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The associations of 4 proteins—AK4, ITPK1, HSPB2, and IGFBP5—with cognitive function in older adults
were largely unexplained by known brain pathologies. We examined the extent to which individual
protein associations with cognitive decline were attributable to microstructural changes in the brain.
This study included 521 participants (mean age 90.3, 65.9—108.3) with the postmortem reciprocal of
transverse relaxation time (R;) magnetic resonance image. All participants came from one of the 2
ongoing longitudinal cohorts of aging and dementia, the Religious Orders Study and Rush Memory and
Aging Project. Higher abundance of AK4, HSPB2, and IGFBP5 was associated with faster cognitive decline
and mediated through lower postmortem Ry in the frontal and temporal white matter regions. In
contrast, higher abundance of ITPK1 was associated with slower cognitive decline and mediated through
higher postmortem R; in the frontal and temporal white matter regions. The associations of 4 pro-
teins—AK4, ITPK1, IGFBP5, and HSPB2—with cognition in late life were explained via microstructural
changes in the brain.
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1. Introduction

RNA sequencing data from postmortem human brains showed
a robust relationship between cognitive decline—a clinical hall-
mark of Alzheimer's dementia—and a network of coexpressed
cortical genes (Mostafavi et al., 2018). This coexpressed network is
likely related to transcriptional regulation and termed “module
109” (m109). The average expression of m109 was also related to
burden of brain B-amyloid deposition—an Alzheimer's disease
(AD) pathology (Mostafavi et al., 2018). In a subsequent study (Yu
et al., 2018), we prioritized 30 genes of 390 genes involved in the
m109 as potential drivers of the module. Of those 30 genes, 14
genes were tested for their knockdown of gene expression in
human astrocyte cell culture derived from induced pluripotent
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stem cell and measured for its extracellular levels of the patho-
genic B-amyloid AB4;, peptide. Of 14 genes, inositol polyphosphate
phosphatase-like 1 (INPPL1) and plexin B1 (PLXNB1) RNA knock-
down reproducibly reduced the production of pathogenic soluble
AB4>. These experiments suggested that INPPL1 and PLXNB1 may
play an important role of m109 on [-amyloid metabolism.
Although m109 was causally implicated in Alzheimer's dementia
in part through brain B-amyloid deposition, it also had a strong
effect on cognitive decline that was independent of f-amyloid and
age-related pathologies (Yu et al., 2018). Using selected reaction
monitoring (SRM) quantitative proteomics, it was possible to
quantify 12 of the corresponding proteins. We examined their
association with AD and non-AD pathology beyond B-amyloid
deposition, as well as cognitive decline. Of these, 5 proteins were
associated with cognitive decline. The association of one pro-
tein—PLXNB1—with cognitive decline was mediated primarily
through B-amyloid load and PHFtau tangle density. However, the
associations of insulin-like growth factor binding protein 5
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(IGFBP5) and heat shock protein family B member 2 (HSPB2) were
only partially mediated by AD or other age-related patholo-
gies—amyloid, PHFtau tangles, macroinfarcts, microinfarcts, Lewy
bodies, hippocampal sclerosis, TDP stage 4, cerebral amyloid
angiopathy (CAA), cerebral atherosclerosis, and arteriolosclerosis
(Yu et al., 2018). Furthermore, adenylate kinase 4 (AK4) and
inositol-tetrakisphosphate 1-kinase (ITPK1) were essentially in-
dependent of common brain pathologies (Yu et al., 2018). Inter-
estingly, higher abundance of AK4, HSPB2, and IGFBP5 were
associated with faster cognitive decline, whereas higher abun-
dance of ITPK1 was associated with slower cognitive decline (Yu
et al.,, 2018).

Recent combinations of molecular levels and neuroimaging
have shown that many features of brain structure and function
have analogues on the molecular level (Fulcher and Fornito, 2016;
Krienen et al., 2016; Richiardi et al., 2015). These studies typically
compare neuroimaging and molecular levels acquired from
distinct areas of the brain. Because brains donated by participants
from the Religious Orders Study (ROS) and Rush Memory and
Aging Project (MAP) undergo postmortem imaging, it is possible
to map the brain regions that covary with levels of a given
molecule. To account for the unexplained covariation of AK4,
HSPB2, IGFBP5, and ITPK1 with cognitive decline, we considered
the potential for these proteins to play a role in maintaining or
degrading microstructure. Therefore, we examined the extent to
which brain microstructure as assessed with Ry could mediate
the association of these 4 brain proteins with cognitive decline.
Among various postmortem brain imaging modalities, Ry, the
reciprocal of transverse relaxation time (i.e., T;) on MRI, has been
studied for its association with late-life cognitive decline and
brain pathologies (Arfanakis et al., 2007; Dawe et al., 2014a, 2016,
2018; House et al., 2006, 2008; Kirsch et al., 1992; Wang et al.,
2004). For instance, previous reports have associated in vivo Ry
with different stages of memory impairment (House et al., 2006),
where lower R, in widespread white matter regions and higher
R, in the gray matter of the temporal lobe coincided with
impaired memory. One potential cause of lower Ry, or higher T,
in the white matter is increased water content in white matter
tissue due to breakdown of myelin by neurodegenerative pro-
cesses and vascular insults. Although biological mechanisms of
neurodegeneration in the gray matter are more complicated
(House et al., 2006), one cause for higher R, in the gray matter
may be higher accumulation of iron. Higher iron content
is known to cause local distortion of the magnetic field that leads
to higher relaxation rate, i.e., shorter T, and thus higher R,.
Owing to the relevance of R, to both brain structure and
cognition, we examine how it could mediate the relationship of
protein abundance with cognition, particularly in cases when
AD or other age-related pathologies do not account for their
relationship. We utilize a subset of the same study subjects—ROS
and MAP—that were the subject of prior work (Mostafavi et al.,
2018; Yu et al.,, 2018) based on data metrics required for these
analyses.

