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Abstract

Cerebral amyloid angiopathy (CAA) is a degenerative vasculopathy. We have previously shown that transcription regulating
proteins- inhibitor of DNA binding protein 3 (ID3) and the nuclear respiratory factor 1 (NRF1) contribute to vascular dys-
regulation. In this study, we have identified sex specific ID3 and NRF1-mediated gene networks in CAA patients diagnosed
with Alzheimer’s Disease (AD). High expression of ID3 mRNA coupled with low NRF1 mRNA levels was observed in
the temporal cortex of men and women CAA patients. Low NRF1 mRNA expression in the temporal cortex was found in
men with severe CAA. High ID3 expression was found in women with the genetic risk factor APOE4. Low NRF1 expres-
sion was also associated with APOE4 in women with CAA. Genome wide transcriptional activity of both ID3 and NRF1
paralleled their mRNA expression levels. Sex specific differences in transcriptional gene signatures of both ID3 and NRF]1
were observed. These findings were further corroborated by Bayesian machine learning and the GeNle simulation models.
Dynamic machine learning using a Monte Carlo Markov Chain (MCMC) gene ordering approach revealed that ID3 was
associated with disease severity in women. NRF1 was associated with CAA and severity of this disease in men. These find-
ings suggest that aberrant ID3 and NRF1 activity presumably plays a major role in the pathogenesis and severity of CAA.
Further analyses of ID3- and NRF1-regulated molecular drivers of CAA may provide new targets for personalized medicine
and/or prevention strategies against CAA.

Keywords Nuclear respiratory factor 1 - ID3 - Cerebral amyloid angiopathy - Vascular dementia - Transcriptomic
signatures - Bayesian network

Introduction

Cerebral amyloid angiopathy (CAA) is a degenerative vascu-
lopathy that leads to intracerebral hemorrhages and vascular
related cognitive decline. CAA involves amyloid-f protein
deposition in the leptomeningeal and cortical blood vessels.
The buildup of amyloid-p in cerebral vessels contributes to
the loss of smooth muscle cells, luminal narrowing, wall
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thickening, and concentric wall splitting causing bleeding
in the brain. Age is the most significant risk factor for CAA.
Most cases of CAA are sporadic occurring over the age of
55, but rare familial cases of CAA also occur in younger
patients from mutations in the amyloid precursor protein
(APP) gene. The prevalence of moderate to severe CAA in
the population is estimated to be 2.3% in 65- to 74-year-olds,
8% in 75- to 84-year-olds, and 12.1% in over 85-year-olds
[1]. CAA is a significant cause of lobar intracerebral hemor-
rhages in the elderly [2]. Intracerebral hemorrhages account
for 10-15% of total stroke cases in the U.S. each year with
a devastating mortality rate of 54% at 1 year [3, 4] In addi-
tion to stroke, CAA has been reported to influence cognitive
decline in Alzheimer’s Disease (AD) patients [5]. Currently
there are no effective prevention strategies or disease modi-
fying treatments for CAA.
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The APOE4 genotype has been shown to increase the
accumulation of amyloid-f in the brain by inhibiting its
clearance [6]. In CAA patients, carriers of APOE4 were
shown to have greater amyloid accumulation in the cere-
bral vasculature [7]. APOE4 has also been associated with
increased risk of AD in women [8]. Regardless of APOE4
genotype men have been shown to have more severe CAA
than women [9]. Our previous studies have shown that redox
sensitive transcription regulating proteins- inhibitor of DNA
binding protein 3 (ID3) and the nuclear respiratory factor 1
(NRF1) contribute to vascular dysregulation [10-13]. Exper-
iments have shown that amyloid-f protein induces inhibitor
of DNA binding protein (ID) expression in rat cortical cells
[14]. ID proteins have recently been implicated in the pro-
gression of AD [15] but their role in other amyloid related
diseases such as CAA is not known. NRF1 transcription
factor targets many genes associated with neurodegenera-
tive disease [16]. The APOE4 gene contains a DNA binding
motif for the NRF]1 transcription factor [17].

Despite tremendous progress in understanding how
amyloid-f protein and APOE4 contribute to CAA, gaps
remain in understanding the molecular drivers of this small
vessel disease. In this study, we have examined ID3 and
NRF1-mediated networks in CAA patients. Using an RNA-
seq case—control approach of CAA patients and AD patients,
we examined ID3 and NRF1 mRNA levels associated with
APOE4 genotype and CAA severity, their genome wide
transcriptional activity, and sex specific differences in tran-
scriptional gene signatures of both ID3 and NRF1. Causal
Bayesian networks of ID3 and NRF1 were generated from
published data using machine learning [18, 19] to determine
their causal influence on CAA by a gain and loss of function
approach [20]. Furthermore, we analyzed causal structures
of ID3 and NRF1 networks to identify signatures involved
in development of CAA by Markov Chain Monte Carlo
(MCMC)-based gene order [21]. In summary, this study
focuses on understanding sex specific differences associated
with the transcriptional landscape of ID3 and NRF1 regu-
lated genes to discover molecular drivers of CAA for per-
sonalized medicine and/or prevention strategies to address
the small vessel disease that currently has no cure.

Results

High ID3 Expression Coupled with Low NRF1
Expression Levels are Associated with CAA

To evaluate whether ID3 and NRF1 are associated with CAA,
we used RNA-seq data from the AD Knowledge Portal. The
case-control approach was used to determine the association
between the expression of ID3 and NRF1 in CAA by analyz-
ing RNA-seq data. CAA favors the deposition of amyloid-f§
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protein in the temporal cortex and cerebellum while the hip-
pocampus is often spared or less affected [22]. Our study was
focused on the temporal cortex and the cerebellum because
these were the only brain regions available with RNA-Seq
data from CAA patients from the AD Knowledge Portal
Synapse Repository. CAA patients had an average age of
81 yrs and were neuropathologically diagnosed with Alz-
heimer’s disease (AD) (Table 17). Controls were composed
of individuals with an average age of 82 yrs (Table 18). Dif-
ferential gene expression (DEG) using limma and TMM
normalization was conducted between these groups with
significant genes determined by Benjamin-Hochberg FDR
t-test (p <0.05). Our analysis showed a significantly higher
mean expression of ID3 mRNA in both men and women with
CAA (Fig. 1A). CAA has been reported to be an overlapping
pathology in AD patients. To determine if higher ID3 mRNA
expression was specific to CAA, we also examined AD cases
(Table 19). Our findings also showed higher ID3 mRNA in
men and women AD patients. Because of the overlap in func-
tion between ID family proteins, we extended our efforts by
analyzing ID1 mRNA. ID1 mean mRNA levels showed the
same trend as ID3 with significantly high expression in CAA
patients (Fig. 1B), but in the AD only cases ID1 expression
was only higher in males.

We also examined NRF1 mRNA levels in CAA patients.
As shown in Fig. 1C, there was a significantly lower level
of NRF1 mRNA in men and women CAA and AD patients.
CAA has also been shown to occur in the cerebellum [23].
Therefore, we determined mRNA levels of ID proteins and
NRFI in the cerebellum of CAA patients. As shown in
Fig. 2A, ID3 mRNA levels were significantly higher in the
cerebellum of CAA patients. AD cases also showed higher
ID3 mRNA level compared to controls (Fig. 2A). Low NRF1
mRNA level in the cerebellum was significantly lower in men
with AD but this was not observed in CAA (Fig. 2C). In sum-
mary, high ID3 expression coupled with low NRF1 expres-
sion levels in the temporal cortex are associated with men and
women CAA patients. High ID3 and low NRF1 gene expres-
sion in the temporal cortex was also observed in AD patients.

In order to discern whether the effects on ID3 and NRF1
levels were CAA specific, we measured their levels in brain
microvessels from AD patients. We analyzed the microarray
data file GSE45596 from the National Center for Biotechnol-
ogy Information (NCBI) Gene Expression Omnibus (GEO).
Raw intensity values for the dataset were normalized accord-
ing to log2 ratios and then analyzed using limma differential
expression analysis. As shown in Fig. 3, the median ID3 and
ID1 mRNA levels were higher in microvessels of AD cases
and NRF1 mRNA levels were lower, however, they were not
statistically significant (Fig. 3C). In summary, expression
of ID3, ID1, and NRF1 mRNA levels in brain blood vessels
from AD patients were similar to whole tissue RNA-seq
levels of these genes in CAA and AD patients.
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Fig.1 Box plots of ID3, ID1, and NRF1 gene expression in the tem-
poral cortex. High ID3 coupled with low NRF1 mRNA expression
in the temporal cortex is associated with CAA compared to con-
trols. A ID3 mRNA expression is higher in CAA cases vs controls
in males (p=1.38x10 ~'?) and females (p=5.15x 10 ~®) according
to two-tail t-test comparison. In AD Cases vs controls. ID3 mRNA
levels were significantly higher in males (p-value=0.001) and
females (p=4.48x10 ). B IDI mRNA expression was signifi-
cantly higher in CAA cases vs controls in males (p-value=0.001)
and females (p-value=6.11x10 . Low IDI mRNA expres-

Low NRF1 Coupled with High ID3 Expression
Correlated with CAA Severity in Temporal Cortex
of Men

To determine whether ID3 and NRF1 expression levels were
altered by CAA severity, we compared severe to non-severe
cases. CAA severity scores were determined by thioflavin-S
staining of amyloid-f} and scored on a scale from 0 to 4. In
our analysis, cases of CAA with a score of 2 or greater were
included as severe cases. Severe cases represent strong cir-
cumferential amyloid deposition or extravasation of amyloid
deposition in multiple cortical and leptomeningeal vessels.
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sion was significantly associated with male AD cases vs controls
(p-value=0.037). C Low NRF1 mRNA level was significantly asso-
ciated with CAA cases vs controls in males (p=2.68x10 ~*!) and
females (p-value =4.484x 10 ). AD cases were significantly associ-
ated with lower NRF1 mRNA level in males (p-value=1.458 x 10 ~)
and females (p-value=1.708x 10 ~3). The black line in the box plot
represents the median value of gene expression. Asterisks indicate a
significant difference between the mean expression level of cases vs
controls according to t-test (p-value <0.05)

Non-severe CAA cases were selected with a score of less
than 2 representing scattered amyloid deposition in both
leptomeningeal and cortical vessels. In the temporal cortex,
ID3 expression was not associated with men or women with
severe CAA (Fig. 4A). Low NRF1 expression was signifi-
cantly associated in men with severe CAA (Fig. 4B).

We further determined if ID3 and NRF1 mRNA expression
levels were altered by CAA severity in the cerebellum. Both men
and women with severe CAA showed significantly higher ID3
mRNA expression (Fig. 5A). NRF1 expression was significantly
downregulated in both men and women with severe CAA in the
cerebellum. In summary, high ID3 and low NRF1 expression

@ Springer



838

Molecular Neurobiology (2024) 61:835-882
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Fig.2 Box plots of ID3, ID1, and NRF1 gene expression in the cer-
ebellum. High ID3 mRNA expression in the cerebellum is associated
with CAA cases. A ID3 mRNA expression is higher in CAA cases
vs controls in males (p=1.14x 10 ~®) and females (p=5.68x10 ~7)
according to two-tail t-test comparison. In AD cases vs controls, ID3
mRNA expression was significantly higher in females (p=4.32x10
~2) and in males. B ID1 mRNA expression was not associated with

were associated with severity in the cerebellum for both men
and women. As described previously, men are diagnosed more
frequently with severe CAA compared to women. Cerebral arte-
rioles are reported to show significant CAA-dependent loss of
a-smooth muscle actin at Braak stage 5 and 6 in AD subjects
[24]. So we further examined the effect of CAA severity accord-
ing to Braak stage in the temporal cortex. As shown in Fig. 6A,
significantly higher ID3 mean mRNA expression was found in
men with severe cases of CAA and a Braak stage of 5/6 com-
pared to non-severe cases. In summary, high ID3 expression in
the temporal cortex was associated with men who had the com-
bination of severe CAA and a Braak stage of 5/6. Low NRF1
expression was also associated with men who had severe CAA.
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ID3 mRNA Expression in AD Cases in Cerebellum
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either CAA or AD cases. C NRF1 mRNA expression in AD cases vs
controls was significantly downregulated in males (p-value=0.003),
but not in AD female cases. The black line in the box plot represents
the median value of gene expression. Asterisks indicate a significant
difference between the mean expression level of cases vs controls
according to t-test (p-value <0.05)

ID3 and NRF1 Expression by APOE4 Genotype

Since APOE4 with the NRF1 DNA element are consid-
ered as risk factors of AD, we examined ID3 and NRF1
expression in different APOE4 genotypes. Subjects with
one or more alleles of APOE4 were defined to be car-
riers. As shown in Fig. 7B, high ID3 expression in the
temporal cortex was significantly associated with women
carrying APOE4. Women with APOE4 showed signifi-
cantly lower NRF1 mRNA expression (Fig. 7C). We
further determined ID3 and NRF1 mRNA expression
by APOE4 genotype in the cerebellum. ID3 expression
was significantly upregulated in both men and women



Molecular Neurobiology (2024) 61:835-882

839

A
ID3 mRNA Expression in Brain Microvessels
", ) . A
< 2500 [ - , f
oo
o -
= 2000 —
c
ke
4 1500 ’7
9_) -
Q  I—
3 1000
o r—
2
500 - [ AD Cases
0 [ Controls
B Female Cases Female Controls Male Cases Male Controls
ID1 mRNA Expression in Brain Microvessels
35000 - A — A
(g" 30000 -
= 25000 |
s
@ 20000 I | E— ’ ‘
w pr——
< 15000 - i‘ : ’—}
S L —_— I
10000 - 1
a 73 AD Cases
= 5000
[ Controls
0 |
Female Cases Female Controls Male Cases Male Controls
C NRF1 mRNA Expression in Brain Microvessels
60 | ‘ |
¥ 50
S I
= 40
R,
2 30
S )
3 20| -
DY ==
o ~ )
< 10 [ AD Cases
0 [ Controls

Female Cases Female Controls Male Cases Male Controls
n=>5 [n=5] n=5 [n=5|

Fig.3 Box plots of ID3, ID1, and NRF1 gene expression in brain
microvessels. A Median ID3 mRNA expression levels are higher in
blood vessels from AD cases compared to controls. B Median ID1
mRNA expression levels are higher in AD cases vs controls. C
Median NRF1 mRNA expression level is lower in AD cases vs con-
trols. GSE45596 microarray data file of brain microvessels from AD
patients (n=5 female, n=5 male) vs controls (n=5 female, n=>5
male). The black line in the box plot represents the median value of
gene expression

who carried APOE4 (Fig. 8A). In summary, sex-specific
association of low NRF1 expression and APOE4 in the
temporal cortex was found in women. We also show high
ID3 expression associated with APOE4 in the temporal
cortex of women. These findings in the temporal cortex
are consistent with the higher risk of AD in women with
APOE4. However, this should be interpreted cautiously
because sample size was low as well as the appropriate
controls were lacking.

Genome wide Transcriptional Activity of ID3
and NRF1

To determine if high ID3 and low NRF1 mRNA levels
observed in CAA patients impacted genome wide tran-
scriptional activity, we conducted a transcriptional activ-
ity assay using LRPATH logistic regression analysis. Using
LRPath we examined the total transcriptional activity of ID3
and NRF1 based on the expression of their target genes for
discovery of CAA-associated transcriptional activity. Tran-
scriptional activity of ID3 and NRF1 was determined from
the cumulative statistically significant differential expression
of hundreds of target genes. The results that follow are all
visualized as a heatmap shown in Fig. 9.

ID3 transcriptional activity was significantly upregu-
lated in the temporal cortex of women (p =0.004) and men
(p=0.010) CAA cases compared to controls shown in Fig. 9.
In men with CAA, we found that 67% (8508/9438) of all
known ID3 target genes have significantly altered mRNA
expression, with 38% (2431/6348) of these being downregu-
lated, and 62% (3917/6348) of these being upregulated in the
temporal cortex. In women with CAA, we found that 90.15%
(8508/9438) of all known ID3 target genes have significantly
altered mRNA expression, with 46.34% (3943/8508) of these
being downregulated in CAA, and 54.36% (4057/8508) of
these being up-regulated in the temporal cortex.

