tested four possible
relationship models (Fig. 2¢): (1) S— M — E - H model: a SNP first
affects CpG methylation, then the CpG methylation regulates gene
expression, and finally the gene expression impacts on hippo-
campal volume; (2) S — E — M — H model: a SNP first affects gene
expression, then the gene expression regulates CpG methylation,
and finally the CpG methylation impacts on hippocampal volume;
(3) Independent model (S—E—H or S—M—H): a SNP first
affects gene expression and then the gene expression regulate
hippocampal volume, or a SNP first affects CpG methylation and
then the CpG methylation regulates hippocampal volume; (4)
Unspecified model: the relationship among SNP, gene expression
and CpG methylation cannot be specified.

At a Bonferroni corrected threshold of Pc < 0.05 (Pc < 0.05 equal
to uncorrected P < 0.05/25 = 0.002), 4 SNP-CpG-eProbe pairs were
categorized into the S—M—E—H model, 3 pairs into the
S - E—> M — H model, 18 pairs into the S=E—-HorS—M—-H
model and no pairs into the unspecified model (Fig. 2c and
Supplementary Data 3). For example, in S - M — E — H model, the
SNP rs1053218 was found to be negatively correlated with
hippocampal volume in ENIGMA data (P = 0.042) and replicated in
ADNI (P=0.008) and UK Biobank (P=0.003) data; [32] the SNP
rs1053218 was positively correlated with 11721917_a_at probe of
ANKRD37 gene (r=0.30, variance explained (VE)=9.00%,
P<0.001). The correlation was also replicated by using
1760650_a_at probe (r=0.11, VE=1.21%, P=0.006) and mean
value of two probes (r=0.16, VE = 2.56%, P < 0.001) (Supplemen-
tary Fig. 3); the SNP rs1053218 was positively with cg26741686
methylation of the same gene (r=0.80, VE = 64.00%, P < 0.001)
(Fig. 2c). Moreover, the rs1053218 was significantly positively
correlated with the residual of cg26741686 methylation after
adjusting for 11721917_a_at probe (r=0.76, VE=57.76%,
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P<0.001) (Fig. 2c). However, there is no correlation between
rs1053218 and residual of 11721917_a_at probe after adjusting for
€g26741686 methylation (r =0.08, VE = 0.64%, P = 0.07) (Fig. 2¢).
Finally, the cg26741686 methylation is positively correlated with
the expression of 11721917_a_at probe (r=0.27, VE=7.29%,
P<0.001) (Fig. 2c). These results indicate that this co-localized
SNP-eProbe-CpG pair of ANKRD37 gene satisfied an S-M - E -
H model (Fig. 2¢). In this study, we identified four S-M —E - H
possibly causal associations involved three independent genes:
ANKRD37  (rs1053218 — cg26741686 — 11721917_a_at  probe),
PCMT1 (rs6244128 — cg22239180 — 11718778_s_at probe), and
SQRDL (rs11633216 — cg05747243 — 11718515_a_at probe and
rs2733246 — cg05747243 — 11718515_a_at probe).

Replication of possibly casual S — M — E associations in
human hippocampal tissue

Based on the genome-wide cis-mQTLs data of human hippocam-
pal tissue [28], we found 23 independent cis-mQTLs of the three
identified genes in hippocampal tissue (4 cis-mQTLs at ANKRD37, 6
cis-mQTLs at PCMT1 and 13 cis-mQTLs at SQRDL; Supplementary
Data 4). In ANKRD37, rs10000869 showing strong LD (R*=1.0)
with rs1053218 was significantly associated with cg26741686
methylation (P=6.31x1077) in hippocampal tissue (Fig. 2d). In
PCMT1, rs7753812 having strong LD (R* = 0.96) with rs62441284
was associated with cg00933542 methylation (P=3.99x 10 '8
and cg15181151 methylation (P=4.02x10°) in hippocampal
tissue (Supplementary Fig. 4a). In SQRDL, rs625466 demonstrating
LD (R>=090) with rs11633216 (P=1.94x10"° and
rs187095 showing LD (R*=097)  with rs2733246
(P=1.21x10"2") were correlated with cg16220294 methylation
in hippocampal tissue (Supplementary Fig. 4b). Based on the
genome-wide cis-eQTLs data of human hippocampal tissue, only
the association of rs1053218 with ANKRD37 expression was
replicated in human hippocampus tissue (P=6.20x10"'° and
Fig. 2e).