2. Methods
2.1. Participants

Participants were older adults enrolled in one of the two
ongoing cohort studies of aging and dementia, ROS and MAP
(Bennett et al., 2018). Both studies were approved by the
Institutional Review Board of Rush University Medical Center,
Chicago, IL, USA. As a condition of enrollment in ROS and MAP,
participants agreed to annual assessments and brain donation
after death. A written informed consent and an anatomical gift

act were obtained from each participant. Participants entered
the studies without known dementia. This study included
autopsied participants with targeted SRM proteomics, neuro-
pathologic data, and R, images from postmortem MRI that
passed quality control. A total of 521 participants with both
postmortem MRI and targeted SRM proteomics were used.
Among those, 228 (43.8%) were clinically diagnosed with Alz-
heimer's dementia and 355 (68.1%) had pathologic AD. The
average age at death was 90.3 years (standard deviation [SD]:
6.1; range 65.9—108.3). A majority were female (70.3%), and
almost all were non-Latino whites (95.9%). The average years of
education was 15.8 (SD: 3.6; range 3—30).

2.2. Cognitive assessment

A neuropsychological test battery was administered every year
with over 95% overall follow-up rate. The cognitive battery consists
of 21 tests, 19 in common between MAP and ROS, 17 of which were
used to assess multiple domains of cognitive ability, including
episodic, semantic, and working memory; perceptual speed; and
visuospatial acuity. Each of the scores was z-transformed using
baseline means and SDs, and the resulting z-scores from all tests
were averaged to derive a composite measure of global cognition.
We estimated person-specific rates of cognitive decline based on a
linear mixed effects model adjusted for age, sex, and years of ed-
ucation, as previously reported (Yu et al., 2018).