Our analysis showed a downregulation of NRF1 tran-
scriptional activity in the temporal cortex of men and women
patients with CAA. We showed that 63% (7099 /11280) of
all known NRFI target genes have significantly altered
mRNA expression, with 62% (4407/7099) of these being
downregulated in men with CAA, and 38% (2692/7099) of
these being upregulated. In women with CAA, we found
that 62% (6942/11280) of all known NRF1 target genes have
significantly altered mRNA expression in cases, with 58%
(4027 /6942) of these being downregulated in cases, and
42% (2915/6942) of these being upregulated. In summary,
genome-wide transcriptional activity of ID3 and NRF1
in CAA patients correlated with high ID3 and low NRF1
mRNA levels in CAA patients.
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Fig.4 Box plots of ID3 and NRF1 gene expression in the tempo-
ral cortex of severe vs non-severe CAA cases. A ID3 mRNA levels
across severe male CAA cases (n=21) vs male non-severe CAA
cases (n=20) and the distribution of mRNA expression in severe
female CAA as compared to non-severe CAA were not significantly
different according to two-tail t-test comparison. B NRFI mRNA
expression was significantly lower in male severe CAA cases (n=21)
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Fig.5 Box plots of ID3 and NRF1 gene expression in the cerebel-
lum of severe vs non-severe CAA cases. A ID3 mRNA expression
levels across severe male CAA cases (n=16) (p=0.0208) vs male
non-severe CAA cases (n=73) were not significantly upregulated,
however the distribution of mRNA expression in severe female
CAA (n=17) as compared to non-severe female CAA cases (n=94)
(p=0.0009) was significantly upregulated according to two-tail t-test
comparison. A) NRF1 mRNA expression was significantly lower in

We further validated genome wide transcriptional activity
of ID3 and NRF1 in the temporal cortex of AD patients. In
men with AD, we found that 67% (8508/9438) of all known
ID3 target genes have significantly altered mRNA expres-
sion with 38% (2431/6348) of these being downregulated
and 62% (3917/6348) of these being upregulated. In women
with AD, we found that 90.15% (8508/9438) of all known
ID3 target genes have significantly altered mRNA expres-
sion, with 46.34% (3943/8508) of these being downregu-
lated, and 54.36% (4057/8508) of these being up-regulated.
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male severe CAA cases (n=16) (p=0.037) vs male non-severe CAA
cases (n="73) and in expression of female severe CAA cases (n=17)
vs female non-severe CAA cases (n=94) (p=0.007) according to
two-tail t-test comparison. Severe CAA 1is a severity score above 2.
The black line in the box plot represents the median value of gene
expression. Asterisks indicate a significant difference between the
mean expression level of severe cases vs non-severe cases according
to t-test (p-value < 0.05)

For NRF1 transcriptional activity in men AD patients, we
found that 61.6% (6954/11280) of all known NRF1 target
genes have significantly altered mRNA expression with
45% (3181/6954) being upregulated and 54% (3773/6954)
being downregulated. Women with AD showed 36.9% (4171
/11280) of all known NRF1 target genes to have significantly
altered mRNA expression, with 66.3% (2767/4171) being
upregulated and 34.7% (1404/4171) being downregulated.
Results for ID3 and NRF1 transcriptional activity by path-
way analysis can be found in (Tables 1, 2, 3, 4, 5, and 6).
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Temporal Cortex ID3 Distribution across Braak Stage and
CAA Severity
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Fig.6 Box plots of ID3 and NRF1 gene expression by Braak Stage
and CAA severity in temporal cortex of CAA cases. ID3 mRNA
expression is higher in men with severe cases of CAA (n=37) and a
Braak stage of 5/6 in the temporal cortex. A ID3 expression in severe
cases of CAA compared to non-severe cases with Braak score of 5
or higher. ID3 expression is significantly higher (p-value=0.0256)
in males (n=37) with severe cases of CAA and with a Braak stage

In brief, genome wide transcriptional activity of both ID3
and NRF1 paralleled their mRNA expression levels. Gene
pathways significantly downregulated in NRF1 total activ-
ity included endothelial cell signature, VEGF signaling,
endothelial cell angiogenesis and vasculogenesis, and Wnt
Signaling Pathway. Downregulation of angiogenesis and
VEGF signaling could explain how NRF1 mediates injury
of cerebral blood vessels in CAA.

ID3 Bayesian Network for CAA in Women

On the basis of high ID3 mRNA expression in the temporal
cortex of women that had CAA and the association of ID3
with APOE4 in women with AD, we generated probabilis-
tic graphical models to learn sex specific molecular drivers
of CAA. In this study, nodes consisted of RNA-seq CAA
case and control expression data for ID3 target genes from
women and clinical variables (CAA disease, APOE4 geno-
type, Thal phase, and Braak stage). To learn the CBNs, we
ran independent runs of BANJO to identify Markov blanket
MB) genes. The first-degree MB genes of variable CAA in
the CBN (denoted as MB [CAA]) was defined as the set of
variables that represent the direct causes (parents) of the
direct effects (children) of CAA. The scoring metric used is
called Bayesian Dirichlet equivalence (BDe). Among the 12
best runs for the ID3 women CBN, structures with the best
BDe score (—16,204.98) were selected for comparison of
CAA MB genes amongst the best consensus structures with
318 variables and 73 patients (Fig. 10). During the valida-
tion runs for MB genes for CAA, CBN learning comprising

Temporal Cortex NRF1 Distribution across Braak Stage
and CAA Severity
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box plot represents the median value of gene expression. Asterisk
indicate significant difference between the mean expression level of
severe CAA vs non-severe CAA cases across a braak stage range of
(5 -5.99 or>6) according to t-test (p-value <0.05)

the nine CBNs, the best scoring CBN with a BDe score
(-4010.11) contained 75 variables with 73 patients (Fig. 11).
Thal phase node was the plausible direct cause (parent) of
the CAA node. Thal Af phase predicts Ap deposition in cor-
tical and subcortical areas of brain tissue increasing risk of
having CAA [25]. The node for ID3 was directly connected
to CAA. This indicates that CAA was a result of ID3. Fur-
thermore, CAA was the plausible direct cause of the severity
node. This indicates that severity of neuropathological and
cognitive conditions was a result of CAA status at the time
of death. CAA was the plausible direct cause of 39 genes in
total (Table 7), indicating the importance of disease status
to the expression of these ID3 targeted genes. The influence
scores between arcs (connections) in the CBN for ID3 was
calculated with the BANJO algorithm. Using a correlation
score of +0.70 as our threshold, we found 13 CAA MB
variables that were used in the order scoring algorithm to
determine the causal gene order signatures.

NRF1 Bayesian Network for CAA in Men

Since low NRF1 mRNA expression in the temporal cortex
was specific to men with severe CAA, we used probabil-
istic graphical models to learn if NRF1 was a sex specific
driver of CAA. Among the 12 best runs for the NRF1 male
CBN, structures with the best BDe score (—14,349.32)
were selected for comparison of CAA MB genes with 289
variables and 81 patients (Fig. 12). During the validation
runs for MB genes for CAA, CBN learning comprising
the nine CBNs, the best scoring CBN was with a BDe
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Fig.7 Box plots of ID3 and NRF1 gene expression in the tempo-
ral cortex of APOE4 carriers. Subjects consisting of both cases and
controls with one or more alleles of APOE4 were defined carriers. A
ID3 expression by APOE4 genotype in a population of CAA cases
and controls. B ID3 expression by APOE4 genotype in a population
of cases with AD and controls. ID3 mRNA expression was signifi-
cantly higher (p-value=1.72x 10 ~%) in female APOE4 carriers com-
pared to non-carriers. C NRF1 expression by APOE4 genotype in a

score (-5167.7363) containing 93 variables and 81 patients
(Fig. 13). The highest scoring NRF1 representative net-
work consisted of two parent genes (SERHL, PXMP4)
that represented the plausible direct causes of CAA in
the network. SERHL is a serine hydrolase like pseudo-
gene that is associated with vascular dysfunction [26, 27].
PXMP4 is a protein coding gene that is associated with
cerebrohepatorenal syndrome and peroxisome biogenesis
disorders responsible for processes that promote formation
of vascular diseases [28, 29]. CAA node was the direct
cause of the Thal phase node. Thal Ap phase predicts Ap
deposition in cortical and subcortical areas of CAA brain
tissue which supports the biological plausibility of the
network. A direct connection between NRF1, Thal, and
CAA was identified in the CBN. CAA was the direct cause
of 51 genes and microRNAs in total (Table 8), indicating
the importance of disease status to the expression of these
NRFI1 target genes.
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population of CAA cases and controls. NRF1 mRNA expression was
significantly lower (p-value=1.24x10 ~%) in women APOE4 carri-
ers when compared to non-carriers. D NRF1 expression by APOE4
genotype in a population of AD cases and controls. The black line in
the box plot represents the median value of gene expression. Aster-
isk indicates significant difference between the mean expression level
of target gene in APOE4 carriers vs non-carriers consisting of both
cases and controls according to t-test (p-value <0.05)

ID3 Markov Blanket Causal Influence Analysis

After generating the ID3 CBN structures, the second objec-
tive was to learn the probable contribution of ID3 to CAA.
A sensitivity analysis using GeNIe was conducted on experi-
mentally modified ID3 expression status for upregulation,
downregulation, and normal expression. We observed an
increase in marginal probability of CAA from 48% to a 91%
risk following changing ID3 expression to an upregulated
state. In a state of downregulation of ID3, we observed a
decrease in marginal probability of CAA from 48 to 8% risk
validating that ID3 overexpression drives CAA risk. In a
state of normal expression for ID3, the marginal probability
of CAA was at a state of 48% and increased to a state of 49%
when expression was modified. In conjunction with Bayes
Theorem, the lifetime risk of CAA was calculated for single
gene, gene pairs, and multiple genes. Our control group age
ranges from 79-84 yrs old and the prevalence of CAA in this
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Fig.8 Box plots of ID3 and NRF1 gene expression in the cerebel-
lum of APOE4 carriers. Subjects consisting of both cases and con-
trols with one or more alleles of APOE4 were defined carriers. A
Higher ID3 expression is associated with APOE4 genotype in a
population of CAA cases and controls. ID3 mRNA expression was
significantly higher (p-value=1.44x107) in female APOE4 carri-
ers when compared to non-carriers. ID3 expression was also higher
(p-value=1.73%x 107) in male APOE4 carriers. B ID3 expression by

age group has reported to be 8% [1]. Therefore, we used this
prevalence for calculating the lifetime risk. The ID3 target
genes and gene combinations that affect lifetime risk CAA
are shown in Table 9.

Several gene candidates contributed more significantly
to lifetime CAA risk or P (CAA). 8% which we used as a
baseline risk for CAA in our population diagnosed with AD
(Calculating modified expression levels and their effect on
the probability of evidence for CAA we were able to deter-
mine the lifetime risk of CAA shown in Table. Overexpres-
sion of ID3 itself led to a significantly higher probability
of CAA increasing lifetime CAA risk > sixfold. In combi-
nation with other gene expression patterns for our Markov
blanket genes determined by our model the risk for CAA
increased exponentially in concert with ID3 overexpression.
Overexpression of ATG10, SLC5A2, UTS2, DNAJC25, and
U2AF1 in combination with ID3 overexpression resulted
in the lifetime risk of CAA given the data increasing by

NRF1 mRNA Expression in Cerebellum APOE4 Carriers vs

ID3 mRNA Expression in Cerebellum APOE4 Carriers vs
APOE4 Non-Carriers (AD Cases & Controls)
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APOE4 genotype in a population of cases with AD and controls. C
NRF1 expression by APOE4 genotype in a population of CAA cases
and controls. D NRF1 expression by APOE4 genotype in a popula-
tion of AD cases and controls. The black line in the box plot repre-
sents the median value of gene expression. Asterisk indicates signifi-
cant difference between the mean expression level of the target gene
in APOE4 carriers vs non-carriers consisting of both cases and con-
trols according to t-test (p-value < 0.05)

> 12-fold. Underexpression of HIC1 in combination with
overexpression of ID3 resulted in the lifetime risk of CAA
increasing by 12.24 —fold (Fig. 14).

ID3 Markov Blanket Combinatorial Relative Risk
Analysis

The PREDICT combinatorial analysis was used to confirm
results from GeNle and to calculate risk ratios for sets of
gene combinations involved in contributing to the risk of
CAA according to GeNle results. We used the SMILE and
C+ +based combinatorial analysis program PREDICT to
determine expression patterns most likely to contribute to
CAA risk in women using the MB genes in the ID3 repre-
sentative network. Utilizing the ID3 representative network
GeNle’s ‘learn’ parameters calculated the probability of
evidence for CAA likelihood given the modified expression
levels of the 16 genes (including NRF1 and ID3) associated
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Fig.9 Transcriptional activity
of ID3 and NRF1 in temporal

Temporal Cortex

cortex in CAA and AD. In the

CAA

heatmap above, NRF1 activity
is strongly downregulated and
ID3 activity is upregulated.
Other transcription factors
shown above represent the most
significant probability of tran-
scriptional activity across both
diseases in the temporal cortex
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Table 1 NRF1 and ID3 pathway activity in female CAA cases vs controls at Temporal Cortex

Pathway activity

Total target No. significant Coefficient ~Odds ratio P-Value  Total activity

gene no genes

NRF1 NRFI Total Activity 11,280 6942 -0.02610 0.85 9.02E-07 Down*
NRF1 Endothelial Signature 1937 142 -0.007 0.956 1.08E-04 Down*
VEGEF Signaling 56 29 -0.00866 0.947 0.0447 Down*
Apoptosis 141 37 -0.00376 0.976 0.6789 Down
Cell Cycle 42 7 0.0010 1.007 0.944 Up
Cellular Senescence 49 17 0.0190 1.125 0.270 Up
Epigenetic Chromatin Remodeling Factors 67 26 0.0055 1.034 0.146 Up
Endothelial Cell Death 10 2 -0.0113 0.932 0.099 Down
Endothelial Cell Growth & Proliferation 13 9 -0.014 1.1633 0.372 Down
Endothelial Cell Angiogenesis & Vasculogenesis 42 22 -0.0154 0.90835 0.017 Down*

D3 ID3 Total Activity 9438 2374 0.005476  1.0346 1.05E-10  Up*
ID3 Endothelial Signature 2835 1535 0.004 1.021 2.03E-11 Up*
VEGEF Signaling 53 15 6.48E-04  1.004 0.872 Up
Apoptosis 208 65 0.0264 1.178 0.057 Up
Cell Cycle 76 20 0.0150 1.098 0.525 Up
Cellular Senescence 67 21 0.0050 1.032 0.783 Up
Epigenetic Chromatin Remodeling Factors 56 21 —-0.0063 0.962 0.099 Down
Endothelial Cell Death 13 9 0.0031 1.019 0.640 Up
Endothelial Cell Growth & Proliferation 14 -0.004 1.1364 0.453 Down
Endothelial Angiogenesis & Vasculogenesis 46 20 -0.0055 0.965 0.3670 Down

Significant pathways (p-value <0.05, Fishers Exact Test) denoted by asterisks

with the causal Bayesian network for CAA in women. To
validate the key ID3 representative network Markov blan-
ket genes as causal signature genes for CAA women, we

evaluated their predictive capability to dis
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tinguish between

normal and CAA cases. Genie’s ‘learn parameters’ func-
tion analysis of the 16 genes (including ID3) associated
with the CAA network showed that 5 Markov blanket genes
(ID3, ATG10, SLC5A2, U2AF1, and UTS2) consistently



Molecular Neurobiology (2024) 61:835-882

845

Table 2 NRF1 and ID3 pathway analysis in male CAA cases vs controls at Temporal Cortex

Pathway activity Total target No. significant Coefficient ~ Oddsratio P-Value  Total activity
gene no genes

NRF1 NRFI Total Activity 11,280 7099 —0.09220 0.56 1.55E-26 Down*
NRF1 1937 142 —0.006 0.96 5.04E-04 Down*
Endothelial Signature
VEGEF Signaling 56 17 0.04272 1.340 0.01104 Up*
Apoptosis 141 49 -0.0148 0.912 0.129476 Down
Cell Cycle 42 11 8.94865E-06 1.000012  0.9995 Up
Cellular Senescence 49 11 0.0015 1.0096 0.9285 Up
Epigenetic Chromatin Remodeling Factors 56 19 —0.006 0.9629 0.7135 Down
Endothelial Cell Death 13 1 0.004 1.028 0.870 Up
Endothelial Cell Growth & Proliferation 13 1 0.024 1.163 0.373 Up
Endothelial Cell Angiogenesis & Vasculogenesis 42 10 0.026 1.177 0.372 Up

ID3 ID3 Total Activity 9438 2105 0.00307 1.304071  0.0103 Up*
ID3 Endothelial Signature 1937 464 -0.0257 0.853 1.63E-08 Down*
VEGEF Signaling 53 11 0.011186 1.071988  0.437 Up
Apoptosis 208 58 1.10E-02 1.070916  0.418 Up
Cell Cycle 76 16 0.0030 1.0193 0.881 Up
Cellular Senescence 67 20 -0.0055 0.9659 0.765 Down
Epigenetic Chromatin Remodeling Factors 67 13 0.011 1.073 0.495 Up
Endothelial Cell Death 10 3 0.056 1.422 0.149 Up
Endothelial Cell Growth & Proliferation 14 1 0.021 1.136 0.454 Up
Endothelial Angiogenesis & Vasculogenesis 46 9 -0.0250 0.8556 0.503 Down

Significant pathways (p-value <0.05, Fishers Exact Test) denoted by asterisks

distinguished between female control and female CAA
cases.

Table 10 summarizes the top 7 maximum relative risk
(RR) of the minimum set of combination of gene expression
patterns in the ID3 causal Bayesian network in women for
determining CAA status. The likelihood of CAA is almost
100% in a patient with the expression pattern of (high) ID3
combined with ATG10 (high), SLC5A2 (high), U2AF1
(high), and UTS2 (high). However, a subject that has (low)
ID3 expression combined with ATG10 (low or no change),
SLC5A2 (low or no change), U2AF1 (low or no change),
and UTS2 (low or no change) has almost zero probability of
CAA. This discovery confirms the association of high ID3
overexpression combined with specific target genes to be
most influential to CAA status, showing high probability of
CAA in women.