A two-sample Mendelian randomization (2sMR) and MR-Egger
sensitivity analysis were finally performed using rs1053218 as
instrumental variable to make possibly causal inference between
the ¢g26741686 methylation and ANKRD37 expression in human
hippocampal tissue. As a result, we replicated the possibly causal
relationship of rs1053218 — cg26741686 methylation—~ANKRD37
expression in hippocampal tissue (P = 1.54 x 10~ '?).

Validation of S - M and M — E causal effects in mouse neural
stem cells

Since the SMR and HEIDI tests are unable to distinguish between
causality and pleiotropy, the identified S— M — E relationship
may be just a reflection of pleiotropy rather than causality. To
confirm the causal effects of the rs1053218 on cg26741686
methylation and causal effects of cg26741686 methylation on
ANKRD37 expression, we performed genome editing of the
rs1053218 in the mouse neural stem cell (NSC) line NE-4C. The
genome sequence around 20kb of rs1053218 is generally
conserved between mouse and human (Fig. 3a), while the minor
allele of rs1053218 is C in human but G in mouse. To mimic the
rs1053218 genetic effect in humans, we used a CRISPR/Cas9
approach to generate TT genotype in the NE-4C cells (Fig. 3a),
followed by 10 days’ exposure to retinoic acid for neuronal
differentiation. The bisulphite sequencing analysis showed that
the TT genotype resulted in cg26741686 hypermethylation both
before (T=68.63, P =9.00 x 10~°) (Fig. 3b left) and after neuronal
differentiation (T=5.16, P=0.04) (Fig. 3c left). As shown by the
RT-qPCR analysis with two pairs of specific primers (Primer 1 and
2), the TT genotype led to over-activation of Ankrd37 gene
expression specifically after neuronal differentiation (Primer 1:
T=12586, P=3.60x 10~% Primer 2: T=3183.62, P=5.91x1077)
(Fig. 3b and c right). These data indicate that the genetic effect
mimicking rs1053218 (GG to TT) causally leads to ¢g26741686
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hypermethylation in NSCs and subsequent hyperactivation of the
associated gene Ankrd37 during neurogenesis.

Validation of M — E causal effects in mouse neural stem cells
To confirm the causal effect of cg26741686 hypermethylation on
Ankrd37 hyperactivation, we developed an inducible system to
establish locus-specific targeted DNA methylation in the NE-4C
cells. Briefly, we generated a stable cell line expressing a
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Doxycycline (Dox)-inducible deactivated Cas9-DNA methyltrans-
ferase 3a (dCas9-Dnmt3a) in NE-4C cells. As detected by Western
blot assay, the dCas9-Dnmt3a fusion protein expression was
successfully induced by 24 h Dox treatment (2 ug/ml) (Fig. 3d).
First, we excluded the possibility that Dox treatment alone can
affect the Ankrd37 expression, as no statistically significant
difference (P=10.33) in Ankrd37 expression before and after Dox
treatment was observed in NE-4C cells without sgRNA
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Fig.3 Validation of S— M, S — E and M — E causal effects in mouse neural stem cell (NSC). a Left: The genome sequences around 20 kb of
rs1053218 are conserved between mouse and human, while the minor allele of rs1053218 is C in human but G in mouse. Sequencing peaks
confirms the rs1053218 TT genotype in NE-4C cells; Medium: CpG methylation is detected by bisulphite sequencing; Right: Gene expression is
detected by RT-qPCR. b Before neuronal differentiation of NSCs, bisulphite sequencing shows that rs1053218 TT genotype leads to significant
926741686 hypermethylation and RT-gPCR demonstrates that this variant alone is not sufficient for Ankrd37 activation. ¢ After neuronal
differentiation, rs1053218 TT genotype leads to both cg26741686 hypermethylation and Ankrd37 hyperactivation. d. Left: sgRNAs (red) are
located around the targeted cg26741686 site (green). The sgRNA1 and sgRNA3 were cloned into the first lentiviral vector (LV1) and sgRNA2
and sgRNA4 into the second (LV2); Medium: Schematic representation of deactivated Cas9 (dCas9) fused with Dnmt3a for de novo
methylation of targeted cg26741686 site; Right: Western blot assay confirms the inducible expression of dCas9-Dnmt3a fusion protein. In the
NE-4C cells without sgRNA transductions, RT-qPCR analysis shows that Dox treatment does not significantly affect the Ankrd37 expression
levels. e. Before neuronal differentiation of NSCs, Dox treatment results in significant cg26741686 hypermethylation and modest Ankrd37
hyperactivation. f. After neuronal differentiation, Dox treatment leads to significant cg26741686 hypermethylation and Ankrd37
hyperactivation. cDNA complementary deoxyribonucleic acid, dCas9-Dnmt3a deactivated Cas9-DNA methyltransferase 3a, dNTPs
deoxyribonucleoside triphosphate, DNA pol DNA polymerase, Dox doxycycline, E gene expression, M CpG methylation, mMRNA messenger
ribonucleic acid, qPCR quantitative polymerase chain reaction, RT reverse transcription, S single nucleotide polymorphisms, sgRNA single

