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Abstract

Objective: VGF is proposed as a potential therapeutic target for Alzheimer’s (AD) and other
neurodegenerative conditions. The cell-type specific and, separately, peptide specific associations
of VGF with pathologic and cognitive outcomes remain largely unknown. We leveraged gene
expression and protein data from the human neocortex and investigated the VGF associations with
common neuropathologies and late-life cognitive decline.

Methods: Community-dwelling older adults were followed every year, died and underwent brain
autopsy. Cognitive decline was captured via annual cognitive testing. Common neurodegenerative
and cerebrovascular conditions were assessed during neuropathologic evaluations. Bulk brain
RNASeq and targeted proteomics analyses were conducted using frozen tissues from dorsolateral
prefrontal cortex of 1,020 individuals. Cell-type specific gene expressions were quantified in a
subsample (N=424) following single nuclei RNASeq analysis from the same cortex.

Results: The bulk brain VGF gene expression was primarily associated with AD and Lewy
bodies. The VGF gene association with cognitive decline was in part accounted for by
neuropathologies. Similar associations were observed for the VGF protein. Cell-type specific
analyses revealed that, while VGFwas differentially expressed in most major cell types in the
cortex, its association with neuropathologies and cognitive decline was restricted to the neuronal
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cells. Further, the peptide fragments across the VGF polypeptide resemble each other in relation to
neuropathologies and cognitive decline.

Interpretation: Multiple pathways link VGF to cognitive health in older age, including
neurodegeneration. The VGF gene functions primarily in neuronal cells and its protein
associations with pathologic and cognitive outcomes do not map to a specific peptide.

Introduction

Alzheimer’s disease (AD) and other neurodegenerative conditions are the key drivers

of cognitive impairment and dementia in older age. Identifying therapeutic targets that
protect against the detrimental effects of these brain pathologies is pivotal for healthy
cognitive aging. Neurodegeneration leads to loss of synapses and neurons, and subsequently
cognitive deficits1=3. Neurotrophins are a family of secretory proteins that regulate neural
activity and synaptic plasticity?. VGF (non-acronymic), which is induced by neurotrophins,
encodes a 68 kDa protein precursor that is cleaved into multiple smaller biologically

active neuroendocrine peptides® 8. VGF expression is lower in neurodegenerative disorders
including AD, amyotrophic lateral sclerosis (ALS), and Parkinson’s disease (PD)’~10,

In cerebrospinal fluid (CSF), VGF is correlated with amyloid and phosphorylated tau,

the pathologic hallmarks of ADL, Multiscale causal networks analysis further identifies
VGF as a regulator of AD12, Dysregulated VGF is also implicated in cognition. A
proteome-wide association study finds that a lower VGF level in human cortex was
associated with cognitive decline, with or without adjusting for AD pathology!3. Together,
these data highlight the role of VGF as a potential biomarker and therapeutic target for
neurodegeneration4,

For better understanding of the relationships between VGF, neuropathologies and
downstream cognitive outcomes, further investigations are warranted in the following areas.
First, the extent to which VGF is implicated in non-AD degenerative and cerebrovascular
pathologies has not been systematically examined. As mixed pathologies account for a
majority of dementia cases® 16, it is important to disentangle the associations of VGF with
the complex constellations of neuropathologies that commonly coexist in the aging brain.
Second, data for cellular VGFexpressions in human cortex is just starting to emerge, and
cell-type specific associations of VGFwith neuropathologies and cognitive outcomes remain
poorly understood. Third, VGF is proteolytically processed into at least 12 peptides, and
each has diverse biological functions® 14, Identifying specific bioactive peptides that protect
against neurodegeneration would greatly facilitate target nomination. Current experiments
largely focus on the C-terminal peptide of TLQP-62 given its role in BDNF-TrkB signaling
activation12 17. 18 hut other peptides (e.g. AQEE-30 and TLQP-21) are also implicated in
synaptic plasticity and microglial B amyloid clearancel9-2%, Whether the VGF involvement
in neuropathologies and cognition is peptide-specific is unknown.

To fill these knowledge gaps, we interrogated VGF gene expression and protein data with
neuropathologies and cognitive outcomes from over 1,000 community dwelling older adults
who had participated in one of the two cohort studies of aging, died and undergone brain
autopsies. Specifically, VGF gene expression values were obtained from bulk RNASeq,
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separately from single-nuclei RNASeq (sSnRNASeq), and the abundance of 11 VGF peptide
fragments were measured using selected reaction monitoring (SRM) proteomics. All these
data were collected using frozen tissues of dorsolateral prefrontal cortex (DLPFC). For each
layer of the VGF data, we examined its association with a host of neuropathologic indices
(i.e., AD, Lewy bodies, hippocampal sclerosis, limbic-predominant age-related TDP-43
encephalopathy (LATE), cerebrovascular infarcts, and vessel diseases), as well as late-life
cognitive decline.