NRF1 Markov Blanket Causal Influence Analysis

The sensitivity analysis was conducted on modified NRF1
expression status for downregulation, upregulation, and nor-
mal expression. We observed an increase in marginal prob-
ability of CAA from 50% to an 85% when changing NRF1
expression status to a downregulated state (Fig. 15). In a
state of upregulation of NRF1, we observed a decrease in

marginal probability of having CAA from 50 to 24%. These
results indicate that low NRF1 expression drives CAA risk.
In a state of normal expression for NRF1, the marginal prob-
ability of developing CAA decreased slightly from 50 to
49%. In conjunction with Bayes Theorem, the lifetime risk
of CAA was calculated for single gene, gene pairs, and mul-
tiple genes. The NRF1 target genes and gene combinations
in the GeNIe modeler can be seen in Fig. 15.

Several gene candidates contributed more significantly to
lifetime CAA risk or P (CAA) in the NRF1 representative
network for CAA patients (Table 11). The baseline preva-
lence of CAA in patients is 8% in the population. Calculating
modified expression levels and their effect on the probability
of evidence for CAA, we were able to determine the life-
time risk of CAA. Downregulation of NRF1 itself led to a
significantly higher probability of CAA increasing lifetime
CAA risk > fourfold. In combination with other gene expres-
sion patterns for our Markov blanket genes determined by
BANJO modeling the risk for CAA increased exponentially
in concert with NRF1 downregulation. Overexpression of
GDF9, SNORA33, ZNF135, SLC9B1, SNORA64, SATL1,
SERHL, SNORA31, RPL39, MCM3AP-AS1, and EXOSC6
in combination with NRF1 downregulation resulted in the
lifetime risk of CAA patients increasing by > ninefold over
the baseline risk. The results are significant in that these
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Table 3 ID3 & NRF1 pathway activity in male AD Cases vs Controls at Temporal Cortex

Pathway activity Total target No. significant Coefficient Odds ratio P-Value Total activity
gene no genes

NRF1 NRFI1 Total Activity 11,280 326 -0.092 0.56 1.55X107%  Down*
NRF1 Endothelial Signature 1937 200 —-0.006 0.86 7.04E-08 Down*
VEGEF Signaling 56 10 0.061 1.46 0.408 Up
Apoptosis 142 28 0.026 1.18 0.519 Up
Cell Cycle 76 8 1.91E-05 1.001 0.999 Down
Cell Senescence 67 15 0.036 1.25 0.555 Up
Epigenetic Chromatin Remodeling Factors 67 15 0.204 3.555 0.009 Up*
WNT Signaling Pathway 82 22 0.09802 1.8388 0.1713 Up
Endothelial Cell Death 13 0.1888 3.2322 0.0512 Up
Endothelial Cell Growth and Proliferation 13 0.2561 49119 0.0191 Up
Endothelial Cell Angiogenesis & Vasculogenesis 39 19 0.0908 1.7581 0.3383 Up
Endothelial Cell Cycle 28 -0.1224 0.4673 0.4286 Down
Endothelial Cell Development 13 0.054 1.402 0.769 Up
Endothelial Cell Movement 17 10 0.149 2.526 0.359 Up

1D3 ID3 Total Activity 9438 1130 0.09 1.707 4.61 X 10-16 Up*
ID3 Endothelial Signature 2619 731 0.04 1.876 3.08 E-24 Up*
VEGF Signaling 53 10 0.031 1.21 0.673 Up
Apoptosis 211 42 0.066 1.50 0.271 Up
Cell Cycle 42 5 -0.048 0.741 0.572 Up
Cell Senescence 49 12 0.010 1.06 0.879 Up
Epigenetic Chromatin Remodeling Factors 56 4 -0.236 0.2313 0.004 Down*
WNT Signaling Pathway 69 16 0.02768 1.1877 0.6687 Up
Endothelial Cell Death 10 4 0.1397 2.3825 0.1558 Up
Endothelial Cell Growth & Proliferation 14 6 0.1773 3.0098 0.0741 Up
Endothelial Angiogenesis & Vasculogenesis 45 2 -0.3716 0.0993 0.0059 Down*
Endothelial Cell Cycle 19 2 —498E-12 1 1 Down
Endothelial Cell Development 14 0 -0.270 0.187 0.185 Down
Endothelial Cell Movement 21 0 -0.224 0.249 0.290 Down

Significant pathways (p-value <0.05, Fishers Exact Test) denoted by asterisks

genes may serve as potential drivers for the pathological
processes that contribute to CAA. The inactivation of NRF1
combined with the inactivation of TRIM44 and GATC
significantly increased lifetime risk of CAA by > 12-fold.
Furthermore, we examined the combined effect of NRF1
inactivation and ID3 activation leading to increased CAA
lifetime risk who are men. The combined effect significantly
increased lifetime risk of CAA in by > tenfold validating the
results of the genome wide transcriptional activity analysis
conducted earlier.

NRF1 Markov Blanket Combinatorial Relative Risk Analysis
To further analyze the contribution of NRF1 Markov
blanket causal genes to CAA risk, we analyzed the

predictive capability of the 18 Markov blanket genes
including NRF1 to discern their effects in normal and
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CAA cases in men. We used the SMILE and C + + based
combinatorial analysis program PREDICT to determine
expression patterns most likely to contribute to CAA
risk in men amongst the MB genes in the NRF1 rep-
resentative network. Utilizing the NRF1 representative
network GeNle’s ‘learn’ parameters calculated the prob-
ability of evidence for CAA likelihood given the modi-
fied expression levels of the 18 genes (including NRF1
and ID3) associated with the causal Bayesian network
for CAA in men. Consistently, 5 Markov blanket gene
targets (GATC, GDF9, TOMM6, SLC9B1, ZNF135) of
NRF1 were found to contribute most to the likelihood of
CAA in the PREDICT combinatorial analysis. In addi-
tion to the lifetime CAA risk calculated for the NRF1
target genes, the prediction accuracy to distinguish nor-
mal or CAA cases was alternatively verified by expres-
sion patterns of these combinations of genes.
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Table 4 ID3 and NRF1 pathway activity in female AD cases vs Controls at Temporal Cortex

Pathway activity

Total target No. significant Coefficient

Odds ratio P-Value Total activity

gene no genes

NRF1 NRF1 Total Activity 11,280 2290 -0.026 0.850 9.018 E~7 Down*
NRF1 Endothelial Signature 2227 475 -0.03918 0.784 522E71% Down*
VEGEF Signaling 56 11 0.0312 1.214 0.674 Up
Apoptosis 142 28 0.0263 1.178 0.519 Up
Cell Cycle 76 8 —-0.04810 0.741 0.571 Down
Cell Senescence 67 15 0.01009 1.065 0.879 Up
Epigenetic Chromatin Remodeling Factors 67 15 0.20413 3.556 0.0094 Up*
WNT Signaling Pathway 82 22 0.1209 2.12 0.0226 Up*
Endothelial Cell Death 13 7 0.188 3.232 0.0122 Up*
Endothelial Cell Growth and Proliferation 14 6 0.256 491 0.0191 Up*
Endothelial Cell Angiogenesis & Vasculogenesis 39 19 0.09 1.758 0.338 Up
Endothelial Cell Cycle 28 3 0.00000004 0.999 0.99 Down
Endothelial Cell Development 13 5 0.054 0.271 0.769 Down
Endothelial Cell Movement 17 10 0.149 2.53 0.359 Up

1D3 ID3 Total Activity 9384 1130 0.0432 1.307 1.052 E710 Up*
ID3 Endothelial Signature 2619 641 0.0614 1.465 1.O8E2!  Up*
VEGEF Signaling 53 15 0.00065 1.004 0.872 Up
Apoptosis 208 78 —0.000041 0.995 0.990 Down
Cell Cycle 42 10 0.01714 1.112 0.702 Up
Cell Senescence 49 20 0.00490 1.030 0.904 Up
Epigenetic Chromatin Remodeling Factors 56 6 -0.0714 0.641 0.093 Down
WNT Signaling Pathway 69 23 0.0329 1.227 0.462 Up
Endothelial Cell Death 10 4 0.0733 1.577 0.320 Up
Endothelial Cell Growth & Proliferation 14 7 0.144 2.44 0.041 Up*
Endothelial Angiogenesis & Vasculogenesis 45 1 —0.1059 0.517 0.174 Down
Endothelial Cell Cycle 19 2 —0.0498 0.733 0.717 Down
Endothelial Cell Development 13 0 -0.021 0.875 0.869 Down
Endothelial Cell Movement 21 0 -0.166 0.356 0.267 Down

Significant pathways (p-value <0.05, Fishers Exact Test) denoted by asterisks

Table 12 summarizes the top 7 signatures with maximum
relative risk (RR) of the minimum set of combination of
gene expression patterns in predicting CAA status in men
based on the NRF1 causal Bayesian network. The likelihood
of CAA is almost 100% in a patient with the expression
pattern of (low) NRFI combined with GATC (low or no
change), GDF9 (high or no change), SLC9B1 (high or no
change), TOMMG6 (high or no change), and ZNF135 (high or
no change). However, a subject that has (high) NRF1 expres-
sion combined with GATC (high or no change), GDF9 (low
or no change), SLC9B1 (low or no change), TOMMG6 (low
or no change), and ZNF135 (no change) has almost zero per-
cent probability of CAA. These findings confirm the associa-
tion of low NRF1 expression combined with the expression
of its target genes results in the increased risk of developing
CAA in men. The next step in our analysis was to determine
the sequential order of how these genes are interacting lead-
ing to eventual disease outcome of CAA.

Gene Ordering Analysis by MCMC for Identifying
Causal ID3 Signature Genes

To determine whether ID3 target genes are causally associated
with CAA, we performed gene ordering analysis of Markov
blanket genes and clinical variables of CAA using a MCMC
method. For a particular MCMC gene order and structure, the
k gene(s) that precede the disease state/survival (node) are
causal for that node [30-32]. The weight of probable causal
relationships is indicated by the thickness of the arc, and num-
bers in parentheses indicating reverse causal relationships.
The ID3 causal Bayesian network for women is represented
in an MCMC order in Fig. 16. The weight of connections
(arcs) between nodes is determined by the thickness of the arc,
and numbers in parentheses specify the reverse causal rela-
tionships. In temporal cortex samples derived from women
patients with CAA (n=72), all gene orders for ID3 causal
Bayesian networks are observed in Table 13. In women CAA
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Table 5 NRF1 and ID3 pathway activity in female CAA cases vs controls at Cerebellum

Pathway activity

Total target No. significant Coefficient

Odds ratio P-Value Total activity

gene no genes

NRF1  NRFI Total Activity 10,246 2191 —-0.00239 0.985 0.0165 Down*
NRF1 Endothelial Signature 2272 728 -0.00203 0.9875 0.06 Down
VEGEF Signaling 56 19 —0.00465 0.972 0.583 Down
Apoptosis 142 42 —-0.00206 0.98726 0.828 Down
Cell Cycle 76 18 0.007913 1.050406  0.519 Up
Cell Senescence 67 23 —0.00871 0.9472 0.454 Down
Epigenetic Chromatin Remodeling Factors 67 19 -0.006 0.9623 0.408 Down
WNT Signaling Pathway 82 28 -0.0298 0.8310 0.0259  Down*
Endothelial Cell Death 13 7 —0.04045 0.7778 0.0852  Down
Endothelial Cell Growth and Proliferation 13 -0.03137 0.8229 0.131 Down
Endothelial Cell Angiogenesis & Vasculogenesis 39 13 —0.000508 0.996 0.974 Down
Endothelial Cell Cycle 28 9 -2.15E-14 0.99 0.99 Down
Endothelial Cell Development 13 3 0.0542 1.40 0.1035 Up
Endothelial Cell Movement 21 3 0.0468 1.3379 0.2223  Up

ID3 ID3 Total Activity 9284 2114 0.001613 1.010074  0.237 Up
ID3 Endothelial Signature 2619 890 -0.00162 0.990 0.125 Down
VEGF Signaling 53 16 —-0.00555 0.966 0.511 Down
Apoptosis 211 53 0.00361 1.023 0.621 Up
Cell Cycle 42 11 0.0077 1.049 0.438 Up
Cell Senescence 49 12 0.00367 1.023 0.722 Up
Epigenetic Chromatin Remodeling Factors 56 13 0.00618 1.039 0411 Up
WNT Signaling Pathway 69 23 -0.03102 0.825 0.022 Down*
Endothelial Cell Death 10 —-0.00423 0.974 0.842 Down
Endothelial Cell Growth & Proliferation 14 9 —-0.04977 0.733 0.040 Down*
Endothelial Angiogenesis & Vasculogenesis 45 13 0.02748 1.186 0.2073  Up
Endothelial Cell Cycle 19 6 0.0149 1.097 0.494 Down
Endothelial Cell Development 14 0.0228 1.15 0.386 Up
Endothelial Cell Movement 17 0.0291 1.1983 0.335 Up

Significant pathways (p-value <0.05, Fishers Exact Test) denoted by asterisks

patients, there were 53 orders in total, with causal chain sub-
structures for CAA consisting of ID3 (5.7% of all orders),
DNAIJC25 (16.9% of all orders), STAB2 (3.8% of all orders),
APOE (5.7% of all orders), and MUC20 (13.2% of all orders)
found across all orders. Furthermore, for clinical variables,
causal sub-structures consisted of severity (3.7% of all orders)
and Braak stage (3.7% of all orders). The consensus struc-
ture with the top gene order for the ID3-targeted CAA female
gene network is shown in Fig. 16. In women CAA patients,
fifty-three gene order sequences of ID3-regulatable genes pre-
dicted >99% of CAA disease outcomes (Table 13). In Fig. 16,
the causal chain sub-structures connecting ID3 target genes,
CAA, and clinical variables was APOE —BRAAK —-MUC2
0— CAA —1ID3 —IDI1. The connection between CAA — D3
was at an 88.77% probability for causality and the probabil-
ity of 5.99% causality when the causal order was reversed
to ID3 — CAA. These results suggest that ID3 and its target
genes are involved in the causality of CAA in women.

@ Springer

There is >99% probability that the direction of causality
of CAA to order variables is shown in the optimal struc-
ture generated by MCMC order search between the follow-
ing gene connections: CAA — TLR9, CAA — CELA2B,
CAA —- UTS2, CAA —-ZNF135, CAA —- MFSD2B,
and CAA — SLC5A2. For clinical variables of inter-
est, there was a>90% probability of the causal order
between CAA — BRAAK, CAA — THAL, CAA — Sever-
ity, and CAA — THAL — APOE4. Furthermore, there
was >90% probability of causality for gene connections
involving BRAAK for each of the following orders:
BRAAK — ATG10, BRAAK —1L9, BRAAK — U2AF]1,
and BRAAK — LYG?2. A causal chain sub-structure involv-
ing NRF1 also occurred as CAA — BRAAK — DNAJC25
— NRF1 —ZNF135 was discovered. Amongst the 19 genes
in the ID3 MCMC order search structure, several other
causal connections were discovered, with several connec-
tions garnering >99% probability of causal directionality



Molecular Neurobiology (2024) 61:835-882 849

Table 6 NRF1 and ID3 pathway activity in male CAA cases vs controls at Cerebellum
Pathway activity Total target No. significant Coefficient =~ Odds ratio P-Value Total activity

gene no genes

NRF1 NRFI Total Activity 10,246 4050 -0.005861  0.964 1.670 E =% Down*
NRF1 Endothelial Signature 2272 939 -0.0013 0.991 0.251 Down
VEGEF Signaling 56 19 0.004365 1.0275 0.579 Up
Apoptosis 142 39 0.00619 1.0039 0.906 Up
Cell Cycle 76 32 -0.015 0.908 0.130 Down
Cell Senescence 67 17 0.0007 1.0042 0.934 Up
Epigenetic Chromatin Remodeling Factors 56 19 0.0002 1.0012 0.981 Up
WNT Signaling Pathway 82 27 -0.005 0.968 0.624 Down
Endothelial Cell Death 13 5 -0.006 0.962 0.596 Down
Endothelial Cell Growth and Proliferation 13 5 -0.00346 0.978 0.7577 Down
Endothelial Cell Angiogenesis & Vasculogenesis 39 11 0.005116 1.032 0.794 Up
Endothelial Cell Cycle 28 6 -937E-12 1 1 Down
Endothelial Cell Development 13 5 -0.0275 0.843 0.629 Down
Endothelial Cell Movement 17 4 0.02511 1.1689 0.416 Up

ID3 ID3 Total Activity 9284 2191 0.00367 1.023 0.0106 Up*
ID3 Endothelial Signature 2700 1180 -0.00617 0.962 9.13E-8 Down*
VEGF Signaling 53 16 0.00269 1.0169 0.725 Up
Apoptosis 211 59 0.00963 1.0617 0.238 Up
Cell Cycle 42 18 —0.00597 0.9636 0.500 Down
Cell Senescence 49 12 0.000726 1.0045 0.923 Up
Epigenetic Chromatin Remodeling Factors 67 21 —0.000698  0.995 0.941 Down
WNT Signaling Pathway 69 25 -0.01809 0.893 0.0904 Down
Endothelial Cell Death 10 6 0.0105 1.067 0.377 Up
Endothelial Cell Growth & Proliferation 14 4 —0.0001 0.999 0.989 Down
Endothelial Angiogenesis & Vasculogenesis 45 15 0.00512 1.23 0.134 Up
Endothelial Cell Cycle 19 6 —0.0402 0.779 0.171 Down
Endothelial Cell Development 14 0.1546 2.613 0.049 Up*
Endothelial Cell Movement 21 5 0.0886 1.735 0.063 Up

Significant pathways (p-value <0.05, Fishers Exact Test) denoted by asterisks

as generated through the machine search. In summary, the
majority of MCMC gene orders found in Table 13 show
that ID3 drives severity of CAA (ID3 — APOE4 — sever-
ity) in women.