guide ribonucleic acid.

transductions (Fig. 3d). Then we designed four single guide RNAs
(sgRNAs) targeting the ¢g26741686 loci, cloned them into two
lentiviral vectors (LV) by linear expression of two sgRNAs (LV1:
sgRNA1 + sgRNA3 and LV2: sgRNA2 + sgRNA4) in each vector
(Fig. 3d) and transduced them into the inducible cells for further
experiments. Through Bisulphite sequencing analysis, we con-
firmed the induced DNA hypermethylation by Dox treatment at
the targeted locus before (LV1: T=420.46, P=1.68x 10~°; LV2:
T=22782, P=329%x1079) (Fig. 3e left) and after neuronal
differentiation (LV1: T=76.18, P=5.00x10"% LV2: T=3859,
P=1.00%x10"% (Fig. 3f left). The RT-qPCR analysis with Primer 1
demonstrated that Ankrd37 expression was modestly but sig-
nificantly activated before neuronal differentiation at the presence
of Dox (LVI: T=39.08 P=334x10"3% LV2: T=2222
P=9.21x10"3) (Fig. 3e right). And the subsequent Ankrd37
activation after neuronal differentiation was further significantly
augmented in the hyper-methylated cells (LV1: T=2286.15,
P=1.00x10"% LV2: T=26342, P=840x10">) (Fig. 3f right).
The similar findings were also observed when measured by Primer
2 of Ankrd37 before (LV1: T=1943.83, P=200x10 % LV2:
T=14241, P=282x10"% (Fig. 3e right) and after neuronal
differentiation (LV1: T=813.01, P=9.00x 10"% LV2: T=922.42,
P=7.00 x 107°) (Fig. 3f right). Taken together, we have validated
that the causal S—>M and S—E association in NSCs and
associated Ankrd37 deregulation of M — E in the derived neurons.

Validation of E — H causal effects in mice hippocampus

To confirm the causal effect of Ankrd37 overexpression on
hippocampal volume, we designed an in vivo experiment by
evaluating hippocampal volume and related cognitive test after
overexpressing Ankrd37 in mice hippocampus (Fig. 4a and
Supplementary Fig. 5). Firstly, we constructed the Ankrd37 over-
expressed plasmid, which were packaged with AAV2/9, and then
transfected it into the bilateral hippocampal CA1 regions of mice by
stereotactic injection (Fig. 4b). Two weeks later, the hippocampus
was extracted for western blotting, and the results showed that
Ankrd37 expression in the AAV-Ankrd37-GFP injection group was
significantly higher than that in the sham group and the WT group,
confirming that the model of Ankrd37 overexpression in mouse
hippocampus was constructed successfully (Fig. 4c).