2.3. Neuropathology measures

At autopsy, brains were removed and hemisected in accordance
with standard protocol (Schneider et al., 2009). We identified the
cerebral hemisphere with more visible pathology mainly based on
gross infarcts, and occasionally tumor or hemorrhage. The hemi-
sphere was immersed in 4% paraformaldehyde solution and
refrigerated at 4 °C. The other hemisphere was frozen in prepara-
tion for use in various other investigations, including RNA prote-
omics. Neuropathologies, including AD, cerebral infarcts, Lewy
bodies, hippocampal sclerosis, hyperphosphorylated transactive
response DNA-binding protein 43 (TDP-43), CAA, atherosclerosis,
and arteriolosclerosis were evaluated, blind to clinical diagnosis. -
amyloid and PHFtau tangle pathologies were measured using
molecular-specific immunohistochemistry in 8 predetermined
brain regions, including superior frontal cortex, dorsolateral pre-
frontal cortex (DLPFC), entorhinal cortex, and hippocampus, con-
sisting of 20 um sections immunostained with one of the three
monoclonal antibodies (4G8, 1:9000; Covance Labs, Madison, WI,
USA; 6F/3D, 1:50; Dako North America Inc, Carpinteria, CA, USA;
and 10D5,1:600; Elan Pharmaceuticals, San Francisco, CA, USA) for
B-amyloid and AT8 (1:1,000, Innogenetics, San Ramon, CA, USA) for
PHFtau tangles (Bennett et al., 2006). B-amyloid load and PHFtau
tangle density were obtained by image analysis utilizing Stereo
Investigator, version 2017. For f-amyloid, positive regions of inter-
est were manually outlined and analyzed at 20x using an Olympus
BX51 microscope attached to an MBF CX9000 camera coupled to a
stage driver. A grid was placed for sampling about 20%—25% area
from neocortical regions and 40%—45% of the area from entorhinal
and hippocampal sector CA1/subiculum cortices. The percent area
of B-amyloid immunoreactivity (load) was then estimated using the
Image ] software and averaged across regions. For analyses, amyloid
load was defined as the square root of the percent of tissue area that
was positive for f-amyloid within each region averaged over all
regions for each participant. PHFtau tangle neurons in each region
was quantified after outlining the region of interest and using the
optical fractionator probe and random sampling about 10%—15%
area from the neocortex and 15% area from mesial temporal lobe
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structures. Regional PHFtau tangle densities were averaged across
regions. Macroscopic infarcts were recorded during gross exami-
nation and confirmed histologically, and microinfarcts were iden-
tified in a minimum of 9 regions per participant using hematoxylin
and eosin (H&E) stain (Arvanitakis et al.,, 2011). Both chronic
macroscopic infarcts and microinfarcts were recorded as presence/
absence. Lewy bodies in the substantial nigra, limbic, and neocor-
tical regions were identified using a-synuclein immunostaining
(Schneider et al., 2012) and were recorded as present/absent. Hip-
pocampal sclerosis was assessed using H&E-stained sections from
the mid-hippocampus (Nag et al., 2015) and was recorded as
presence/absence. We used monoclonal TDP-43 antibody (Yu et al.,
2015b) to stain 6 regions (amygdala, CA1 of hippocampus, dentate
of hippocampus, entorhinal cortex, and mid-temporal and mid-
frontal cortices) and manually scanned slides at low power (4x
objective) to find the greatest density of TDP-43 inclusions.
Objective was then switched to 20 x objective, and counts were
performed in a 0.25 mm? sampling frame (500 um square). All TDP-
43 inclusions were included, i.e., neuronal, neuronal intranuclear,
and glial cytoplasmic. We used the presence or absence of TDP-43
across these 6 regions to stage the severity of progression of TDP-
43 from stage O (no inclusions), to (1) amygdala only, to (2)
extended to other limbic regions, to (3) extended to the neocortex.
CAA pathology was assessed in 4 neocortical regions: mid-frontal,
mid-temporal, angular, and calcarine cortices. Paraffin-embedded
sections were immunostained for f-amyloid using 1 of 3 mono-
clonal anti-human antibodies: 4G8 (1:9000; Covance Labs), 6F/3D
(1:50; Dako North America Inc), and 10D5 (1:600; Elan Pharma-
ceuticals). For CAA assessment, meningeal and parenchymal vessels
were assessed for amyloid deposition and scored from 0 to 4, where
0 = no deposition, 1 = scattered segmental but no circumferential
deposition, 2 = circumferential deposition up to 10 vessels, 3 =
circumferential deposition up to 75% of the region, and 4 =
circumferential deposition over 75% of the total region. The CAA
score for each region was the maximum of the meningeal and
parenchymal CAA scores. Scores were averaged across regions and
summarized as a continuous measure of CAA pathology for analyses
(Boyle et al., 2015, Yu et al., 2015a). Atherosclerosis was assessed by
visual inspection of the segmental or circumferential subintimal
accumulation of lipid, plasma proteins, and calcium deposition in
the circle of Willis, of which the vertebral, basilar, posterior cere-
bral, middle cerebral, and anterior cerebral arteries and their
proximal branches were inspected. Severity of atherosclerosis was
graded based on the involvement of each artery and number of
arteries from O (none) to 6 (severe) (Arvanitakis et al., 2017;
Arvanitakis et al., 2016). On involvement of a new rater, we follow
a standard protocol in which the new rater rates 50 to 100 slides
that have already been rated by an experienced rater and must be
certified on practice slides before actual data collection.

The slides are selected to include a representative range of pa-
thology. We then obtain percent of variation in the square-root
transformed value of amyloid and tangles due to raters within
slide. Generally, the variance due to different raters is less than 5%.
Similar cross-training is performed with TDP-43 data collection,
and cerebrovascular and Lewy body disease pathologies are
reviewed by a neuropathologist (Bennett et al., 2012).

2.4. Targeted SRM proteomics

Targeted proteomics analysis was performed using frozen tissue
from 1226 DLPFC samples; the same brain region selected for
RNAseq. Details on SRM methods are reported in our previous
publications (Andreev et al., 2012; Kim et al., 2014; Petyuk et al.,
2010; Yu et al.,, 2018). Peptide abundance is measured as a ratio of
its intensity to the intensity of the spiked-in synthetic stable

isotope-labeled standard. The endogenous light-to-labeled-heavy
peptide ratios were log2-transformed and median-centered. This
effectively made the log2 abundance ratios relative to the median
abundance. The reproducibility and the quality of peptide quanti-
fication were assessed using repetitive measurements of pooled
samples employed as technical controls. We considered a peptide
signal informative if the variance, both technical and biological,
across the individual brain samples exceeded 2-fold of technical
variance. For proteins with multiple peptides quantified, the pep-
tide with the highest signal-to-noise ratio (total/technical variance)
was used.