To determine if ID3 signature genes are causal for CAA dis-
ease status in men, we performed causal ordering of Markov
blanket genes as described previously. The consensus structure
with the top MCMC ordered ID3 network for men with CAA is
shown in Fig. 17. The weight of connections (arcs) between nodes
is determined by the thickness of the arc, and numbers in paren-
theses specify the reverse causal probabilities. In temporal cortex
samples derived from men with CAA (n=80), all gene orders for
ID3 causal Bayesian networks are observed in Table 14. There
were 49 orders in total, with these genes being the parent of CAA
in the following amount of causal chain sub-structures percent-
ages consisting of the following: ID3 (4.1% of all orders), APOE
(48.9% of all orders), NEU3 (77.6% of all orders), USP50 (4.1%
of all orders), SLC4A8 (4.1% of all orders), and KLLC3 (6.1%

of all orders). In forty-nine gene order sequences, ID3 targeted
genes predicted >99% of CAA disease outcomes (Table 14).
There were three causal chain sub-structures connecting ID3 with
CAA represented by: 1) NEU3—CAA —SLC4A8—1ID3—1ID
1,2) NEU3—CAA —BRAAK«ID3—IDI1, and 3) NEU3 —
CAA —Thal - BRAAK «ID3—IDI. The connection between
BRAAK and ID3 is reversed meaning that causality for BRAAK
and CAA is determined by ID3 at 8.37% causality. There is >90%
probability that the direction of causality of CAA to order vari-
ables is shown in the optimal structure generated by MCMC order
search between the following gene connections: CAA— NR113,
CAA —» CELA2B, CAA—UTS2, CAA —EFCABI0,
CAA —-PCDHGA1, CAA — SLC4A8, CAA — USP50,
CAA — Cl60rf92, CAA — CBS, CAA — ZNF705A,
CAA—FOXD41L 4, and CAA—EPSS8L3. A causal connection
occurred between CAA — SLC4A8 (89.72%) and in reverse cau-
sality SLC4A8— CAA (6.11%). For clinical variables of inter-
est, there was a>99% probability for causality for CAA—THAL

@ Springer
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Fig. 11 Validation structure of Bayesian network ID3 target genes
relevant to CAA in women. The variables in this structure were deter-
mined by a comparison of Markov blanket variables in the ID3 rep-
resentative network (Fig. 10). The nodes in yellow represent 67 sig-
nature genes that were significant (p-value <0.05,+2-Fold Change)

and CAA — Severity. For other clinical variables, probability for
causality was as follows CAA— APOE4 (35.91%) confirming
findings from previous studies on the cohort that APOE4 allele
plays a role in CAA in male patients (33) and CAA—BRAAK
(14.39%). Furthermore, probability of causality for gene con-
nections involving BRAAK for each of the following orders was
as follows: BRAAK — SLC4A8 (9.68%), BRAAK — APOE4

@ Springer

in Benjamin Hochberg False Discovery Rate T-test. The five nodes
in green indicate clinical and pathological information connected or
related to the CAA nodes. The node in red represents CAA and the
node in blue represents ID3, a direct child of CAA

(62.7%), BRAAK —ZNF705A (6.86%), BRAAK — Severity
(1.79%), BRAAK —PCDHGA1 (14.08%), BRAAK —C160rf92
(0.97%). Several causal chain sub-structures involving NRF1
were discovered as: 1) NEU3 — CAA — APOE4— NRF1,
2) NEU3 - CAA - BRAAK — NRF1, 3)
NEU3 - CAA —- EFCAB10 - NRF1, and 4)
NEU3 — CAA —NRF1 were all discovered. A multitude of
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Table7 ID3 Targeted Causal Markov blanket discovery genes of
CAA in the structure with the best log-likelihood score

Parents Children Co- parents

Thal ID3
Severity
MUC20
TUBAIC
STAB2
MFSD2B
DNAIJC25
HIC1
LYG2
1L9
ATG10
RPL9
PLGBI1
C4BPA
OPTC
CELA2B
TLR9
EME1
P4HA3
FAMI151A
CENPA
SPATA21
MCCD1
CRYBAL
FGF7
HCRTRI1
PILRA
MMACHC
SLC5A2
U2AF1
ZNF135
LRRC37A
DLEC1
RPL39
PP2D1
TOMMG6
PCDHA7
CDKL5
Sv2c
GTF2H2C
NPIPB3

MUC20
PCDHGB1
PLGB1
PCDHA7
TOMMG6
RPL39
CDKLS5
TCTEX1D4

Variables in blue represent variables with a significant influence score
(=0.70) based on the BANJO scoring algorithm. These variables
were inputted into the MCMC ordering algorithm

other causal gene connections (n=17) were found in the optimal
MCMC order search structure for the ID3 targeted CAA male
network, with some connections garnering >99% probability of
causal directionality as generated through the machine search. The

majority of MCMC gene orders found in Table 14 show sever-
ity and CAA ordered before ID3. These findings provide further
support that ID3 is a stronger driver of CAA severity in women.

Gene ordering Analysis by MCMC for Identifying
Causal NRF1 Signature Genes

To determine whether NRF1 target genes are causally asso-
ciated with CAA in men and women, we performed gene
ordering of sex-specific CAA Markov blanket genes by the
MCMC method. The causal Bayesian networks were gen-
erated using CAA temporal cortex samples from women
(n="72). The consensus gene order structure for the NRF1
causal Bayesian networks for women with CAA is shown
in Fig. 18. Gene orders for NRF1 gene signatures are found
in Table 15. In the NRF1 targeted network for women
CAA patients, there were 57 signature gene orders in total,
with these genes being the parent of CAA in the following
amount of causal chain sub-structures percentages consist-
ing of the following: ID3 (7.01% of all orders), CCDC103
(22.8% of all orders), SNORA70 (24.6% of all orders),
CFLARSI1 (10.5% of all orders), and RNU6ATAC (5.3% of
all orders). Clinical variables showed causal sub-structures
with BRAAK (100% of all orders) and THAL stage (1.8%
of all orders). Fifty-seven gene order sequences of NRF1-
regulatable genes predicted >99% of CAA disease outcomes
in women (Table 15). There were three causal chain sub-
structures connecting NRF1 with CAA represented by: 1)
CAA —IL7— NRFI, 2) CAA— SNORAS81 — NRF1, and
3) CAA—PTCD1— SNORAS81 — NRF1. There is > 90%
probability that the direction of causality of CAA to order
variables is shown in the optimal structure (Fig. 18) generated
by MCMC order search between the following gene connec-
tions: CAA —1D3, CAA —-RAETI1G, CAA — SNORAS52,
CAA —-RUSCI1AS1, CAA—MMACHC, CAA —-TOMMS6,
CAA —ZNF670ZNF695, and CAA — IL7. Causal gene
connections also occurred between CAA —ID1 (8.16%),
CAA —PTCDI1 (61.80% causality), CAA — LONL3
(6.04% causality), CAA — STAG3 (4.96% causality),
CAA — CFLARASI (3.8% causality), CAA — MCM3A-
PAS1 (4.91% causality), CAA— RNUG6ATAC (3.56%
causality), and CAA — SNORASI1 (34.52% causality). For
clinical variables of interest, there was a >90% probabil-
ity for causality for CAA — THAL, CAA — Severity, and
BRAAK — CAA meaning that BRAAK stage played a sig-
nificant role in CAA status in women with CAA. Further-
more, APOE4 allele status contributed to causality of CAA
outcome as we observed CAA — APOE4 (6.98% causality)
according to the optimal model. Our findings showed that
BRAAK stage played a crucial role in the NRF1 targeted net-
works. Probability of causality for gene connections involv-
ing BRAAK for each of the following orders was as follows:
BRAAK —LOXL3 (95.36%), BRAAK — STAG3 (89.67%),
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Fig. 12 Causal Bayesian
network of NRF1 target genes
relevant to CAA. The 283 nodes
in yellow represent signature
genes that were significant

( p-value <0.05,+2-Fold
Change) in Benjamin Hochberg
False Discovery Rate t-test.
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clinical and pathological infor-
mation connected or related to gy, =
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Fig. 13 Validation structure of Bayesian network NRF1 target genes
relevant to CAA. The variables in this structure were determined by
a comparison of Markov blanket variables in the original NRF1 rep-
resentative network (Fig. 12). The nodes in yellow represent 87 genes
that were significant (p-value <0.05,+2-Fold Change) in Benjamin

BRAAK —MCM3APASI (96.44%), BRAAK —MCMDC2
(95.73%), BRAAK — MMACHC (2.08%),
BRAAK — SNORAS81 (66.93%), BRAAK — CCDC103
(92.27%), BRAAK — ZNF670ZNF695 (2.25%),
BRAAK — SNORA70 (96.9%), BRAAK —RAETIG
(1.95%), BRAAK — CFLARAS1 (97.35% causality),
BRAAK — SNORAS?2 (5.85% causality), BRAAK — RNU-
6ATAC (96.44% causality), and BRAAK — FANCA
(96.44% causality). Furthermore, BRAAK was connected
to clinical variables such as Thal (92.04%) and Severity
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Hochberg False Discovery Rate T-test. The five nodes in green indi-
cate clinical and pathological information connected or related to the
CAA nodes. The node in red represents CAA and the node in blue
represents ID3, a direct child of CAA

(3.39%). Several causal chain sub-structures involving con-
necting CAA causality with NRF1 were discovered as: 1)
CAA —IL7— NRF1, 2) CAA — SNORA81 — NRFI,
3) CAA—PTCD1 — SNORA81 — NRF1, and 4)
CAA — LOXL3 — NRF1 were all discovered because of
the ordering search. Various other causal gene connections
(n=22 genes) optimal were found amongst the MCMC
order search structure for the NRF1 targeted CAA female
network, with several connections garnering >99% (Fig. 18)
probability of causal directionality as generated through the
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Table8 NRF1 targeted causal Markov Blanket discovery nodes of Table 8 (continued)
CAA in the structure with the best log-likelihood score

Parents Children Co- parents
Parents Children Co- parents
IMID7

SERHL Thal ID3 UBE2F-SCLY

PXMP4 Severity GDF9 TCTEX1D4
ZNF570 Severity SLC7A60S
RPL39 MCM3AP-AS1 Variables in bl  variabl th a sienificant infl
Ly e e e itls i e hre o
GATC PTCDI were inputted into the MCMC ordering algorithm
SLC9B1 ENTPD8
SNORAG64 P2RXS5S
TRIM44 STAG3
ZNF135 BRAAK
SATLI MIR3665 Table 9 Gene combination of CAA lifetime risk scores for CAA with
GDF9 MIR339 highest probabilities for CAA in ID3 female network
MCM3AP-AS1 SNORD35B
TOMMG6 SNORDS9 Lifetime CAA risk in women from ID3 network
SNORA33 PGBD4 Single genes and gene P(CAA) Fold change
EXOSC6 MIR661 combinations
SNORA25 TEX22 Baseline risk with no gene level 0.08 1
RNUG6ATAC SNORDS55 evidence set
SNORD19 ZNF431 ID3 ¢ 0.483 6.035
KCNA7 SNORAS57 STAB2 1 0.776 9.694
ZNF491 TMSBI15B MUC20 t 0.789 9.861
RAETIG MIR661 TUBAIC 1 0.801 10.008
SNORA148 SYCE2 1L9 ¢t 0.811 10.139
SEC1P TUBAIC HIC1 | 0.811 10.14
MAK PXMP4 ZNF135 1 0.812 10.15
KIF30A SNORA25 MFSD2B 1 0.821 10.257
MIR661 LYG2 1 0.827 10.267
PCDHAC2 CELA2B 1 0.829 10.366
MYHI1 TLRO 1t 0.837 10.463
PRR5-ARHGAPS DNAJC25 1 0.844 10.552
SNORA7A U2AF1 1 0.844 10.552
SIK1 ATGI10 1 0.851 10.634
SLPI SLC5A2 1 0.862 10.776
PTCDI UTS2 1 0.867 10.842
PMEL ID3 1, STAB2 ¢ 0.974 12.18
ENTPD8 ID3 1, MUC20 1 0.976 12.203
SNORASI ID3 1, TUBAIC t 0.978 12.224
IKZF2 ID3 1,LYG2 1 0.979 12.238
HYDIN ID3 1, HICI | 0.979 12.24
TOMM20L ID3 1, ZNF135 1 0.979 12.241
MIR4273 ID3 1,1L9 1 0.979 12.241
ZNF816-ZNF321P ID3 1, MFSD2B 1 0.981 12.257
MIR339 1D3 1, CELA2B 1 0.981 12.268
SNORD35B 1D3 1, DNAJC25 1 0.982 12.271
SNORDS&9 ID3 1, TLR9 1 0.982 12.28
POLR2J2 ID3 1, U2AF1 ¢ 0.984 12.294
MIR1260B ID3 1, ATG10 1 0.984 12.301
MIR4690 ID3 1, SLC5A2 1 0.986 12.321
WWTR1-AS1 ID3 1, UTS2 1 0.986 12.329

@ Springer



854

Molecular Neurobiology (2024) 61:835-882

Fig. 14 Causal Bayesian net-
work Structure Using GeNle.
The ID3 target representative
network of CAA, with 1 MB
genes (yellow) and clinical
variables (orange). States 0 and
1 represent the probability of
CAA, APOE4, and BRAAK
stage. States 0, 1, 2 in Thal and
severity represent low, moder-
ate, and severe probability for
the clinical node. In gene nodes
states 0,1, and 2 represent the
gene expression levels of low,
no change, and high, respec-
tively. A Marginal probability
for developing CAA (red) goes
up to 91% when ID3 is modi-
fied to a state of overexpres-
sion. (ID3 100% Upregulated).
B Marginal probability for
developing CAA goes down

to 8% when ID3 is modified to
downregulation. C Marginal
probability for developing CAA
remains at 49% when ID3 is at
normal expression

Table 10 Summary of the

top 7 maximum relative risk
(RR) rations of the minimum
set of combination of gene
expression patterns for the ID3
representative network
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ATG10 [2], ID3 [2], SLC5A2 [2], U2AF1 [2], UTS2 [2] 0.999999999 1.36E +06
ATG10 [1], ID3 [0], SLC5A2 [0], U2AF1 [0], UTS2 [0] 7.32956E-07
ATG10 [2], ID3 [2], SLC5A2 [1], U2AF1 [2], UTS2 [2] 0.999999999 3.94E+04
ATG10 [0], ID3 [0], SLC5A2 [1], U2AF1 [1], UTS2 [0] 0.000025374
ATG10 [2], ID3 [2], SLC5A2 [2], U2AF1 [1], UTS2 [2] 0.999999999 3.34E+04
ATG10 [0], ID3 [0], SLC5A2 [1], U2AF1 [0], UTS2 [1] 2.99185E-05
ATG10 [2], ID3 [2], SLC5A2 [2], U2AF1 [2], UTS2 [1] 0.999999999 2.20E+03
ATG10 [1], ID3 [0], SLC5A2 [0], U2AF1 [1], UTS2 [1] 0.000454961
ATG10 [2], ID3 [2], SLC5A2 [1], U2AF1 [1], UTS2 [2] 0.999956000 1.83E+03
ATG10 [1], ID3 [0], SLC5A2 [1], U2AF1 [1], UTS2 [0] 0.000546380
ATGI10 [1], ID3 [2], SLC5A2 [1], U2AF1 [2], UTS2 [2] 0.999950000 1.55E+03
ATG10 [1], ID3 [0], SLC5A2 [1], U2AF1 [0], UTS2 [1] 0.000644176
ATGI10 [1], ID3 [2], SLC5A2 [2], U2AF1 [1], UTS2 [1] 0.994546000 6.82E+01
ATG10 [1], ID3 [0], SLC5A2 [1], U2AF1 [1], UTS2 [1] 0.014577300

[0]=low expression, [1]=no change in the expression, [2]

=high expression

Predictive probability of CAA ( 1=CAA, O=control) was calculated following modification of Markov

blanket genes using the PREDICT algorithm
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machine search. All causal order discoveries are detailed
in Table 15. In summary, the consensus MCMC NRF1
gene ordered structure, there was no direct arc connection
between CAA and NRF1 in women.