In vivo brain structural MRI was firstly performed to observe the
changes in hippocampal volume caused by Ankrd37 overexpres-
sion in hippocampus. The volumes of the entire hippocampus and
its subregions (CA1, CA2, CA3 and DG) were calculated and
showed significant intergroup differences (entire hippocampus:
F=5.85, P=0.006, Fig. 4d; CA1: F=5.49, P=0.008; CA2: F=6.75,
P=0.003; CA3: F=7.02, P=0.002; and DG: F=5.79, P=0.006;
Fig. 4e) among the Ankrd37 overexpressed group, the sham group
and the WT group. Specifically, the Ankrd37 overexpressed group
exhibited consistent volumetric reduction than the other two
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groups, indicating that Ankrd37 overexpression can lead to
volumetric reduction in the hippocampus and its subregions.

To observe the longitudinal trajectories of hippocampal and
subfield volumes, we performed five consecutive brain structural
MRI scans (24-h pre-injection, 7-, 14-, 21- and 28-days post-
injection for the sham and Ankrd37 mice and the same timeline
except for no injection for the WT mice).

In the WT group (n=21), we did not find significant changes
over time in any phenotypes (hippocampus, CA1, CA2, CA3 and
DG volumes, all P> 0.05; Supplementary Figs. 6 and 7a). In the
sham group (n = 20), significant difference across time points was
observed in the CA1 (F=4.008, P=0.005) and CA2 (F=3.308,
P=0.015) volumes but not in other phenotypes (HP: F=2.429,
P=0.054; CA3: F=2.444, P=0.053; and DG: F =1.487, P=0.214;
Supplementary Figs. 6 and 7b). These findings indicate that CA1
injection reduces volumes of the CA1 and nearby CA2. In the
Ankrd37 group (n=20), all phenotypes showed significant
volumetric reduction over time (all P < 0.05; Supplementary Figs. 6
and 7c¢), and the degrees of volumetric reduction in the post-
injection time points of all phenotypes were greater than those in
the sham group.

At pre-injection (MRI-1) and 7-days post-injection (MRI-2), we
did not find any intergroup differences in all phenotypes (all
P> 0.05, Supplementary Table 1). At 14-days post-injection (MRI-
3), there were significant differences in CA1 (F=4.200, P = 0.020)
and CA2 (F=3.148, P=0.050) volumes among the three groups
and post hoc analyses showed that the Ankrd37 group had
significantly reduced CA1 (P =0.002) and CA2 (P = 0.018) volumes
than the WT group (Supplementary Fig. 8a). At 21- and 28-days
post-injection (MRI-4 and MRI-5), all phenotypes showed sig-
nificant differences among the three groups (all P<0.05)
(Supplementary Fig. 8b and c). In the post hoc analyses, the
Ankrd37 group had significantly reduced volumes in all pheno-
types than the WT and sham groups except for the CA1 volume
differences (P = 0.410 for MRI-4; P=0.217 for MRI-5) between the
Ankrd37 and sham groups (Supplementary Fig. 8b and 8c). We also
found that the sham group had significantly reduced CA1 volume
at the two time points (P =0.029 for MRI-4; P=0.003 for MRI-5)
than the WT group (Supplementary Fig. 8b and ¢), indicating that
injection has long-lasting impact on the CA1 volume.