2.5. MRI acquisition

At approximately 1-month postmortem (mean = 30 days; SD =
19.2 days), the refrigerated hemisphere at 4 °C from each decedent
was imaged using a 3-Tesla MRI scanner after allowing the tissue to
warm to room temperature. Four different scanners were used to
acquire fast spin-echo T,-weighted MRI data with at least 2
different echo times. Details of MRI acquisition have been previ-
ously reported (Dawe et al., 2009, 2014a, 2016, 2018). The trans-
verse relaxation time constant, T, describing the decay rate of the
transverse component of magnetization is sensitive to, among
other things, brain tissue's free water content and the presence of
paramagnetic materials, such as iron. As previously described
(Dawe et al., 20144, 2016, 2018), we quantified the reciprocal of T,
R, to reduce skewness and achieve a more normally distributed
signal. Ry maps were spatially registered to a cerebral hemisphere
template, using first linear and then nonlinear transformations
(Dawe et al., 2016). To account for interscanner differences in Ry, we
carried out a voxel-by-voxel normalization of R; values within each
group of hemispheres imaged on a given scanner by subtracting the
median and dividing by the interquartile range of R, for that
scanner. In addition, we carried out spatial smoothing with full
width at half maximum 2 mm. Details of postmortem MRI pre-
processing procedure have been described previously (Dawe et al.,
2014a, 2016, 2018).

Fig. 1. Postmortem brain areas associated with each of the 4 proteins—AK4, ITPK1,
IGFBP5, and HSPB2. A 3D view of all the clusters from the 4 proteins is shown in
bottom panel, and its sagittal, coronal, and axial view at the red crosshair is shown in
the top panel. The regions associated with AK4 are colored in pink, ITPK1 in blue,
IGFBP5 in yellow, and HSPB2 in red. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Map of individual group of clusters associated with each of the 4 proteins—AK4, ITPK1, IGFBP5, and HSPB2. AK4 is shown in (A), IGFBP5 in (B), HSPB2 in (C), and ITPK1 in (D).
Clusters grouped together were consistent in their major tissue types (white vs. gray). In each figure, the red-colored area shows the cluster group located in the white matter, and
the blue-colored area in the gray matter. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2.6. Regions in the postmortem brain associated with individual
proteins

Voxel-wise linear regression analysis was applied to each half-
brain (number of voxels >4 x 10°) to identify brain regions where
postmortem R, was associated with abundance of each of our 4
proteins—AK4, ITPK1, IGFBP5, and HSPB2—after controlling for age
at death, sex, and years of education. Thresholds were sequentially
applied, first on individual voxels (p < 0.01) and then on individual
clusters (p < 0.05 corrected for multiple comparisons) based on the
random field theory (Friston et al., 1994; Worsley et al., 1996), a part
of statistical parametric mapping. Principal component analysis
(PCA), based on correlations of mean Ry values between clusters,
was used to reduce dimensionality (or number of clusters). For an
instance, the first principal component (PC) is sufficient to explain
total variation in Ry clusters if all the clusters are highly mutually
correlated. The number of PCs chosen was based on the proportion
of variance explained. Assignment of individual clusters into groups
was based on loadings of PCs. We illustrate this procedure with AK4
from Supplementary Material 1. The first two PCs explained 93% of
the variance, whereas the 3rd PC only explained 7%. Therefore, the
first two PCs were included in analyses. In PCy, clusters 1 and 2 had
almost equal loadings, whereas the loading of cluster 3 was one-
tenth of those. Clusters 1 and 2 were therefore assigned to PCy.
The loading of cluster 3 suggested that it should be included in PC,.
Such disjoint sets are referred to as cluster groups. The mean value
of postmortem R, from each cluster group was utilized for subse-
quent mediation analysis. It is noteworthy that our mediation
analysis is a simplified approach with clusters while voxel-wise
mediation approach is also available with intensive computation.

Table 1

Association of protein on cognitive decline after controlling demographic variables
Protein Beta (total effect) SE p
AK4 -0.0173 0.0043 <0.0001
ITPK1 0.0147 0.0043 0.0006
IGFBP5 —0.0309 0.0041 <0.0001
HSPB2 -0.0138 0.0043 0.0013

Cognitive decline = demographic variables + protein.

2.7. Mediation analysis

We examined 3 models: (a) cognitive decline as a function of 3
demographic variables (age at death, sex, and years of education)
and protein abundance; (b) postmortem R; as a function of the 3
demographic variables and protein abundance; and (c) cognitive
decline as a function of the 3 demographic variables, protein abun-
dance, and postmortem R;. Because postmortem R; is known to be
variably correlated with neuropathology, we repeated the analysis
and included neuropathology measures in each step. In the media-
tion analysis, we tested the effect of each protein on cognitive decline
through the aforementioned groups of R; clusters, also known as the
indirect effect. The remaining effect of each protein on cognitive
decline not acting through Ry after controlling covariates—the direct
effect—was calculated and the sum of these 2 effects constituted the
total effect of each protein on cognitive decline, after controlling
covariates. In the presence of multiple groups of R; clusters as me-
diators, we assessed individual indirect effects by individual medi-
ators. Mediation analysis was performed by SAS macro provided by
Hayes & Preacher (Hayes and Preacher, 2014).