Next we evaluated the MCMC ordered causal NRF1 gene
signatures in men with CAA. The consensus structure with
the top gene order for the NRF1-targeted gene network in
men is illustrated in Fig. 19. In men with CAA, twenty-four
different gene order sequences of NRF1-regulatable genes
predicted > 99% of CAA outcomes with NRF1 ranked as
the parent (causal node) of CAA in all order outcomes
(Table 16). In temporal cortex samples derived from men
CAA patients (n=280), all gene orders for NRF1 causal
Bayesian networks are observed in Table 16. There were
24 gene signature orders in total, with these genes being
the causal parent of CAA in the following amount of causal
chain sub-structures percentages consisting of the follow-
ing: NRF1 (100% of all orders), MCM3APS1 (100% of all
orders), ID1 (58.3% of all orders). The NRF1-male targeted

network was unique in that NRF1 is the causal parent of
CAA as compared to the ID3 male/female and NRF1 female
CAA regulated networks.

Furthermore, in terms of Markov blanket gene connec-
tions the strongest probability for causality was found in the
NRF]1 network for men. The causal parents of CAA showed
significant causality of >99% probability in NRF1 — CAA
and MCM3APAS1 — CAA connections. There was >90%
probability that the direction of causality of CAA to order
variables is shown in the optimal structure generated by
MCMC order search between the following: CAA — GATC,
CAA —-RNU6ATAC, CAA —SNORA64, CAA —RPL39,
CAA — SNORA31, CAA — SATLI1, CAA — SLC9BI,
CAA — SNORD65, CAA — ZNF570, CAA — GDF9,
CAA — SNORA33, and CAA — TOMMG6. Further causal
gene connections occurred between CAA — EXOSC6
(16.13%), CAA—1ID1 ( 0.30%), CAA—1ID3 (0.58%),
and CAA —ZNF135 (2.49%). In terms of causal con-
nections between CAA and clinical variables, several

@ Springer
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Table 11 Gene combination CAA lifetime risk scores for CAA in
NRF1 male network

Lifetime CAA risk in men from NRF1 network

Single genes and gene combinations P(CAA) Fold change

Baseline risk with no gene level evidence set 0.08 1
NRF1 | 0.322 4.024
D3 ¢ 0.481 6.014
PXMP4 | 0.573 7.166
SERHL 1 0.586 7.326
EXOSC6 t 0.775 9.691
MCM3AP-AS1 1 0.788 9.845
ZNF570 | 0.789 9.857
RPL39 1 0.799 9.984
SNORA31 t 0.8 9.994
TRIM44 | 0.818 10.221
SATLI1 1 0.818 10.225
GATC | 0.826 10.323
ZNF135 1 0.826 10.324
GDF9 t 0.826 10.324
TOMMEG 1 0.829 10.359
SLC9B1 1t 0.829 10.363
NRF1 |, ID3 1 0.836  10.451
SNORA33 t 0.836 10.452
SNORAG64 0.837 10.463
NRF1 |, PXMP4 | 0.881  11.01
NRF1 |, SERHL 1 0.886  11.078
NRF1 |, EXOSC6 1 0.95 11.874
NRF1 |, MCM3AP-AS1 1 0.953 11.916
NRF1 |, ZNF570 | 0953 11916
NRF1 |, RPL39 1 0.956 11.952
NRF1 |, SNORA33 1 0.956 11.952
NRF1 |, SNORA3I1 1 0.957  11.968
NRF1 |, SATL1 1 0.961 12.013
NRF1 |, SNORA64 1 0.963 12.032
NRF1 |, GATC | 0.963 12.039
NRF1 |, ZNF135 1 0.963 12.039
NRF1 |, SLC9BI1 1 0.963 12.041
NRF1 |, TRIM44 | 0.965  12.068

connections were significant including: CAA — APOE4
(59.11% causality), CAA — Severity (99.39% causality),
and CAA —BRAAK (31.36% causality). The strong cau-
sality between CAA and APOE4 in the male CAA network
amongst NRF1 regulated genes confirms the significance of
both NRF1 targeting of the APOE4 allele amongst male CAA
cases, reported in previous studies examing the transcription
factor and its targeting of an exon of APOE4 [17, 33].
Furthermore, probability of causality for gene con-
nections involving BRAAK for each of the following
orders was as follows: BRAAK — ZNF135 (97.09%),
ZNF135 - BRAAK (0.52%), BRAAK — SNORA33

@ Springer

(96.50%), SNORA33 - BRAAK (1.15%),
BRAAK — EXOSC6 (84.57%), EXOSC6 — BRAAK
(0.33%), BRAAK —1D3 (98.88%), ID3 — BRAAK (1.12%),
SLC9B1 —BRAAK (13.21%), SNORD55 — BRAAK
(3.49%), ZNF570 - BRAAK (9.33%), RNU-
6ATAC —BRAAK (1.83%), RPL39 —BRAAK (0.01%).
Clinical connection between BRAAK stage and APOE4
status was found to be significant in men with CAA fol-
lowing causal order search as: BRAAK — APOE4 (2.92%)
and reverse causality of APOE4 — BRAAK (0.43%) was
attributed in the MCMC search. Several causal chain
sub-structures involving ID3 were discovered in the
NRF1 network with the most significant being the fol-
lowing: 1) NRF1 - CAA - BRAAK —ID3 —IDI,
2) NRFI1 - CAA — All causal parents of
BRAAK —- BRAAK — ID3 —- ID1, 3) MCM3A-
PAS1 - CAA - BRAAK — ID3 - ID1, 4)
MCM3APAS1 — CAA — All causal parents of
BRAAK —-BRAAK —ID3 —1ID1 were all discovered.
Various other causal connections were found in the optimal
MCMC order search structure between the (n=19) causal
gene targets in the NRF1 regulated CAA male network, with
several connections garnering >99% probability of causal
directionality as generated through the machine search as
evidenced below in Fig. 19. In summary, MCMC gene
ordering showed that NRF1 is a sex-specific driver of CAA
in men while ID3 contributes to CAA severity in women.

Discussion

Cerebral amyloid angiopathy is a small vessel disease that
causes intracerebral hemorrhages and vascular related cogni-
tive decline. The exact molecular mechanism of this disease
remains to be fully understood. Amyloid-f} induced oxidative
stress is one of the mechanisms being considered for cell
and tissue injury in CAA [34]. Exposure to amyloid induces
apoptosis in cerebrovascular smooth muscle and endothe-
lial cells [35, 36]. Amyloid-p treatment has been shown to
increase the ID family of proteins in cortical cells [14] but
the contribution of ID3 to CAA are not known. Further-
more, APOE4 is a genetic risk factor for CAA associated
with higher accumulation of amyloid-f in cerebral vessels.
Severe CAA has a prevalence of 48% in AD patients [37]
and women with APOE4 are at higher risk of AD. There is
a DNA binding motif for NRF1 in the APOE4 gene, how-
ever, its contribution to CAA has not been investigated until
now. Despite tremendous progress in understanding how
amyloid-p and APOE4 contribute to CAA, gaps remain in
understanding the molecular drivers of this small vessel dis-
ease. In this study, we have focused our efforts on uncover-
ing ID3 and NRF1-driven transcriptional gene signatures of
APOEA4 carrying CAA patients. Our findings showed high
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Table 12 Summary of the top 7 maximum relative risk (RR) ratios of the minimum set of combination of gene expression patterns for the NRF1

representative network

Gene expression patterns

P (CAA=1 | Modified Expression RR

Levels)
GATC [0], GDF9 [2], NRF1 [0], SLC9BI1 [1], TOMMS6 [2], ZNF135 [2] 0.999999999 8.20E+07
GATC [2], GDF9 [0], NRF1 [2], SLC9B1 [0], TOMMS6 [0], ZNF135 [1] 0.000000012
GATC [0], GDF9 [2], NRF1 [0], SLC9BI1 [2], TOMMS6 [2], ZNF135 [2] 0.999999999 5.22E+05
GATC [2], GDF9 [0], NRF1 [2], SLC9B1 [0], TOMMS6 [1], ZNF135 [1] 0.000001917
GATC [0], GDF9 [2], NRF1 [0], SLC9BI1 [1], TOMMS6 [2], ZNF135 [2] 0.999999999 1.21E+04
GATC [2], GDF9 [1], NRF1 [2], SLC9BI1 [1], TOMMS6 [0], ZNF135 [1] 0.000082300
GATC [1], GDF9 [2], NRF1 [0], SLC9BI1 [2], TOMMS6 [1], ZNF135 [2] 0.999999999 6.06E+02
GATC [1], GDF9 [0], NRF1 [2], SLC9BI1 [1], TOMMS6 [1], ZNF135 [1] 0.001654240
GATC [1], GDF9 [1], NRF1 [0], SLC9B1 [2], TOMMS6 [1], ZNF135 [2] 0.999923000 245E+02
GATC [2], GDF9 [1], NRF1 [2], SLC9BI1 [1], TOMMS6 [1], ZNF135 [1] 0.004081230
GATC [1], GDF9 [1], NRF1 [0], SLC9B1 [2], TOMMS6 [1], ZNF135 [1] 0.999692000 5.02E+00
GATC [1], GDF9 [1], NRF1 [2], SLC9B1 [1], TOMMS® [1], ZNF135 [1] 0.199246000
GATC [1], GDF9 [1], NRF1 [0], SLC9BI1 [2], TOMMS6 [1], ZNF135 [1] 0.996135000 5.00E+00
GATC [1], GDF9 [1], NRF1 [2], SLC9BI1 [1], TOMM6 [1], ZNF135 [1] 0.199246000

[0] =low expression, [1]=no change in the expression, [2] =high expression

Predictive probability of CAA (1=CAA, O=control) was calculated following modification of Markov blanket genes using the PREDICT algorithm

Fig. 16 MCMC ordered ID3
network for women with CAA

expression of ID3 mRNA coupled with low NRF1 mRNA
levels in the temporal cortex of CAA patients. It is worth
highlighting that low NRF1 mRNA expression was found
in men with severe CAA. Also, men with severe CAA had

higher ID3 expression with a Braak stage of 5/6. Since men
are more frequently diagnosed with severe CAA, these
results suggest that ID3 and NRF1 may contribute to sex
specific severity of CAA. In women, we showed higher ID3

@ Springer



Molecular Neurobiology (2024) 61:835-882

858

ALIMHAES  STOIVNA  9CvIHD  DIVANL  dTdsSdN TOX1 €Al Mvvad IVHL  TVSOTS \AN) 0SL9L'0  88LI0O 9¢
2IVANL  TYSDIS  0TONIN ¢l  0IDLV  Mvvdd  IVHL [4: AR rAUs () VVD  STOIYNd £967L°0 108100 g¢
ALIAAES  STOIVNA  9CvIdD  DIVENL 1DIH d40dV el Mvvid TVHL VSIS \AA) T91EL0  8E810°0 v
STOIYNA  ALIYAAHS TOAT  9TVTED 1DIH H0dY ear Mvvid TVHL  TVSDTIS A Q) YTEIL0  0S810°0 €€
611 ALIMAAAS TOXT  9TVTED IDIH H0dY €ar  Mvvid TVHL  TVSTIS A Q) PLV69'0  0S810°0 43
611 ALIMAAAS TOXT  9TVTED I1DIH H0dV €ar  Mvvyd IVHL  TVSOTS AN) ¥29L90  SS8I00 I¢
DIVANL  TVSOIS  0TONI €Al 0IDLV  MVvyd  T9VIS TVYHL — 92vTdD VVD  STOIVYNA 69L59°0 988100 0€¢
ALIMHAES  STOIVNA  9evIdD  DIVANL IDIH 611 €ar  Mvvad IVHL  TVSOTS \AN) €88€9°0  T0610°0 6T
2IVANL  TYSDIS  0TONIN €Al 0IDLV  MVvdd  74viS IVHL ~ 9TvVTdD VVD  STOIYNA 186190  TS610°0 8T
TOXNT  STOIVNA  devIdd  OIVENL 97dSAN ALIMAAHS edr  Mvvyd TVHL VSIS \AA) 620090  ¥9610°0 LT
1IN TSLN STOIYNA  dtvIdD  OIDLYV  Mvvdd  IVHL [DIH VVD  d0dV el $9085°0 66100 9T
BRI TSLN STOIYNd  dTtvIdD  OIDLY  Mvvdd  IVHL [DIH VVD  HOdV el 1L09S'0  S6610°0 T
[N TSLN STOIVNA 641l 01DV  Mvvdd  IVHL [DIH \A%e) H0dV ear LLOYS O 10020°0 T
TOXT  STOIVNA €dl  DIVANL 9cdSdN TAVLS dTvIdd  Mvvdd TVHL  TVSDTS \AQ) 9L0TS'0  T0O0TO0 €z
TOXT STOIVNA  devIdd  DIVENL 97dSAN ALIMAALS €ar  vvyd IVHL  TVSOIS \AQ) ¥LOOS0  L00TO0 (44
COXT STOIVNA  9evIdD  DIVENL 97dSdN ALIMAALS €ar  vvdd IVHL  TVSDTS VVO L908¥°0 010200 114
o1vedNL [Aven  0CONIN ¢dl  OIDLV  MVVdd  T9VLS IVHL  4TvTdD VVD  STOIVNd LSO9Y'0  ¥1020°0 0T
TOXT  STOIVNA €¢dl  OIVANL dcdSAN ALIMHAAS dCvIdDd  Mvvid IVHL TVSTS \AA) €POPr0  $1020°0 61
oIvenL 1Aven  0CONN €dl  0IDLY  MVVvid  C4VLS IVHL  dCvTdD VVD  STOIVNA 620Cr'0  ¥T0T0°0 81
1dl €dl  0ZONW [N STOIVNA  OIvdnl Mvvid IVHL  9v1d0 VVD ALIIHAAS S000¥'0  ¥€0T0°0 L1
1d1 €dal  0ZONW LN SZOIYNd  OIvdnl Mvvid TVHL  9¢v1d0 VVD ALIIHAAS 0L6LED  SE0T00 91
21veNL [Aven  0CONN €l 0IDLY  MVVYd4 STOIVNA IVHL  4TVTdD \AS) TaviLs §E65€°0  LLOTOO Sl
21vedNL 1Aven 020NN €¢dl  O0IDLV  MVvdd  ¢dviS IVHL  4TvVTdD VVD  STOIYNA 868EC0  6L0T0°0 ¥l
o1vedNL ¢dl  0ZON Aven  O0IDLV  MVVYd STOIvNd IVHL  4TvTdD LA%e) TavLs 6LLIE0  6L0T0°0 €1
o1veNnL 1Aven  0ZONI €¢dl  O0IDLV  MVVdd  C9VLS IVHL  4TvTdD VVD  STOIVNA 00L6T0  L80TO'0 (4
¢dr  OIvenL AN 40dV  1dven 0IDLV MVVvid STOIVNA TVHL €TVTdD vV €19LT0  £€6120°0 11
ALMAAGS  SCOIVNA  9evIdD  OIvANL  9edSdN 611 edr  Mvvid TVHL  TVSOTS \A) 1ThST0  €1T20°0 01
€dr  oIvdnlL 1IN 40dV  1dven 641l MVVIE  STOIVNA IVHL  4TVTdD VvO 80CET0  187C00 6
€dr  oIvdnlL 1IN H0dV  1dven 641l MVVIE  STOIVNA IVHL €dTvTHD VVO LTE0TO  88TTO0 8
€Al OIVANL [IN H0dV ~ 1dven 6dIL  MVVE  STOIVNA IVHL €9TVTHD LA%) 6€981°0 914200 L
[7IN  OIvdnl el 0ZONN  14ven 0IDLY  MVVvdd  STOIVNd TVHL €TVTHD LA%) €090 €4STO0 9
€¢al  OIveanl [ER 1N 0TONN 14ven 0IDLV MVVvid STOIVNd TVHL €TVTHD LA4) 6L9ET'0  6VSTO0 S
6d1L at e¢dl  0ZONN AN STOIVNA OIvdanl  Mvvid TVHL €TVTHD \AZS) IETIT0  09L200 4
6d1L 1at el 0ZONN AN STOIVNA DIvdanl  Mvvid TVHL €TVTdD YVO 0L£80°0  T9LTO0 €
6Y1L 1ai €Al 0TONN 4N  STOIYNd DIvdnl  Mvvid TVHL 4dTvIdd A M) 809500 €9LT0°0 z
6d1L 1at €Al 0TONN [IDIN  STOIVNA DIvANL — Mvvdd TVHL dTvVTHD VVO SY8TO0  S¥8TO0 I
Aniqerqoxd Aiiqe
I 01 6 8 L 9 S 4 € (4 [ JopIo oAne[muny -qoxd 10p1Q  yuel 10pIQ

s10818) €] pPUB S[OJUOI/SASLD J[BW) VD JO SIOPIO dudT [esned DDA 19ue[q AOIRIA €1 d]qelL

pringer

fH's



859

Molecular Neurobiology (2024) 61:835-882

IDIH ¢SLN  ALIYHAHS 7HOdV qddSdN SETANZ TVSOTIS H0dV 6711 1l 6d1L 7OAT TN 81
CVSOTIS [DIH H0dV 611 [4:0 AR 1dven SEIANZ 7d0dV 0191V COXT dcdSdN SN 6dLL L1
CVSOTIS IDIH d0dV 611 [4:0 AR 1aven SETANZ YH0OdV 0IDLV COXT dcdSdN 6d1IL ¢SLn 91

1DIH ¢SLN ALIYHAHFS YHOdV dCdSdN SEIANZ VSIS HOdV 611 1l 6dLL COXT 1IN SI

1DIH ¢SLN  ALIYHAHS H0dV dCdSdN SEIANZ VSIS YHOdV 611 1al 6d1L COXT T4IN 14!