The MWM test was performed to observe the changes in spatial
learning and memory performance caused by Ankrd37 over-
expression in the hippocampus. Swimming speeds of all mice
before the MWM test were calculated and there were no
significant differences (F=1.10, P=0.34) in swimming speeds
among the three groups (Supplementary Fig. 5). During the
learning phase, the escape latency time of the Ankrd37 over-
expressed group were significantly longer (F=11.301, P <0.001)
than those of the sham and WT groups, indicating that Ankrd37
overexpression in hippocampus may cause reduced learning
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Fig.4 Validation of E — H causal association in mice hippocampus. a Schematic design for animal experiments. b Schematic of AAV plasmid
construction and stereotactic injection site in mice. ¢ Top. Western blot assay confirms the overexpression of ANKRD37 in the hippocampus.
Bottom. Ankrd37 expression in the AAV-Ankrd37-EGFP injection group is significantly higher than those in the sham and WT groups,
confirming the successful construction of Ankrd37 overexpression in mouse hippocampus. d Left. Representative mice bilateral hippocampal
segmentation derived from T2-weighted MR images among the three groups. Right. The relative hippocampal volume is significantly reduced
in the Ankrd37 overexpressed group than those in the sham and WT groups. e Left. Mice bilateral hippocampal subregions including CA1,
CA2, CA3 and DG. Right. The bilateral relative CA1, CA2, CA3 and DG volumes are significantly decreased in Ankrd37 overexpressed group than
those in the other two groups. f During the learning phase of the MWM test, escape latency time in the Ankrd37 overexpressed group is longer
than those in the sham and WT groups. g Left. During the probing phase, representative swimming paths of mice among the three groups.
The mice in the Ankrd37 overexpressed group swim aimlessly, whereas the mice in the sham and WT groups are more inclined to the platform
quadrant. Medium and right. Time spent in the target quadrant (medium) and the numbers of crossings (right) over the platform in the
Ankrd37 overexpressed group are decreased than those in the other two groups. CA Cornu Ammonis, DG dentate gyrus, EGFP Enhanced
Green Fluorescent Protein, WT wild type, MWM Morris Water Maze, WB western blot, MRl magnetic resonance imaging, EF1a EF1 alpha
promoter.

ability of mice (Fig. 4f). During the probing phase, the mice in the
Ankrd37 overexpressed group swam aimlessly, whereas the mice
in the sham and WT groups were more inclined to the platform
quadrant (Fig. 4g). Time spent in the target quadrant (F=3.59,
P =10.031, Fig. 4g) and the numbers of crossings over the platform
(F=4.76, P=0.012, Fig. 49) were significantly decreased in the
Ankrd37 overexpressed group than those in the other two groups,
indicating that Ankrd37 overexpression in hippocampus may
cause reduced memory ability of mice. We did not find significant
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differences in escape latency time (P = 0.967), time spend in target
quadrant (P=0.895) and numbers of crossings (P=0.906)
between the sham group and the WT group, indicating that the
obtaining results were not biased by the stereotactic injection
procedure.

In summary, Ankrd37 overexpression in hippocampus can
reduce hippocampal volume and learning and memory perfor-
mance in mice, thus validating the E — H causal association found
by bioinformatics.
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Fig. 5 Pairwise replication of the S - M — E — H associations of ANKRD37 in HYC and pairwise comparisons in different populations. a S-
H: The numbers of risk allele (T) of rs1053218 is negatively correlated with hippocampal volume in HYC, HEC and LOAD. b S-M: The numbers
of risk allele (T) of rs1053218 is positively correlated with cg26741686 methylation in HYC, HEC and LOAD. ¢ M-E: The cg26741686 methylation
is positively correlated with ANKRD37 expression in HYC, HEC and LOAD. More importantly, LOAD patients show stronger associations than
HEC and HYC. d E-H: The ANKRD37 expression is negatively correlated with hippocampal volume in HYC, HEC and LOAD. LOAD patients show
more significant associations than HYC and HEC. ANKRD37 ankyrin repeat domain 37, E gene expression, HEC healthy elderly controls, H

hippocampal volume, HYC healthy young controls, LOAD late-onset Alzheimer's disease, M CpG methylation,

polymorphisms.

Replication of the pairwise associations of ANKRD37 in
IMAGEN

For the S-H association between rs1053218 and hippocampal
volume, we found that the number of risk allele (T) of rs1053218
was negatively correlated with hippocampal volume (r=0.14,
VE =1.96%, P=0.004). Specifically, the CT and TT genotypic
groups showed significantly smaller hippocampal volume than
the CC group (Fig. 5a). For the S-M association between rs1053218
and cg26741686 methylation, we found that the number of risk
allele (T) of rs1053218 was positively correlated with cg26741686
methylation in HYC (r = 0.81, VE = 65.61%, P < 0.001). (Fig. 5b). For
the M-E association of cg26741686 methylation with ANKRD37
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expression, we found positively correlation between cg26741686
methylation and ANKRD37 expression (r=0.14, VE=1.96%,
P =10.003) (Fig. 5¢). For the E-H association of ANKRD37 expression
with hippocampal volume, we found significant negative correla-
tion between ANKRD37 expression and hippocampal volume
(r=-0.14, VE=1.96%, P=0.004) (Fig. 5d). Notably, ANKRD37
expression was detected by different probes in IMAGEN
(ILMN_1756417) and ADNI (11721917_a_at); however, these two
probes are designed to demonstrate the same transcript
NM_181726.2 of ANKRD37 gene. These results suggest that the
pairwise molecular associations of ANKRD37 with human hippo-
campal volume is robust and could be extended in HYC.
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Comparisons of the pairwise associations of ANKRD37 in
different populations