3. Results
3.1. AK4, HSPB2, and IGFBP5 with a faster rate of cognitive decline

Voxel-wise postmortem R; analysis identified areas in the brain
associated with abundance of each protein. Three clusters with a

Table 2
Association of protein on postmortem ex vivo R, after controlling demographic
variables

Protein Cluster group 1 Cluster group 2

Beta SE p Beta SE p
AK4 —-0.1520 0.0431 0.0004  0.170 0.0436 0.0001
ITPK1 0.2002 0.0425 <0.0001
IGFBP5 —0.2099 0.0423 <0.0001 0.2509 0.0425 <0.0001
HSPB2 —0.1876 0.0421 <0.0001

Postmortem R, = demographic variables + protein.
Cluster group 1 was mainly located in white matter while cluster group 2 was in gray
matter.
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Table 3

Association of protein on cognitive decline after controlling demographic variables and postmortem R,

Protein Protein Cluster group 1 Cluster group 2
Beta SE p Beta SE p Beta SE p
AK4 Direct effect —0.0088 0.0040 0.0301 0.0343 0.0040 <0.0001 —0.020 0.0040 <0.0001
Indirect effect through C1 —0.0052 0.0017 0.0022
Indirect effect through C2 —0.0033 0.0013 0.0111
ITPK1 Direct effect 0.0084 0.0041 0.0420 0.0315 0.0042 <0.0001
Indirect effect through C1 0.0063 0.0015 <0.0001
IGFBP5 Direct effect -0.0167 0.0039 <0.0001 0.0333 0.0039 <0.0001 —-0.0287 0.0039 <0.0001
Indirect effect through C1 —0.0070 0.0016 <0.0001
Indirect effect through C2 —0.0072 0.0015 <0.0001
HSPB2 Direct effect —0.0072 0.0041 0.0765 0.0348 0.0042 <0.0001
Indirect effect through C1 —0.0065 0.0016 <0.0001

Cognitive decline = demographic variables + postmortem R, + protein.

Cluster group 1 was mainly located in the white matter, whereas cluster group 2 was in the gray matter.

total volume of 6563 (mm?) in the postmortem brain template were
identified for AK4, 6 clusters with a total volume of 29,535 (mm?)
for IGFBP5, and 2 clusters with a total volume of 4464 (mm?) for
HSPB2. As shown in Fig. 1, clusters were predominantly located in
frontal, temporal, and parietal areas and exhibited a high degree of
overlap. Based on the PCA results, the first PC for HSPB2, explaining
75.2% of the total variance, was chosen; For AK4 and IGFBP5, the
first two PCs, explaining 92.9% and 73.0% of the total variance, were
chosen, respectively. It is noteworthy that clusters grouped together
were consistent in their major tissue types (white vs. gray matter).
Of the 2 cluster groups, respectively, for AK4 and IGFBP5, cluster
group 1 was mainly located in the white matter, and the cluster
group 2 in the gray matter, whereas all the clusters from HSPB2
were in the white matter. By tissue types, lower R, cluster in the
white matter and higher R, cluster in the gray matter was associ-
ated with more rapid cognitive decline. Individual groups of clus-
ters are shown in Fig. 2A—C. In each panel, red-colored areas are for
clusters mainly located in the white matter, and blue-colored areas
are for clusters in the gray matter.

In mediation analysis, we examined the mediating role of the
postmortem R; clusters on the relationship between each of the
proteins and cognitive decline, adjusting for age, sex, and educa-
tion. Higher AK4, HSPB2, and IGFBP5 were associated with faster
decline in cognition (AK4: B = -0.0173, p < 0.0001; HSPB2:
B = —0.0138, p = 0.0013; IGFBP5: B = —0.0309, p < 0.0001)
(Table 1). The association between each protein and R; clusters is
shown in Table 2. All 3 proteins showed significant indirect effects
on cognitive decline through postmortem R; clusters (Table 3).

Because microstructural changes in the brain measured by
postmortem R; is known to be correlated with various neuropa-
thology measurements (Dawe et al., 2014a, 2016, 2018; House et al.,
2008), we next examined the mediating role of microstructural
changes in the brain measured by postmortem Ry in the relation-
ship between each of the 3 proteins (AK4, IGFBP5, and HSPB2) and
cognitive decline, after adjusting for AD and other common neu-
ropathologies, as well as age, sex, and education (Tables 4—6).
Similar to the results of analyses not including neuropathology
measures, the mediation effect of microstructural changes in the
brain measured by postmortem R, on association between protein
abundance and cognitive decline remained significant

Table 4
Association of protein on cognitive decline after controlling demographic variables
and neuropathology

Protein Beta (total effect) SE p

AK4 —-0.0145 0.0035 <0.0001
ITPK1 0.0101 0.0035 0.0050
IGFBP5 —0.0203 0.0035 <0.0001
HSPB2 —0.0073 0.0036 0.0418

Cognitive decline = demographic variables + neuropathology + protein.