1DIH ¢SLN  ALIYHAHS Yd0dV dCdSdN SETANZ TVSOTIS d0dV 6711 1al 64 1L COXT T4IN €1l

IDIH ¢SLN  ALIYHAHS H0dV qd2dSdN OXT TVSOTIS 7404V 6711 Il 6d1L SETANZ [N !

dviLs IDIH ¢SLN  ALIYAAHAS YHOdV dcdSdN SETANZ VSIS 0ZONIN 6711 Il 6d1L COAT I
0CONIN 6d1L IDIH [4:0 AR YHOdV SCIANZ H0dV TAIN 1al COXT 1d4vin SN 0IDLY 0l
aviLs IDIH ¢SLN  ALIIHAHAS YHOdV dcdSdN SETANZ VSIS 0CONIN 6711 1al 01DLV COAT 6
[4NAR IDIH ¢SLN  ALIIHAHAS YHOdV VSIS SETANZ dCdSdN 0CONIN 6711 1dar 01DLV COAT 8
caviLS IDIH ¢SLN  ALIIHAHAS YdOdV 1al SETANZ dCdSdN 0CONN 611 VSIS 01DLV COAT L
aviLs IDIH ¢S1N ALIYHAHS YHOdV dcdSdN SCTANZ VSIS d0dV 611 1ar 6d1L TOAT 9
[40AR IDIH ¢SLN  ALIIAAHAS Yd0dV dcdSdN SETANZ VSIS d0dV 6711 Il 6d1L TOAT S
ALI-MIAHS VSIS ¢SLN d0dV 6711 [40AR [1dven SEIANZ YHOdV 0IDLV TOAT dcdSdN IDIH 14
VSIS  ALIMHAHS ¢SLN d0dV SCIANZ [40AR 1d4ven 611 YHOdV 0IDLY TOXT dcdSdN IDIH €
ALIIIAHS VSIS ¢SLN d0dV SEIANZ [40AR 1aven 611 YHOdV 0IDLV COXT dcdSdN 1DIH C
ALIIIAHS VSIS 1DIH d0dV 611 [40AR 1aven SETANZ Yd0OdV 0IDLV COXT dcdSdN ¢SLN I
¥ €T (44 1T 0¢ 61 81 L1 91 S1 14! €l ¢l uelIdpIO

ERIN TOXT  STOIVNA 611 10IH edr  Mvvid TVHL  TVSOTS \AA) 0ZONIN 00000 ¥L600°0 €S

SZOIVNA  dev1dd  DIvednlL 10IH H0dV ear  vvad TYHL ~ TVSOTIS VVD 020NN 920660 ¥6600°0 49
SZOIVNAd  dev1dd  OIvednl 1DIH 40dV €dr  Mvvid IVHL  TVSOTS VVD 020NN T€086'0 866000 IS
STOIVNA  9Tv1dd  OIvdNnl 1DIH H0dV €ar  Mvvid IVHL — TVSOTS VVD  0CONIN ¥€0L6°0 11010°0 0S
STOIVNA  dev1dd  O1vdnl 1DIH 40dV €ar  Mvvyd IVHL  TVSOTS VvV 0ZONIN €2096'0  TIOI00 o
ALIYAAHS TOXT  deVTED [DIH 40dV €ar  Mvvyd TVHL  TVSOTS \AA) 0ZONIN 110S6'0 910100 8t
ALIMAALS TOXT  dTVTHD [DIH 40dV €ar  Mvvid TVHL  TVSOTS \AA) 0ZONIN $66£6'0 910100 Ly
[DIH  0ZONIN 0IDLV ~ ¢VSDIS  €TvIdD 7SN edl TVHL q40dV VVD  Mvvid 086260 OVEI00 9
[DIH COXT  OIDLV  TVSOIS devTdD 7SN €dl TVHL HOdV VVD  vvyd 6£916°0 I7€10°0 St

€dr  oIvdnlL NI 40dV  1dven 641l dcVTHD  STOIVNA IVHL Mvvid \AQ) 662060 T0910°0 a4
J1vANL  TVSDTIS 7SN €¢dl  OIDLV  MVvdd  IVHL avIS  dTvIED VVD  STOIYNA L6988°0  €5910°0 ey
oIvdANL  TVSITIS 7SN €¢dl  O0IDLV  MVvdd  IVHL TAvLS  devIdD VVD  STOrYNA YPOL8'0  $L9100 w
€dl  OIvenL RN 40dV  1dven 641l dCVTHD  STOIVNA IVHL Mvvid LA%) 0L£S8°0 16910°0 Iy

€¢dr  OIvdnL [N 40dV  1dven 641l dCVTHD  STOIVNA IVHL Mvvid YV 6L9€8°0 16910°0 or

TSLN ALIIAALS TOXT  STOIVNA I1DIH 611 ear  Mvvid TVHL  TVSOTS \AQ) 88618°0  OFLIOO 6¢

7sLn NI TOXT  STOIVNA 1DIH 611 €ar  Mvvid TVHL  TVSOIS \AQ) 8¥208°0 I7L10°0 8¢

ZsLn 1IN TOXT  STOIVNA 1DIH 611 €ar  vvyd IVHL  TVSOIS \A) LOS8L'0  LSLIOO LE

Aniqerqoxd Aniqe
I 01 6 8 L 9 S 4 € z [ JopIo oAnemuny -qoxd 10p1Q  yuel 10pIQ

(ponunuod) ¢ d[qeL

pringer

Ns



Molecular Neurobiology (2024) 61:835-882

860

6d'1L
6d'1L
6d'1L
6d1L
6d1L
1L
6d'1L
Y40dV
Y40dV
[40AN
10IH
10IH
cdviLs
cdvis
0CONIN
0CONN
0CONN
0ZONN
10IH
0ZONIN
0CONN
0CONN
0CONN
1OIH
0ZONN
IDIH
0ZONIN
14ven
1dven
1dven
0ZONN
0ZONIN
0ZONIN
IDIH
0CONN

1dven
dedSdN
dedSdN
qCdSdN
dcdsdn
d¢dsdN
q2dSdN
[40AN
[40AN
10IH
0CONIN
0ZONN
IDIH
IDIH
6d'1L
6d'1L
6d'1L
6d'1L
SN
6d1L
6d'1L
6d'1L
6d'1L
SN
6d'1L
SN
6d1L
611

6711

6711
6d'1L
6d1L
6d1L
(AN
6d1L

(40 AN
[40AN
[40AN

(40 AN
cdviLs
cdviLs
cdviLS

611

611

SN
ALIAAHS
ALI-IAAHS
SN
ALIIIAHS
dedsdN
dedsdN
dedsSdN
IDOIH
ALI-HAHS
dcdsdn
d2dSdN
qedsdN
dedsSdN
ALIHAHS
qCdSdN
ALTIHAHS
IDIH

COAT
COXT
COXT
H0dV
d0dV
d0dV
ALIIIALS
qJ0dV

qdevTdO
SETANZ
SETANZ
HOdV
SETANZ
SEIANZ
SEIINZ
ALIIAALIS
ALIAAHGS
ALIAAHS
1ar

1dven
ALTIIAHS
SN
caviLs
[4:0AN
caviLs
caviLs
1dven
cavis

(40 AN

(40 AN

[40 AN
1dven

(40 AN
1aven
cdviLs
o1vdant
o1vdanL
o1vdanL
ALIIIAHIS
(40 AN
cdvis
(A48
[4SAAN

Yd0dV
Yd0dV
Yd0dV
SETANZ
Yd0dV
Yd0dV
Y40dV
1dven
1dven
Y40dV
dcdSdN
qcdSdN
Y40dV
Y40dV
SEIINZ
SEIINZ
qdevT1dd
Y40dV
qCdSdN
Yd40dV
SEIANZ
SEIINZ
SETANZ
q4CdSdN
YdOdV
dCdsdN
d0dV
(A48
(A48
(A48
Yd0dV
Yd0dV
Yd0dV
dedsdN
Yd0dV

0IDLY
1dven
1dven
611

611
1dven
14ven
SETANZ
SEIINZ
[A4598N
COXT
COXNT
1dar

Iar
y40dV
Yd0dV
Yd0dV
SETANZ
COXT
SETANZ
YH0dV
Yd0dV
Yd0dV
COXT
SETANZ
COAT
SEIANZ
ALI-AAHS
Yd0dV
ALIAAHS
SETANZ
SE1ANZ
SE1ANZ
COAXT
SETANZ

q¢dS4dN
1dl
TN
T4IN
TN
0IDLV
0IDLY
6d'1L
6d1L
SETANZ
6d'1L
6d'1L
SETANZ
SEIANZ
0IDLV
0IDLY
0IDLY
H0dV
6d1L
611
14ven
1dven
1dven
6d'1L
H0dV
d40dV
d40dV
1al

1dl

1dl
10IH
10IH
IDIH
d0dV
1D0IH

ALIIIAHGS
T4IN
1dar

1dar

1dar
[N
[N
Ial

1ar
dedsdN
Yd0dV
Yd0dV
dcdsdn
dcdsdn
14ven
1dven
1dven
1IN
Yd0dV
[N

1d1

1al
0IDLV
Y40dV
TN
Y40dV
[4IN
6d1L
6d1L
qdevTdD
T4IN
T4IN
[N
YH0dV
T4IN

J1vdNL
COAXT
COXT
COXT
TOAT

olvdanlt

oIvdanL
[N

1IN
0CONN
6711

611
0ZONIN
0ZONIN
[4IN
ALIHAHS
ALIHAHS
1dar

6711

Iar

[N

T4IN
TN

6711

1dr

6711

Idr

YHOdV
ALIIAAHGS
Yd0dV
daven

1ar

1aven

6711

dven

SETANZ
6711

6711
1dven
1aven
SCOIVNA
STOIVNA
o1vdanL
o1vdanL
611
1dven
1dr

6711

6711
o1vdanL
o1vdanL
J1vdNL
6711

1ar
COAT
o1vdanL
o1vdanL
o1vdanL
1ar
COXT
1ar

611
0CONIN
0CONN
0CONN
611

611

611

11

6711

1ar

SN
SN
SN
SN

Idar

1d1
STOIVNA
STOIVNA
1ar
d0dV
d0dV
VSIS
A4 8N
qdevTdD
eV TdD
SETANZ
daven
d0dV
1dven
611
STOIVNA
STOIVNA
H0dV
1dven
6d1L
1dven
caviLs
caviLs
caviLsS
1ar
1d4ven
1aIl

6d1L

1ar

d0dV
0IDLY
0TDLY
01DLV
0IDLV
<sLn
6711
d2dS4dN
d2dSdN
0IDLV
SETANZ
SETANZ
01DOLV
01DLV
1d1

1dar

1ar
¢SILN
SETANZ
SN
0IDLY
0IDLY
1ar
SETANZ
SN
SETANZ
SN
dedsdN
dedsdN
dedsdN
SN
SN
¢sLn
SEIANZ
SN

SN
ALIHAHS
ALIHAHS
ALIIHAHS
ALTIHAHS

6711

SN

COAXT

0CONIN

COAXT

T4IN

T4IN

TOAT

COAT

d0dV
d0dV
d0dV
0IDLY

T4IN

0IDLV

SN

SN

SN

1IN

01DLV
1IN
0IDLV
SETANZ
SETANZ
SETANZ
0IDLV
0IDLV
0IDLV

[N

0IDLV

61

¥C

€C

[44

1

0T

61

81

LT

91

ST

4!

€l

1!

Juel 13pIi0

(ponunuod) ¢ d[qeL

pringer

fH's



Molecular Neurobiology (2024) 61:835-882

861

expression associated with APOE4 as well as lower NRF1
expression associated with APOE4. The association of the
risk factor APOE4 with both ID3 and NRF1 expression in
women suggest that these transcription regulators may exac-
erbate risk of CAA.

Genome wide transcriptional activity of both ID3 and
NRF]1 paralleled their mRNA expression levels. Total ID3
transcriptional activity was significantly increased in both
CAA and AD patients as well as endothelial specific tran-
scriptional activity. We also demonstrate ID3 activity is cor-
related with that of other transcription factors including SRF,
STAT3, MZF1, CEBPA, E47, STATSA, SP1, STAT1, SRF,
IRF1, FOXJ2, IRF7, HSF1, SOX9, ATF6, FOX03 (Fig. 9).
We also discovered that NRF1 transcriptional activity was
decreased in both CAA and AD patients. NRF1 activity cor-
related with other transcription factors including FOXO1,
STAT3, MZF1, CEBPA, E47, STATSA, SP1, STAT1, SRF,
IRF1, FOXJ2, IRF7, HSF1, SOX9, ATF6, POU6F1, HSF2,
PAX6, GFI1, MAX, FOXO3 and in AD including GFI1
and MAX transcription factors (Fig. 9). Gene pathways
significantly downregulated in NRF1 total activity included
endothelial cell signature, VEGF signaling, endothelial cell
angiogenesis and vasculogenesis, and Wnt Signaling Path-
way. Downregulation of angiogenesis and VEGF signaling
could explain how NRF1 mediates injury of cerebral blood
vessels in CAA. Therefore, we further examined sex specific
differences in transcriptional gene signatures of both ID3
and NRF1 using Bayesian machine learning and the GeNle
simulation models.

Probabilistic graphical models were generated by machine
learning based on 9,284 ID3 aand 11,280 NRF1- bound
ChIP-seq gene targets. ID3 and NRF1 targets were ana-
lyzed using a machine based causal Bayesian network search
on RNA-Seq data from CAA patients. In ID3 causal BN
analysis, we identified STAB2, MUC20, TUBAI1C, HICI,
ZNF135, IL9, LYG2, MFSD2B, DNAJC25, CELA2B,
TLRY, U2AF1, ATG10, UTS2, and SLC5A2 as Markov
Blanket ID3 target genes associated with CAA (Fig. 14).
In the overall analysis of the ID3 causal Bayesian network
involving CAA, we discovered that ID3 was a direct child
of CAA representing a significant association between the
transcription factor and disease status in the cohort. Further-
more, modification of ID3 expression to a state of overex-
pression in GENIE analysis increased the marginal probabil-
ity of CAA risk from 50 to 91% (Fig. 14a). Utilizing GENIE
sensitivity analysis and combinatorial analysis resulted in
the finding that increased ID3 combined with increased
ATG10, SLC5A2, U2AF1, and UTS2, increased the risk of
CAA in women patients by greater than 1.36x 10° fold when
compared to a gene expression pattern that showed normal
or downregulated expression of these same genes. Seven
different gene combination patterns of these genes consist-
ing of ID3 overexpression versus downregulation resulted

in a significant increase in relative risk for CAA in females
(Table 13). These results suggest that ID3 overexpression
drives aberrant expression of ATG10, SLC5A2, U2AF]1, and
UTS2 in a manner that contributes to disease progression
of CAA at the temporal cortex. ATG10 expression is neces-
sary for the initiation of autophagy a process that is signi-
fied by the disassembling of damaged organelles from a cell
during early stages of disease progression [38]. SLC5A2 is
involved in hypoglycemic response, a clinical characteristic
of increased risk in patients developing Alzheimer’s Disease
[39]. U2AF1 is a critical component of pre-mRNA splicing
of stem/progenitor cells and results suggest that it may have
been overexpressed in our cohort in an effort to adapt to a
loss of cells as CAA progressed in patients [40]. Human
population studies have identified UTS2 polymorphisms as
a significant factor contributing to migraines, and individu-
als with migraines are three times more likely to develop
dementia [41, 42]. In terms of genes that were identified
to be contributing to the ID3 representative network, we
found gene candidates with prior knowledge of involve-
ment in CAA pathology. SLC5A2, UTS2, DNAJC25, and
U2AFTI are all involved in processes contributing to CAA
pathogenesis including vascular hypertension, angiogenesis,
maintenance of blood pressure and response to stress factors
[41-44].