For the S-H association between rs1053218 and hippocampal
volume, we found that the number of risk allele (T) of rs1053218
was negatively correlated with hippocampal volume in HEC
(r=0.15, VE=2.25%, P=0.04) and LOAD (r=0.27, VE =7.29%,
P=0.02). Specifically, the CT and TT genotypic groups showed
significantly smaller hippocampal volume than the CC group in
HEC and LOAD (Fig. 5a). For the S-M association between
rs1053218 and ¢g26741686 methylation, we found that the
number of risk allele (T) of rs1053218 was positively correlated
with cg26741686 methylation in HEC (r=0.67, VE=44.89%,
P<0.001) and LOAD (r=0.59, VE=34.81%, P<0.001) (Fig. 5b).
For the M-E association of cg26741686 methylation with ANKRD37
expression, we found positively correlation between cg26741686
methylation and ANKRD37 expression in HEC (r =0.31, VE = 9.61%,
P<0.001) and LOAD (r=0.54, VE=29.16%, P<0.001) (Fig. 5c).
More importantly, LOAD patients showed stronger associations
than HEC (z =-2.06, P = 0.04) and HYC (z=-3.68, P < 0.001). HEC
showed stronger associations than HYC (z=-2.10, P=0.04)
(Fig. 5¢). For the E-H association of ANKRD37 expression with
hippocampal volume, we found significant negative correlation
between ANKRD37 expression and hippocampal volume in HEC
(r=-0.29, VE=841%, P<0.001) and LOAD cases (r=-0.63,
VE =39.69%, P<0.001) (Fig. 5d). LOAD patients showed more
significantly associations of ANKRD37 expression with hippocam-
pal volume than HEC (z=-3.18, P=0.002) and HYC (z=-4.74,
P<0.001) (Fig. 5d). There were no statistically significant
differences of associations of ANKRD37 expression with hippo-
campal volume between HYC and HEC. These results suggest that
the pairwise molecular associations of ANKRD37 with human
hippocampal volume is highly reproducible and more significant
in LOAD cases.

DISCUSSION

To our knowledge, this is the first attempt to decipher the causal
relationships among the genetic variation, DNA methylation, and
gene expression associated with a neuroimaging phenotype of
hippocampal volume by combining genome-wide association
analyses of multi-omics data from both blood and hippocampal
tissues with causal association tests. Based on hippocampal
volume data from structural neuroimaging and genome, tran-
scriptome and epigenome data from blood tissue, we identified a
novel S— M —E—H possibly causal association mechanism
where the rs1053218 genetic effect leads to ¢g26741686
hypermethylation, and hyperactivation of the associated ANKRD37
gene expression, which may cause the reduction of hippocampal
volume for yet unknown biological processes. The S— M —E
causal association found in blood tissue was also observed in
human hippocampal tissue, and the causal S—-M, M —E and
E — H effects were experimentally confirmed in in vitro mouse
neuronal differentiation models and in vivo overexpressed mouse
models. The S-H, S-M, M-E, and E-H associations were replicated in
an independent dataset of healthy young people, and these
correlations were much stronger in patients with LOAD. This study
provides a plausible strategy to integrate the fragmental
molecular associations of a given neuroimaging phenotype into
a causal mechanism, which can remove false positive findings and
provide more reliable molecular targets for the development of
novel treatment and molecular markers for progression monitor-
ing and prognosis prediction of hippocampal impairment in brain
disorders.