(Table 6). The proportion of indirect effects out of the total effect for
each protein was about 50% (AK4 47%; IGFBP5 45%; HSPB2 50%)
without adjusting neuropathology measures while it was about
40% (AK4 40%; IGFBP5 30%; HSPB2 43%) with neuropathology
measures (Table 7). Diagrams for each mediation analysis are
shown in Figs. 3—5.

3.2. ITPK1 with a slower rate of cognitive decline

Voxel-wise postmortem Ry analysis identified areas in the brain
associated with ITPK1 abundance in 3 clusters, involving a total
volume of 13,611 (mm?>). These clusters were all involved in the first
PC with almost equal weights (accounting for 74.5% of the total
variance) and mainly located in the white matter. Mediation effects
of microstructural changes in the brain measured by postmortem
R, on the relationship between ITPK1 and cognitive decline,
adjusting for age, sex, and education, was tested. Higher ITPK1
abundance was associated with slower decline (B = 0.0147, p =
0.0006; Table 1). ITPK1 showed a significant indirect effect on
cognitive decline through postmortem R; clusters ( = 0.0084, p =
0.042; Table 3). Proportion of indirect effect to the total effect of
ITPK1 was 47% (Table 7). The mediation effect of postmortem R,
clusters on the relationship between ITPK1 and cognitive decline,
adjusting for AD and other common neuropathologies, in addition
to age, sex, and education, is shown in Tables 4—6. Similar to our
previous results, the mediation effect of postmortem R, clusters
remained significant (Table 6). Diagram for each mediation analysis
is shown in Fig. 6.

4. Discussion

We have previously reported that higher expression of the
coexpressed gene set m109 results in greater f-amyloid pathology
burden and more rapid cognitive decline, and these reports pro-
posed 2 genes, INPPL1 and PLXNBI1, as potential drivers of the
network (Mostafavi et al., 2018). In a subsequent study, PLXNB1's
involvement was further validated in 834 human autopsy samples

Table 5
Association of protein on postmortem ex vivo R, after controlling demographic
variables and neuropathology

Protein Cluster group 1 Cluster group 2

Beta SE p Beta SE p
AK4 —-0.1550  0.0407 0.0002 0.1660  0.0438 0.0002
ITPK1 0.1717 0.0406 <0.0001
IGFBP5 -0.1584  0.0414 0.0001 0.1891 0.0427 <0.0001
HSPB2 —-0.1622 0.0402 <0.0001

Postmortem R, = demographic variables + neuropathology + protein.
Cluster group 1 was mainly located in the white matter, whereas cluster group 2 was
in the gray matter.
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Table 6

Association of protein on cognitive decline after controlling demographic variables, neuropathology, and postmortem R,

Protein Protein Cluster group 1 Cluster group 2
Beta SE p Beta SE p Beta SE p
AK4 Direct effect —0.0094 0.0035 0.0074 0.0206 0.0037 <0.0001 -0.0112 0.0035 0.0014
Indirect effect through C1 —0.0032 0.0011 0.0036
Indirect effect through C2 —0.0019 0.0008 0.0175
ITPK1 Direct effect 0.0075 0.0036 0.0362 0.0147 0.0038 0.0001
Indirect effect through C1 0.0025 0.0009 0.0077
IGFBP5 Direct effect —-0.0142 0.0035 <0.0001 0.0185 0.0038 <0.0001 —0.0166 0.0036 <0.0001
Indirect effect through C1 —0.0029 0.0010 0.0037
Indirect effect through C2 —0.0031 0.0010 0.0019
HSPB2 Direct effect —0.0041 0.0035 0.2479 0.0196 0.0038 <0.0001
Indirect effect through C1 —0.0032 0.0010 0.0014

Cognitive decline = demographic variables + neuropathology + postmortem R, + protein.
Cluster group 1 was mainly located in the white matter, whereas cluster group 2 was in the gray matter.

showing higher levels of PLXNB1 contributed to increased accu-
mulation of f-amyloid and PHFtau tangle density (Yu et al., 2018).
M109, however, also has a large direct edge to cognitive decline. We
found 4 proteins associated with cognitive decline that were not
explained by AD and other pathologies: AK4, ITPK1, HSPB2, and
IGFBP5 (Yu et al., 2018). In this study, we demonstrate that changes
in the brain measured by postmortem R; mediate the relationship
between each protein and cognitive decline. Specifically, higher
abundances of AK4, HSPB2, and IGFBP5 are associated with faster
cognitive decline, as mediated by postmortem Ry clusters in
extensive white matter regions, where lower R, is a marker of
neurodegenerative/vascular disease within the white matter
(Dickie et al., 2016; Fleischman et al., 2015; Gebeily et al., 2014;
Williamson et al., 2018). Conversely, higher abundance of ITPK1
was associated with slower cognitive decline as mediated by
postmortem R; clusters in the white matter, where higher white
matter Ry is a marker of tissue health. In a previous study (Yu et al.,
2018), AK4 and ITPK1 abundances present a degree of resilience
effect that is defined as changes in cognitive function not explained
by known pathologies (Boyle et al., 2013). Of these 2 proteins, we
found that ITPK1 is of particular interest, in that its higher abun-
dance inhibits cognitive decline through increased white matter
fidelity. This protective effect could be related to other factors, such
as regular participation in cognitively stimulating activities, which
has been shown by diffusion MRI to promote white matter micro-
structural integrity (Arfanakis et al., 2016). Thus, further studies on
the modulating effect of ITPK1 on various risk/resilience factors in
cognitive aging are warranted. If these proteins play a causal role in
regulating brain structure, it may be possible to define their
mechanisms of action through existing molecular studies. AK4 is a
mitochondrial protein from the adenylate kinase family, whose