In NRF1 causal BN analysis, we identified ID3, PXMP4,
SERHL, EXOSC6, MCM3AP-AS1, ZNF570, RPL39,
SNORA31, TRIM44, SNORA64, SATLI1, ZNF135,
TOMMS6, SLC9B1, SNORA33, GATC, and GDF9 as
Markov Blanket NRF1 motif enriched genes associated
with CAA (Fig. 15). In the overall analysis of the NRF1
causal Bayesian network involving CAA, we discovered
a direct connection between CAA — Thal — NRF1 result-
ing in a significant association between NRF1 expression
and Thal phase a marker of amyloid beta deposition in
cerebral microvessels. When examining how the modifica-
tion of NRF1 expression impacted the probability of CAA
in our cohort, we found that the downregulation of NRF1
expression resulted in probability of CAA increasing to 85%
from 49% probability of CAA (Fig. 15A). When inputted
into GENIE sensitivity analysis and combinatorial analy-
sis resulted in the finding that decreased NRF1 combined
with normal or decreased expression of GATC/SLC9B1 and
increased expression of GDF9, TOMM®6, ZNF135 resulted
in increased risk of CAA in male patients by greater than
8.20x 107 fold when compared to a gene expression pattern
that exhibited opposing patterns of expression for all the
aforementioned genes. Furthermore, seven different gene
combination patterns of these genes consisting of NRF1
downregulation versus NRF1 overexpression resulted in
a significant increase in relative risk for CAA in males
(Table 12). These results suggest that NRF1 downregula-
tion potentially serves as a driver of modified expression of
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Fig. 177 MCMC ordered ID3
network for men with CAA
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GATC, SLC9B1, GDF9, TOMMS6, and ZNF135 that poten-
tially drives CAA progression in men. GATC is a target
of NRFI1 that is involved in glutaminyl-tRNAGIn biosyn-
thesis transamidation and mitochondrial translation, being
implicated in mitochondrial disorders significantly associ-
ated with increased risk for Alzheimer’s Disease [45, 46].
GDFO9 is a key component of the TGFp signaling pathway
involved in the inhibition of vascular endothelial growth fac-
tor (VEGF) key to pro-angiogenic activity [47]. SNORA33
directly interacts with EZH?2 to promote epigenetic repro-
gramming in cardiac hypertrophy and may be involved in
epigenetic interactions that lead to increased aging of brain
tissue associated with Alzheimer disease [48, 49]. TOMM6
regulates protein translocase involved in mitochondrial sur-
vival and wellbeing suggesting that its increased expression
was a compensatory mechanism to maintain mitochondrial
levels of patients with CAA [50]. Homozygous transition
mutation of ZNF135 is associated with neurological and
developmental symptoms in a transgenic mouse line and
are results suggest it may play a role in the pathogenesis of
CAA [51]. SLC9B1 gene expression is regulated by DNA
methylation-dependent and independent mechanisms medi-
ated by several DNA regulatory elements and is linked with
Christianson syndrome a disease that affects intellectual
disability leading to symptoms of dementia [52, 53]. Based
on these findings, this NRF1 network may contribute to the

@ Springer

progression of CAA progression. Our study used publicly
available RNA-seq data from CAA patients; however, it is
important to validate our findings in future studies by testing
new CAA patient samples. This will give us the opportu-
nity to determine if our transcriptional signatures can effec-
tively distinguish a CAA patient from a healthy control. By
employing the models showcased in Figs. 14 and 15, we
can generate predictions for each new case and assess the
predictive capabilities of each model. For instance, we can
report the Receiver Operating Curve (ROC) to quantify the
performance of each model. A higher area under the ROC
(>0.70) indicates a stronger predictive power for the model.
Furthermore, it is worth mentioning that the new CAA sam-
ples can also contribute to enhancing the models for more
comprehensive causal analysis through the utilization of
MCMC order search.

Monte Carlo Markov Chain (MCMC) gene order-
ing approach showed sex-specific causal transcriptional
gene signatures driven by ID3 and NRF1 in CAA. The
majority of MCMC gene orders found in Table 13 show
that ID3 drives severity of CAA (ID3 — APOE4 — sever-
ity) in women. In men, NRF1 was the causal par-
ent of CAA and severity in 100% of all gene orders.
These results in Table 16 show that NRF1 drives CAA
(NRF1 — CAA — severity). Additionally, we discovered
that DNAJC25, APOE, STAB2, and MUC20 targets of
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Fig. 18 MCMC ordered NRF1
network for women with CAA

ID3 played a significant role in causality for women with
CAA. DNAJC25 is a member of the HSP40/JDP sub-
family C found to be associated with p53 as a heat shock
protein response that when overexpressed is shown to
significantly increase cell apoptosis a hallmark of CAA
[54]. The discovery of APOE as a parent of CAA and
ID3 target is significant given the established role of the
APOE gene in the accumulation of amyloid beta protein
in the brain [55]. STAB2 is known to encode a protein
that is associated with inflammation, overexpression of
this gene as reported by our analysis as ID3 targeting may
be contributing to cerebral amyloid inflammation a hall-
mark of CAA progression [55, 56]. MUC20 is a known
inducer of angiogenesis through the activation of vascular
endothelial growth factors suggesting that it is involved
in pathological angiogenesis given our data [57]. In men
with CAA, NRF1 regulated transcriptional gene signatures
that were causal for CAA included MCM3APS]1 and ID1.
MCM3AP-ASI is involved in RNA processing and impli-
cated in several hallmarks of CAA such as cell prolifera-
tion, apoptosis, cell cycle, and cell migration [58]. ID1
promotes endothelial cell survival and regeneration, in
addition the ID1/HIF-1 pathway is evidenced to contribute
to cell cycle reentry in the in vitro AD model of primary
cortical neurons [59]. Therefore, in both ID3 and NRF1
representative networks we report causal gene networks
and gene expression patterns that contributed to cell cycle
arrest, apoptosis, and senescence hallmarks that substanti-
ate the involvement of these two transcription regulators
to CAA disease progression.

@ Springer

In conclusion, dynamic machine learning of RNA-seq
of CAA patients show that both ID3 and NRF1 were asso-
ciated with CAA in a sex specific manner. Aberrant ID3
and NRFI1 activity were associated with the pathogenesis
and severity of CAA. NRF1 mRNA expression was signifi-
cantly downregulated in both CAA and AD cases across
two separate brain regions (cerebellum and temporal cor-
tex) and across sex. Genome wide ID3 and NRF1 activ-
ity was significantly correlated to pathways that contrib-
ute to hallmarks of CAA such as: VEGF Signaling, cell
apoptosis, and endothelial cell migration amongst others.
Gene networks of ID3 targets and NRF1 motif enriched
causal genes from DEG analysis were discovered through
Bayesian network structure learning algorithm. The novel
findings that have emerged from this study include ID3/
NRFI1 causal transcriptional gene signatures associated
with CAA and the significant influence of these signa-
tures on CAA risk by modified gene expression of ID3/
NRFI as well as gene combinations. MCMC gene order-
ing showed that NRF1 is a sex-specific driver of CAA in
men while ID3 contributes to CAA severity in women.
Taken together, our findings provide the first evidence that
both the ID3 and NRF]1 transcription gene signatures influ-
ence CAA risk. These results may provide clinical prog-
nosis and therapeutic targeting of ID3 and NRF1 driven
molecular signature differences across sex-specific CAA
progression moving forward. Further analyses of ID3- and
NRF1-regulated molecular drivers of CAA may provide
new targets for personalized medicine and/or prevention
strategies against CAA.
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Table 15 (continued)

27

26

25

24

21 22 23

20

19

Order ranking

ZNF670ZNF695

D1

CFLARASI1
NRF1

L7

NRF1 RAETIG

SNORASI D1

STAG3

MMACHC
D3

MCMDC2

PTCDI1

40
41

RAETIG

ZNF670ZNF695

TOMMG6

APOE

NRF1 ID1

RAETIG

ZNF670ZNF695

TOMM6
TOMM6

APOE
APOE
APOE4
APOE4

ID1

STAG3
STAG3

I

SNORAS1

42
43

NRF1 ID1

RAETIG

ZNF670ZNF695
SNORAS81

ID3

MCM3APAS1

L7

NRF1 D1

TOMMG6
TOMM6

L7

CFLARASI

MCMDC2

THAL

44
45

D1

NRF1

SNORAS81

CFLARASI1
NRF1

MCMDC2

THAL

IL7

ZNF670ZNF695

RAETIG

CFLARAS1
RAETIG

SNORAS1
SNORASI
LOXL3
LOXL3
LOXL3
ID1

MCMDC2 MMACHC

46
47

ZNF670ZNF695
CCDC103

CFLARASI1
SNORAS52
SNORAS52
SNORAS52

L7

NRF1

D1

MMACHC
PTCD1
PTCD1
PTCD1

MCMDC2

NRF1

TOMM6
TOMM6
TOMM6

RAETIG

MCM3APASI1

ZNF670ZNF695

48

CCDC103

NRF1

RAETIG

MCM3APASI1

ZNF670ZNF695

49

CCDC103

NRF1

RAETIG

MCM3APAS1
NRF1

ZNF670ZNF695

TOMMG6
APOE4
APOE4

L7

50
51

ZNF670ZNF695
RNUG6ATAC
SNORAS52
NRF1

LOXL3
NRF1

SEVERITY
TOMMO6
TOMMO6

RUSCIASI
RAETIG

SNORASI
PTCD1
PTCD1
ID3

CCDC103

MCM3APAS1

LOXL3
LOXL3

52
53
54
55

CCDC103
D1

NRF1

RAETIG

MCM3APASI1

APOE
APOE

SNORAS52
SNORAS52

NRF1

ZNF670ZNF695

TOMMG6
TOMM6

RAETIG

NRF1 D1

ZNF670ZNF695
TOMM6

RAETIG
LOXL3

ID3

IL7

CCDC103
D1

MMACHC
NRF1

RAETIG

MCM3APAS1
APOE

PTCD1
ID3

APOE4
IL7

56
57

SNORAS52

ZNF670ZNF695

TOMMG6

RAETIG

Methods
Data Access and Characteristics

The results published here are in whole or in part based
on data obtained from the AD Knowledge Portal. The data
available in the AD Knowledge Portal would not be pos-
sible without the participation of research volunteers and
the contribution of data by collaborating researchers. Data
are made available as Open- or Controlled- Access, where
individual-level Human data is Controlled Access, and can-
not be redistributed.

The RNA-Seq files for CAA cases, AD cases, and con-
trols came from the AD Knowledge Portal. The Mayo Clinic
CAA Synapse dataset (syn9779506) was used to access and
download CAA cases. The dataset was comprised of two
studies derived from the Mayo Clinic Brain Bank. Study 1
of syn9779506, represents Caucasian individuals with pri-
mary neuropathological diagnosis of AD and available CAA
scores, representing a range of average CAA values between
0 and 4. The collection of genetic and gene expression meas-
ures from these individuals was led by Dr.Nilufer Ertekin-
Taner at the Mayo Clinic, Jacksonville, FL; the collection
of ELISA biochemical measures from these individuals was
led by Dr. Guojun Bu. All data was collected as part of the
multi-PI RF1AG051504 (MPIs Bu and Ertekin-Taner) using
samples from the Mayo Clinic Brain Bank.

Study 2 of syn9779506, represents 75 Caucasian individ-
uals with neuropathological diagnosis of AD, with or with-
out CAA pathology. Of these, 43 had severe CAA pathology
(average CAA score >2 among the five cortical regions).
None of the individuals have the following pathologic diag-
noses: Parkinson’s disease (PD), DLB, PSP, motor neuron
disease (MND), CBD, Pick’s disease (PiD), Huntington’s
disease (HD), FTLD or dementia lacking distinctive histol-
ogy (DLDH). The collection of gene expression measures
from temporal cortex (TCX) tissue for these individuals was
led by Dr. Guojun Bu at the Mayo Clinic, Jacksonville, FL
using samples from the Mayo Clinic Brain Bank.

Furthermore, The Mayo Clinic RNA-Seq dataset
(syn5550404) was used to download AD Cases and con-
trols for the purposes of this study. This study provides
genomic, transcriptomic, and proteomic data from the cer-
ebellum and temporal cortex from individuals from the
Mayo Clinic Brain Bank and Banner Sun Health Research
Institute. Whole transcriptome data for 275 Cerebellum
(CBE) and 276 Temporal cortex (TCX) samples from 312
North American Caucasian subjects with neuropathologi-
cal diagnosis of AD or elderly controls (CON) without
neurodegenerative diseases. Within this cohort, all AD
subjects were from the Mayo Clinic Brain Bank (MCBB).
Thirty-four control CBE and 31 control TCX samples were
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Fig. 19 MCMC ordered NRF1
network for men with CAA

1
A A

from the MCBB, and the remaining control tissue was
from Banner Sun Health Institute. All subjects selected
from the MCBB and Banner underwent neuropathologic
evaluation by Dr. Dennis Dickson or Dr. Thomas Beach,
respectively.

Since CAA is an overlapping pathology in AD patients, we
also analyzed RNA-seq data from AD cases. Table 17 sum-
marizes number of CAA cases (n=275), sex, age, APOE4
genotype, Braak stage, CAA severity, and brain tissue region
(temporal cortex or cerebellum). Table 18 summarizes control
subjects described as elderly subjects with a Braak Stage of
III or less (n=150) and Table 19 summarizes AD cases with
a Braak stage of IV or greater (n=164).

Gene Expression Analysis

Raw data counts for both CAA and AD cases and controls
were aligned and mapped according to the human genome
(hg38), implementing STARv2.5.2b [60], and feature Counts
from the Subread package v1.5.1 were used for counting
of RNA levels [61]. Across cases and controls there were
32,935 common genes and microRNA, which were normal-
ized from raw counts through the trimmed mean of M val-
ues (TMM) method in Limma package [62]. We utilized the
Limma-Voom approach for differential expression, measur-
ing the precision weights for the mean-variance relationship
between CAA/AD cases and controls expression values [62].

For machine learning analysis, we selected candidate
genes from CAA cases to be inputted as follows: (i) genes
with+2 FC across CAA cases vs controls, (ii) genes found
to be significant (p-value <0.05, student t-test), and (iii)

@ Springer

genes that are ID3 or NRF1 targets. Using this criterion, we
created four cohorts to input into machine learning analysis
based on sex and ID3/NRF1 significant target genes.

We transformed the normalized RNA Count levels into
z-scores per gene and discretized the z-values into the cate-
gories less than -1 (z<-1), between -1 and 1 (-1 <z<1), and
more than 1 (z> 1) to represent low expression, no change
in expression, and high expression of a gene, respectively
[63]. The clinical criteria for CAA was codified as follows:
(i) CAA (control (0), case (1)), (ii) Thal phase (<1 (0),> 1
to 4 (1),>4 (2)), (iii) BRAAK Score (<5 (1),>5 (2)), (iv)
APOE4 carrier (APOE4 Non-Carrier (1), APOE4 Carrier
(2)), (v) CAA Severity (0 to 1.9 (0), 2 to 2.5 (1), 2.5 or
greater (2), (vi) Age (<79 years old (1), > 79 years old (2)).

Microarray Analysis

We further validated whether high ID3 and low NRFI
mRNA expression occurred in brain microvessels from AD
patients by downloading microarray data file GSE45596
[64] from the NCBI Gene Expression Omnibus (GEO). Raw
intensity values for the dataset were normalized according to
their log?2 ratios and then analyzed using limma differential
expression analysis.

Transcription Regulating Protein Activity
To determine if high ID3 and low NRF1 mRNA levels

observed in CAA patients impacted genome wide transcrip-
tional activity, we conducted a transcriptional activity assay
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using LRPATH logistic regression analysis [65]. Given a
high-throughput dataset with continuous significance values
(i.e. p-values), LRpath tests for gene sets (termed concepts)
with significantly higher significance values (e.g. for differ-
ential expression) than expected at random. Using LRPath
we examined the total transcriptional activity of ID3 and
NRF1 based on the expression of their target genes for dis-
covery of CAA-associated and AD-associated transcriptional
activity. The Encyclopedia of DNA Elements (ENCODE)
was used to determine the ChIP-seq targets for NRF1 and
ID3 to conduct transcriptional activity analysis. Transcrip-
tional activity of ID3 and NRF1 was determined from the
cumulative statistically significant differential expression of
hundreds of 9483 ID3 target genes and 11,280 NRF1 target
genes respectively. A total of 9438 ID3 gene targets from
ENCODE were used to determine its total transcriptional
regulating activity. A total of 11,280 NRF1 bound target
genes from ENCODE were used to determine total transcrip-
tion factor activity based of both p-value and logFC values
across CAA and AD cases in both sexes.

ID3 and NRF1 genome wide transcriptional activity
was also determined by pathways including VEGF signal-
ing, apoptosis, cell cycle, cell senescence, and angiogen-
esis. The human targets in the VEGF Signaling, Apoptosis,
Cell Cycle, Cellular Senescence, and Epigenetic Chromatin
Remodeling Factor pathways were determined by using SA
Biosciences (SAB) human target gene lists. Furthermore, for
unique human endothelial cell signatures we cross compared
endothelial pathway targets derived from global expression
analysis of human microvascular endothelial cells under-
going biomechanical stress [66]. For the brain endothelial
signature, we determined target genes derived from single
cell RNA-Seq analysis of brain endothelial cells derived
from Mus Musculus and C57BL/6 J mice [67, 68]. We then
cross-compared targets found in each of the lists with 9438
ID3 ChIP-seq target genes to create a custom list of only ID3
target genes in each of the signature pathways to determine
ID3 driven transcriptional activity and did the same proce-
dure with the 11,280 NRF1 genes derived from ENCODE
ChIP-seq targets to determine NRF1 driven transcriptional
activity.