The most important finding of this study is the association
between ANKRD37 and hippocampal volume and the causal
relationships among the genetic effect and epigenome changes
and the gene expression modulation of ANKRD37. The anchor
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protein of ANKRD37 contains an ankyrin repeat domain (ANKRD), a
33-amino acid motif mediating protein-protein interactions [33].
The ANKRD protein family includes many functionally diverse
proteins such as enzymes, toxins, and transcription factors, and
membrane receptors [33]. Although the function of ANKRD37 is far
from clear, much evidence indicates that ANKRD37 is involved in
the cell response to hypoxia [34, 35]. In the hypoxia-induced
responses, hypoxia-inducible factor (HIF) family of transcription
factor is commonly regulated. The HIF-1a subunit is degraded
under normal oxygen conditions; however, in hypoxic conditions,
it is stabilized, translocated to the nucleus and dimerizes with the
constitutively expressed subunit HIF-13 to form HIF dimers that
bind to and activate their target genes [36], such as ANKRD37.

Hypoxia can also facilitate the pathogenesis of LOAD through
accelerating the accumulation of AP, increasing the hyperpho-
sphorylation of tau, impairing the normal functions of blood-brain
barrier, and promoting the degeneration of neurons [37, 38].
Despite of lacking direct evidence, these hypoxia-induced down-
stream events could occur in the hippocampus since it is
particularly sensitive to hypoxia [39] and is severely impaired in
LOAD [8]. The adverse effects of hypoxia on LOAD indicate a
detrimental impact of the overexpression of ANKRD37, a molecule
event of the hypoxic response [34], on the hippocampus. This
hypothesis was supported by confirming a negative correlation
between the ANKRD37 expression and hippocampal volume,
though the ANKRD37 may be activated through different
mechanisms: hypoxia in previous studies [34, 40] versus genetic
variant and hyper-methylation in this study. The identified causal
association chain from rs1053218 risk allele to cg26741686 hyper-
methylation to ANKRD37 hyperactivation and to reduced hippo-
campal volume, provides novel molecular targets for the
development of the treatment and prevention strategies for the
hippocampal impairment in LOAD, as well as novel molecular
markers for monitoring the progress and predicting the prognosis
of the disorder.

In contrast to the association between the DNA methylation
at CpG islands and gene inactivation [41], intergenic or
intragenic DNA methylation has profound effects on gene
expression through different mechanisms [42, 43]. In postnatal
neural stem cells, Dnmt3a-dependent methylation at the non-
proximal promoter regions facilitates expression of their target
genes by functionally antagonizing Polycomb repression [44]. In
this study, we found that the hyper-methylation of cg26741686
in NSCs resulted in the subsequent hyperactivation of Ankrd37
gene expression. Notably, the cg26741686 locates in the gene
body of Ankrd37. In this scenario, intragenic cg26741686
methylation may derestrict Ankrd37 expression through pre-
venting the occupancy of Polycomb group proteins. However, it
requires further functional and mechanistic studies to under-
stand how the multi-omics causal associations of ANKRD37
affects the hippocampus volume and leads to the pathogenesis
of LOAD.

Although the MR analysis demonstrated a causal effect of
926741686 methylation on ANKRD37 expression in human
hippocampal tissue, we cannot confirm the across-subject
correlation between ¢g26741686 methylation and ANKRD37
expression in human hippocampal tissue because there were no
available individual-level data of DNA methylation and gene
expression in human hippocampal tissue from the same
participants. In the independent replication of the pairwise
associations of ANKRD37, we only replicated the associations in
HYC. However, we cannot replicate these associations in HEC and
LOAD because there are no available independent datasets of HEC
and LOAD with blood-derived genetic, gene expression, DNA
methylation and structural neuroimaging data. Future studies will
replicate the pairwise associations of ANKRD37 in the independent
HEC and LOAD populations.
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In conclusion, with a comprehensive strategy, we identified a
novel causal association mechanism of rs1053218 T allele —»
€g26741686 hypermethylation — overactivation of the ANKRD37
gene expression — hippocampal volume reduction. This study not
only provides a plausible approach to integrate the fragmental
associations into a causal mechanism, but also novel targets for
treatments and new biomarkers for prediction of LOAD.

CODE AVAILABILITY
Custom code that supports the findings of this study is available from the
corresponding author upon request.
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