Table 7

Proportion of the direct and the indirect effect to the total effect on cognition by protein

members are involved in ubiquitous energy metabolism and ho-
meostasis of cellular adenine nucleotide composition (Yoneda et al.,
1998). A prior study found high levels of endogenous AK4 in
hypoxia-treated cells and spinal cords of an ALS mouse model,
suggesting enzymatically inactive AK4 is a stress responsive protein
critical to cell survival and proliferation (Liu et al., 2009). HSPB2
belongs to a family of heat shock proteins, originally discovered as
stress-inducible proteins and newly emerged as a regulator of
physiological functions such as protein management and cell death
(Stetler et al., 2010) in the central nervous system. IGFBP5 is a
binding protein that regulates activity of insulin-like growth fac-
tors, which plays a crucial role in neurodevelopment and apoptosis.
Evidence from mouse models show that neuronal IGFBP5 over-
expression results in motor neuron degeneration and myelination
defects (Marshman et al., 2003; O'Kusky and Ye, 2012; Simon et al.,
2015). ITPK1 is a regulatory enzyme that plays a key role in intra-
cellular inositol phosphate (IP) metabolism, a process that plays
crucial roles in diverse cellular functions such as growth, apoptosis,
migration, and differentiation. Overexpression of ITPK1 leads to
increased levels of IP4 and highly phosphorylated forms of inositol
in mammalian cells, including IP5 and IP6. In mice, reduced levels of
ITPK1 result in the development of neural tube defects (Majerus
et al., 2010; Wilson et al., 2009).

Viewing these results in light of existing literature on the
function of individual proteins offers plausible mechanisms un-
derlying the relationships among protein abundance, brain micro-
structure, and cognitive decline. This evidence is consistent with
the directionality of our findings, namely that abundant AK4,
HSPB2, and IGFBP5 are linked with faster cognitive decline via
decreased brain microstructural integrity, as marked by lower R». In
addition, hypoxia-driven demyelination is a plausible factor

Protein Covariates Controlling only demographic variables Controlling both of demographic and
pathology variables
Effect Effect Proportion Effect Proportion
AK4 Total -0.017 100.0% -0.015 100.0%
Direct —0.009 52.9% —0.009 60.0%
Indirect through R, —-0.008 47.1% —0.006 40.0%
ITPK1 Total 0.015 100.0% 0.010 100.0%
Direct 0.008 53.3% 0.007 70.0%
Indirect through R, 0.007 46.7% 0.003 30.0%
IGFBP5 Total —0.031 100.0% -0.020 100.0%
Direct -0.017 54.8% -0.014 70.0%
Indirect through R, -0.014 45.2% —0.006 30.0%
HSPB2 Total -0.014 100.0% —0.007 100.0%
Direct —0.007 50.0% —0.004 57.1%
Indirect through R, —0.007 50.0% —0.003 42.9%




N. Kim et al. / Neurobiology of Aging 84 (2019) 17—25 23

-0.0088 (p=0.0301)

-0.0033 (p=0.0111)

-0.0094 (p=0.0074)

-0.0019 (p=0.0175)

Fig. 3. Diagram for mediation of postmortem R, clusters (C;, C;) on association between AK4 and cognitive decline. (A) The effects estimated with demographic variables as
covariates are shown. (B) The effects estimated with Alzheimer's disease and common neuropathology added to the covariates in (A) are shown. C; and C, are mean of the R;

measurements from cluster groups that are associated with AK4.

underlying R, depression (Dawe et al., 2016). Association of ITPK1
with cognitive decline is however different from AK4, IGFBP5, and
HSPB2. Namely, abundant ITPK1 seems to support rather than
detract from brain tissue integrity, which would likely help to
preserve cognitive abilities while manifesting as higher R, in
extensive frontal, temporal, and parietal white matter areas. This is
consistent with the fact that ITPK1 is associated with a slower rate
of cognitive decline.