Causal Bayesian Network Modeling:
Structural and Parameter Learning

In clinical and research fields, machine learning methods
are utilized to study statistical relationships in disease
progression through the creation of causal networks from
high throughput transcriptomic datasets [69, 70]. Statisti-
cal machine learning methods help to identify key upstream
regulators from a causal network inferred from RNA-Seq
genomic data and clinical data. Causal Bayesian Networks

(CBNs) are used as means to learn the causal networks
inferred from genomic data. A CBN consists of directed
acyclic graphs (DAGs) compromised of nodes, that rep-
resent the random variables (genes and clinical variables)
being modeled, and intervening arcs (arrows), which repre-
sent the relationships between these random variables [71].
The nodes of the networks represent the expression of the
genes and clinical variables. Resulting networks represent a
graphic representation of the causal hypothesis [72].

To learn the causal Bayesian networks for our study,
we used Bayesian Network Inference with Java Objects
(BANIJO), which is a computational modeling tool based on
a data-driven method using Bayesian network frameworks
to obtain directed inference networks [69, 71].The purpose
of BANJO was to identify gene-gene interactions given our
datasets of CAA cases and controls to better understand the
clinical/pathological characteristics of the disease when ID3
and NRF1 act as transcriptional drivers of these networks.
The scoring metric used is called Bayesian Dirichlet equiva-
lence (BDe). BANJO keeps making incremental changes in
the structure to improve the BDe score of the network [73].
The final DAG shows regulation between genes and their
possible involvement in the outcome (disease). The goal
of this analysis was to create a proposed network showing
the interaction among these variables in CAA to identify
possible drivers for the disease. Computational learning
of causal Bayesian networks takes time and computational
power, therefore, to have parsimonious models all Bayesian
networks learned from the data were limited to the possi-
ble number of parents of five across all four cohorts (ID3
Female, ID3 Male, NRF1 Female, NRF1 Male).

The first-degree Markov blanket (MB) of a variable X
in a CBN (denote as MB [X]) is defined as the set of vari-
ables consisting of disease causes (parents) of X and direct
effects (children) of X and all other direct causes (parents)
of the direct effects (children) of X [20]. We calculated the
first-degree Markov blanket for variable CAA in the CBN
(denoted as Markov blanket [CAA]) across the four cohorts
was defined as the set of variables that represents the direct
causes (parents) of the direct effects (children) of CAA.

ID3 Female For causal Bayesian network structure learn-
ing, we performed independent runs in BANJO across four
separate timepoints, i.e., 2 Hr, 6 Hr, 12 Hr, and 24 h. At
each timepoint, we performed three independent structure
learning networks. Therefore, a total of 12 runs of independ-
ent causal Bayesian network structure learning with total
of 3X2h+3X6h+3X 12h+3 X 24 h=132h of runs
were performed. Using the dataset for ID3 Female CAA
cases vs controls, we outputted the 12 best log-likelihood
structures reported for each run, and we selected the net-
work with the highest log-likelihood structure at each time-
point as the initial structure for subsequent timepoints. Once

@ Springer



876

Molecular Neurobiology (2024) 61:835-882

improvement of the model stopped at subsequent timepoints
we stopped running the model. We then compared the first-
degree Markov blanket genes for the CAA node across the
top 3 scoring networks in our trial runs and selected the
common genes for subsequent validation runs. Following,
Markov blanket gene comparison for CAA the original CBN

Table 17 Demographic Table of CAA cases from The Mayo Clinic CAA-AD study (syn9779506)

structure went from 318 to 74 variables for further valida-
tion runs. The first MB genes for CAA were then used for
MCMC gene ordering and optimal gene structure learning.

ID3 Male For CBN structure learning, we performed inde-
pendent runs across four separate timepoints, i.e., 2 Hr, 6

Sex Age at death Age spans ApoE genotype Braak stage CAA severity Brain region
M =Males (Cer=Cerebellum,
F=Females TC =Temporal
Cortex)
M=129 u=79.30 yrs <90 years old=8 ApoE 2=2/3=0 (=6)=49 >4)=0 Cer=289
o="7.84 yrs 80 to 89 yrs. old=66  ApoE 2=2/4=4 (5-5.9)=55 (3-3.9)=4 TC=40
Max =90 or above 70 to 79 yrs. old=42 ApoE 3=3/3=43 (4t04.9)=25 (2-2.9)=30
yIs 60 to 69 yrs.old=8  ApoE 3 or 0-3.9)=0 (1-1.9)=27
Min=55 yrs <60 yrs old=5 4=3/4=60 0-0.9)=87
ApoE 4=4/4=22
F=146 n==82.794 yrs <90 yearsold=33  ApoE 2=2/3=0 (=6)=176 >4=1 Cer=111
a="7.32yrs 80to 89 yrs. 0old=76  ApoE 2=2/4=2 (5-5.9)=54 (3-3.9)=2 TC=35
Max =90 or above 70 to 79 yrs. old=30 ApoE 3=3/3=40 (4t04.9)=16 (2-2.9)=26
yrs 60 to 69 yrs.old=3  ApoE 3 or 0-3.9)=0 (1-1.9)=30
Min=55 yrs <60 yrs old=4 4=3/4=79 0-0.9)=87
ApoE 4=4/4=25
Table 18 Demographic table of controls from the Mayo RNA-seq study (syn5550404)
Sex Age at death Age spans ApoE genotype CAA severity  Brain region (Cer =Cer-
M =Males ebellum, TC =Temporal
F=Females Cortex)
M=82 u=282.50 yrs <90 years old=21 ApoE 2=2/3=12 >4)=0 Cer=41
a=38.06 yrs 80 to 89 yrs. old=39 ApoE 2=2/4=1 (3-3.9)=0 TC=41
Max =90 or above yrs 70to 79 yrs. old=14 ApoE 3=3/3=59 2-2.9)=0
Min=>58 yrs 60 to 69 yrs. old=5 ApoE 3 or4=3/4=9 (1-1.9)=0
<60 yrs old=2 ApoE 4=4/4=0 0-0.9)=81
F=73 u=382.01 yrs «=28.86 yrs <90 years old=16 ApoE 2=2/3=10 >4)=0 Cer=36
Max =90 or above yrs 80 to 89 yrs. old=36 ApoE 2=2/4=1 (3-3.9)=0 TC=37
Min=>53 yrs 70 to 79 yrs. old=14 ApoE 3=3/3=54 (2-2.9)=0
60 to 69 yrs. old=4 ApoE 3 or4=3/4=8 (1-1.9)=0
<60 yrsold=3 ApoE 4=4/4=0 0-0.9)=73

Table 19 Demographic table of AD cases from the Mayo RNA-seq study (syn5550404)

Sex Age at death Age spans ApoE genotype Braak stage Brain region (Cer=Cer-
M =Males ebellum, TC =Temporal
F=Females Cortex)
M=67 u=79.50 yrs <90 years old=14 ApoE 2=2/3=3 (=6)=29 Cer=34

a=7.73 yrs 80 to 89 yrs. old=31 ApoE 2=2/4=0 (5-5.9)=32 TC=33

Max =90 or above yrs 70 to 79 yrs. old=14 ApoE 3=3/3=35 (4t04.9)=6

Min=63 yrs 60 to 69 yrs. old=8 ApoE 3 or 4=3/4=26 0-39=0

ApoE 4=4/4=3

F=97 u==80.8 yrs <90 years old=26 ApoE 2=2/3=5 (>6)=26 Cer=48

a=6.90 yrs 80 to 89 yrs. old=47 ApoE 2=2/4=0 (5-5.9)=47 TC=49

Max =90 or above yrs 70 to 79 yrs. old=18 ApoE 3=3/3=35 (4t04.9)=18

Min=60 yrs 60 to 69 yrs. old=6 ApoE 3 or4=3/4=48 0-39)=6

ApoE 4=4/4=9
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Hr, 12 Hr, and 24 h. At each timepoint, we performed three
independent CBN structure learning with total of 3x2 h+
3x6h+3x12h+3%x24 h=132 h of runs were performed.
Using the dataset for ID3 male CAA cases vs controls, we
outputted the 12 best log-likelihood structures reported for
each run, and we selected the network with the highest log-
likelihood structure at each timepoint as the initial structure
for subsequent timepoints. Once improvement of the model
stopped at subsequent timepoint we stopped running the
model. The first-degree Markov blanket of variable CAA in
the CBN (denoted as Markov blanket [CAA]) was defined
as the set of variables that represents the direct causes (par-
ents) of the direct effects (children) of CAA. We then com-
pared the first-degree Markov blanket genes for the CAA
node across the top 3 scoring networks in our trials runs and
selected the common genes for subsequent validation runs.
Following, Markov blanket gene comparison for CAA the
original CBN structure went from 270 to 97 variables for
further validation runs. The first MB genes for CAA were
then used for MCMC gene ordering and optimal gene struc-
ture learning.

NRF1 Female For CBN structure learning, we performed
independent runs across three separate timepoints, i.e., 2 Hr,
6 Hr, and 12 Hr. At each timepoint, we performed three inde-
pendent CBN structure learning with total of 3x2 h+3 X
6 h+3x 12 h=60 h of runs until the network had improved
until the network reached its best log-likelihood CBN.
Using the dataset for NRF1 female CAA cases vs controls,
we outputted the 9 best log-likelihood structures reported
for each run, and we selected the network with the highest
log-likelihood structure at each timepoint as the initial struc-
ture for subsequent timepoints. Improvement was measured
according to log normalization of Bayesian Dirichlet (BDE)
scores at each timepoint the model was run. The first-degree
Markov blanket of variable CAA in the CBN (denoted as
Markov blanket [CAA]) was defined as the set of variables
that represents the direct causes (parents) of the direct effects
(children) of CAA. Following, Markov blanket gene com-
parison for CAA the original CBN structure went from 312
to 102 variables for further validation runs. The first MB
genes for CAA were then used for MCMC gene ordering
and optimal gene structure learning.

NRF1 Male For CBN structure learning, we also performed
independent runs across three separate timepoints, i.e., 2 Hr,
6 Hr, and 12 Hr. At each timepoint, we performed three inde-
pendent CBN structure learning networks for a total of 3 X
2h+3%x6 h+3x12 h=60 h of runs until the network had
improved until the network reached its best log-likelihood
CBN. We used the dataset for NRF1 male CAA cases vs
controls, we outputted the 9 best log-likelihood structures
reported for each run, and we selected the network with the

highest log-likelihood structure at each respective time-
point for the initial structure of subsequent timepoints. The
first-degree Markov blanket of variable CAA in the CBN
was defined as the set of variables that represents the direct
causes (parents) of the direct effects (children) of CAA. In
order to determine genes for our validation runs, we con-
ducted a Markov blanket gene comparison for the CAA
node across the three best scoring networks, and this led
to a determination of 94 variables to run in our validation
network. The first MB genes for CAA were then used for
MCMC gene ordering and optimal gene structure learning.

CBN Validation of Learned Networks
and Sensitivity Analysis of CAA Probability
in GeNle

Based on the optimal scoring (BDe score) proposed proba-
bilistic graphical model structures for ID3 and NRF1 target
genes across both males and females, we learned the prob-
able contribution of 1% degree Markov Blanket target genes to
CAA. The best scoring probabilistic graphical model for ID3
consisted of 21 variables including CAA, meanwhile the best
scoring probabilistic graphical model for NRF1 consisted of
22 variables including CAA. To calculate the probabilities of
the variables from the proposed probabilistic graphic model
and to test the sensitivity of CAA status to changes in the gene
expression of Markov genes, we recreated the BANJO network
structure using the GeNIe modeler [74]. Learning the param-
eters of the Markov blanket genes for the CAA node and its
connected variables was performed with GeNle, a Bayesian
network graphical interface tool developed by BayesFusion
[74]. After the structure and parameters for each node were
assembled in GeNle, a sensitivity analysis was done by modi-
fying the evidence (marginal probability) of different nodes
(gene expression stages) thereby observing the effect on the
probability of the CAA node. We estimated the conditional
and marginal probability distributions of CAA by changing the
expression levels (evidence) of one or more ID3/NRF1 target
genes. We then modeled disease risk by changing expression
levels of single genes (ID3, NRF1, etc.) or groups of genes
denoted as P (CAA | Modified Markov blanket gene expres-
sion level).

Estimation of Lifetime CAA Relative Risk (RR)

We used the 100% marginal probability of high, medium, and
low levels of gene expression of each individual Markov blan-
ket gene as well as combinations of two or more genes and
estimated the percent probability of CAA [Pr. (CAA)] for each
case. To account for lifetime risk of CAA amongst these first-
degree MB genes in both ID3 and NRF1 optimal structures we
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needed to determine P(CAA) in the population. Further vali-
dation of the effects of Markov blanket genes on risk of CAA
was determined in both the ID3 and NRF1 optimal structure
by using Bayes’ theorem:

P(CAAIG,,G,,...,G,)
= P(G,,G,,...,G,|CAA)P(CAA)
/P(G,,G,, ..., G,)

The prevalence of CAA in the general population ages
79-84 yrs old has been reported to be 8% [75]. Therefore,
we calculated P(CAA)=0.08 as baseline risk for the general
adult population and used this in the lifetime risk calculations.

Estimation of the Minimum set

of Combination of Gene Expression Patterns
for Maximum Relative Risk (RR) using
PREDICT Combinatorial Analysis

Genie’s ‘learn parameters’ function analysis of the 16 genes
(including ID3) associated with the ID3 representative network
showed that 5 MB genes (ID3, ATG10, SLC5A2, U2AF1, and
UTS2) consistently distinguished between control and CAA
cases. Furthermore, the NRF1 representative network GeNle’s
‘learn’ parameters calculated the probability of evidence for
CAA likelihood given the modified expression levels of the 18
genes (including NRF1 and ID3) associated with the causal
Bayesian network for CAA in men. Consistently, 5 MB gene
targets (GATC, GDF9, TOMMS6, SLC9B1, ZNF135) of NRF1
were found to contribute most to the likelihood of CAA in the
PREDICT combinatorial analysis.

Amongst the ID3 representative network in females and
NRF1 representative network in males, MB genes were cal-
culated by different gene configurations g with the collected
dataset, and we used the SMILE library in Bayes Fusion and
the C+ +program (PREDICT) to calculate the following:

P(DIR = g),

where D represents a subject has CAA and R={ATG10,
ID3, SLC5A2, U2AF1, UTS2} for the ID3 representa-
tive network and R={GATC, GDF9, NRF1, SLC9BI1,
TOMMS6, ZNF135} for the NRF1 representative network.
Among the gene configurations g that predicts CAA with
high or low probability (i.e., P(D|R = g) > 0.99999 or
P(D|R = g) < 1.0x107%), we focused on g where ID3 and
NRF1 were either expressed high or low.

To find the minimum set of combination of gene expres-
sion patters that provide us with the maximum relative risk
(RR), we calculated the following using PREDICT program:

P(D|Q = q)

S =arg max —————-=
P(DIQ =q")

@ Springer

where Q represents any subset of R; S represents a set of the
minimum number of genes that maximizes the RR term,
q=arg,max g P(D|Q = g) and q’ =arg,min g P(D|Q = g)
with q and q’ representing two different gene expression
patterns among the genes in S that maximizes and minimizes
P(D|Q), respectively [73].

For the 5 ID3 representative network distinguished genes
(including ID3), we report the 7 maximum RR ratios of the
minimum set of combination of gene expression patterns
generated by PREDICT combinatorial analysis. Further-
more, for the 6 NRF1 representative network distinguished
genes (including NRF1), we report the 7 maximum RR
ratios of the minimum set of combination of gene expres-
sion patterns generated by PREDICT combinatorial analysis.

MCMC Ordering Analysis

To further illustrate sex-specific higher order regulatory rela-
tionships between methodologically identified ID3 targets
and NRF1 motif-enriched genes, CAA disease state, and
relevant clinical variables, we employed Monte Carlo over
Markov Chain (MCMC) simulation and optimal structure
learning algorithms established in SMILE (Structural Mod-
eling, Inference, and Learning Engine), which is a learn-
ing/causal discovery engine for graphical models, such as
Bayesian networks, influence diagrams, and structural equa-
tion models available from BayesFusion, LLC. SMILE is an
organized library of C+ +classes that can be overlaid into
existing user software through its API, thereby augment-
ing user products with several decision-making capabilities.
Previously, we have ran MCMC order search as described
across several studies [18]. The MCMC ordering results
were then followed by a graphical output visualization
through the R package bnlearn displaying weighted arcs.
Across sex-specific networks, ID3 and NRF1 targeted genes
inputted into the MCMC ordering algorithm were candidates
that were identified as first-degree MB gene candidates and
possessed influence scores above 0.70 as determined by the
BANJO algorithm. Furthermore, clinical variables (THAL
phase, CAA severity, age, APOE4 carrier status, BRAAK)
unique to patient cohort were inputted as part of MCMC
ordering search as well. Across sex-specific networks
causal probabilities were calculated between arcs (connec-
tions) in the CBNs for ID3 and NRF1 generated from the
BANIJO algorithm to help determine representative struc-
tures derived from the MCMC ordering analysis. Here we
detail all ordering networks within >99% probable orders,
and for each order, we report a subsequent representative
structure that is among the >99% probable structures. In
each of the graphical networks reported from the MCMC
ordering method, >99% represents a probability percentage
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of 99.99 and above, ~0 represents a probability percentage
of 0.01 and below, and percentages in the parenthesis of
arcs (connections) in the representative structure is the prob-
ability that relationship between the arcs can be reversed in
direction.
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