We hypothesized the mediation model tested in this study based
on our previous study (Mostafavi et al., 2018), in which we showed
that m109, a network of gene transcripts, mathematically has a
causal relation with B-amyloid and a separate effect on cognitive
decline independent of f-amyloid and PHFtau pathology. It was also
found that manipulating some m109 genes in human astrocyte cell
cultures of f-amyloid production recapitulates the predictions from
the model supporting causality. The proteins of interest in this study
were nominated from m109 and found to be associated with
cognitive decline controlling for common brain pathologies (Yu
et al.,, 2018). Here, we replace common brain pathologies with Ry, a
proxy biomarker of microstructural changes in the brain some of
which are beneficial and others deleterious. Our findings are
consistent with but do not prove a causal relationship.

We examined the association of APOE genotype—a well-known risk
factor for cognitive decline and Alzheimer's dementia—with the
expression level of the 4 proteins. The mediation models were subse-
quently augmented with terms for APOE 4 genotype and APOE protein,
and the results were not materially changed (data not shown).

Ry describes the inverse of the transverse relaxation time con-
stant, and T, describes the decay rate of the transverse component of
magnetization. Ry in vivo imaging is influenced by a number of
factors, including the ratio of free to myelin-bound water molecules,
and the presence of paramagnetic molecules, such as the iron-laden
compounds ferritin and hemosiderin (Dawe et al., 2014a). Unlike
in vivo imaging, natural tissue decomposition and chemical fixation
cause the postmortem tissue's MRI properties to change as post-
mortem fixation time elapses (Dawe et al.,2009). Although we timed
the vast majority of our postmortem scans to occur at a time post-
mortem when R; values throughout the brain should be relatively
stable (approximately 30 days postmortem), we also conducted
sensitivity analysis with postmortem fixation time elapsed as a co-
variate. The median postmortem fixation time elapsed was 33.7 days
(mean 39.6, SD 15.1, min 22.2, max 125.9). Each step of mediation
analysis was repeated with postmortem fixation time elapsed. Re-
sults were highly consistent with the results shown in Tables 1—6.
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Fig. 4. Diagram for mediation of postmortem R; clusters (Cy, C2) on association between IGFBP5 and cognitive decline. (A) The effects estimated with demographic variables as
covariates are shown. (B) The effects estimated with Alzheimer's disease and common neuropathology added to the covariates in (A) are shown. C; and C, are mean of R, mea-

surements from each cluster group that is associated with IGFBP5.
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Fig. 5. Diagram for mediation of postmortem R; on association between HSPB2 and cognitive decline. (A) The effects estimated with demographic variables as covariates are shown.
(B) The effects with AD and common neuropathology added to the covariates in (A) are shown. C; is mean of R, measurements from the cluster group that is associated with HSPB2.
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Fig. 6. Diagram for mediation of postmortem R; on association between ITPK1 and cognitive decline. (A) The effects estimated with demographic variables as covariates are shown.
(B) The effects with AD and common neuropathology added to the covariates in (A) are shown. C; is mean of R, measurements from the cluster group that is associated with ITPK1.

Abundance of the 4 proteins from m109 in the brain were
explained in part by microstructural changes in the brain measured by
postmortem Ry, which accounts for a significant amount of the vari-
ance in cognitive decline. Thus, it provides a molecular anchor to an
important neuroimaging feature of the aging brain. In addition, re-
gions of the brain associated with abundances of each of the proteins
overlapped extensively, which is consistent with these proteins being
functionally related to one another; they were originally identified to
be coexpressed at the RNA level in the same cortex, DLPFC (Mostafavi
etal, 2018). We also found that the 4 proteins showed association with
R, in areas beyond DLPFC in the postmortem brain. We previously
reported Ry associations with areas in the postmortem brain beyond
the DLPFC with transcriptomic and epigenomic data as well (Gaiteri
et al,, 2018; Yu et al,, 2017). This is expected because the DLPFC is an
important hub in many functional brain networks. It is likely that such
associations are best detected in normal appearing tissue in MRI but
not visible lesions. Unfortunately, spatial variation in abundance of
each protein across the postmortem brain is unknown and warrants
further investigation.

The study has several strengths. The community-based cohort
enrolls persons without dementia. The high clinical follow-up
and autopsy rates result in high internal validity. Our study is
based on cohorts that have relatively large sample size of lon-
gitudinal cognitive function data and the wide range of neuro-
pathologies. However, the study also has several limitations. We
select the hemisphere less affected by visible pathology for
proteomics. We acknowledge that such a nonrandom selection
may cause a bias in findings most likely toward the null. We also
acknowledge the limitations of drawing causal inferences from
cross-sectional associations. We note that, to strictly assess
causal inference, it warrants further studies by manipulating
those proteins in an ex vivo model system of brain microstruc-
ture. We utilized only postmortem R, images of which mecha-
nism can only be attributed to increased water or iron
accumulation. Further research is warranted to link these pro-
teins to measures from antemortem imaging modalities, such as

diffusion tensor imaging and resting-state functional MRI, to
explain structural connection between areas in the brain and the
functional connectivity.
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