Study cohorts

Data was obtained from deceased participants in the Religious Orders Study (ROS) or Rush
Memory and Aging Project (MAP). ROS and MAP are two clinical neuropathologic cohort
studies of aging that focus on Alzheimer’s disease and related dementias?2. Participants
were enrolled without known dementia, all agreed to annual home visits and brain donation
at death. Each study was approved by an institutional review board of Rush University
Medical Center, and was conducted according to the Declaration of Helsinki. At enrollment,
a written informed consent and an Anatomical Gift Act were received from each participant.

By late October 2022, 2,250 ROSMAP participants had died, over 85% had undergone brain
autopsies (N=1,933), and 1,879 individuals had neuropathologic evaluations approved by a
board-certified neuropathologist. RNASeq and proteomics data collection are ongoing. At
the time of these analyses, Bulk RNASeq and SRM proteomics data were collected from
1,020 individuals, and SnRNASeq data was available in a subsample of 424 individuals.

Cognitive assessments

At annual home visits, participants were administered an approximately 1-hour long
cognitive assessment that includes 21 tests, 19 of which assess performance in multiple
cognitive domains of episodic memory, semantic memory, working memory, perceptual
speed and visuospatial ability. At each visit, raw scores for each test were standardized using
the baseline mean and standard deviation (SD) of the entire cohorts, and then standardized
scores were averaged across the 19 tests to obtain a composite measure for global cognition.
This repeated measure of annual global cognitive scores allows us to trace individual
cognitive trajectories from baseline until death and was used for estimating longitudinal
cognitive decline.

Neuropathologic evaluations

After a participant died, study coordinators worked with the designated contact and funeral
home to arrange for brain autopsy23. The postmortem interval had a mean of 8.3 hours (SD:
6.0). Brain was removed, weighed and one hemisphere immediately cut coronally into 1cm
slabs. One hemisphere was frozen in a =80 °C freezer for biochemical studies, and the other
was fixed in 4% paraformaldehyde for neuropathologic evaluations.

Neuropathologic evaluations of AD, non-AD degeneration, and cerebrovascular conditions
were conducted following a standard and uniform protocol. AD diagnosis was based on
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the modified NI1A-Reagan criteria?4. Data for B-amyloid load and paired helical filaments
(PHF) tau tangles density were also collected by immunohistochemistry25. Sections

(6um) from midfrontal, midtemporal and inferior parietal were immunostained using a-
synuclein antibodies for detecting neocortical Lewy bodies?6. Hippocampal sclerosis was
determined using haematoxylin and eosin (H&E) stained sections from midhippocampus?’.
LATE neuropathologic changes (LATE-NC) was assessed by immunohistochemistry using
antibodies to phosphorylated TDP43. Based on the progression of TDP43 cytoplasmic
inclusions across varying brain regions, a 4-stage LATE-NC measure was obtained as 0:

no inclusion, 1: inclusion localized to amygdala, 2: inclusion extended to hippocampus and
entorhinal cortex, and 3: inclusion extended to neocortex?8.

Chronic macroscopic infarcts were identified during gross examination and confirmed
histologically. Chronic microinfarcts were detected using H&E stained sections from at least
9 regions?®. Amyloid deposition in the vessels (CAA) was assessed using immunostained
sections from midfrontal, midtemporal, parietal, and calcarine cortices3C. Arteries and their
proximal branches in the circle of Willis were visually examined for atherosclerosis, and
H&E stained sections from basal ganglia was inspected for arteriolosclerosis®l. CAA,
atherosclerosis and arteriolosclerosis were graded on a semiquantitative scale of none, mild,
moderate or severe.

Bulk and single nuclei RNASeq

The bulk RNASeq analysis was conducted on frozen tissues from DLPFC, as previously
described32. Briefly, RNA sequencing was performed in three batches. For each batch,

the process involves samples extraction, RNA quality and quantity check, and sequencing
library construction. Paired ended sequences were aligned to a human reference genome
and annotated. Picard tools were used for data quality check. Raw counts for individual
transcripts were quantified and aggregated for each gene. For downstream normalization, we
included approximate 17,500 genes that were expressed in over half of the samples with at
least 10 counts in each sample. The gene counts were adjusted for guanine-cytosine (GC)
content and gene length using conditional quantile normalization, and then converted to
counts per million. After log2 transform, a linear regression model was performed to regress
out key technical confounders including sequencing batch, RNA quality, and total spliced
reads33.

The snRNASeq analysis was also conducted on frozen tissues from DLPFC34. Nuclei
were isolated from each donor, and then pooled together (8 donors per batch) for library
preparation. Library construction was performed using the 10x Genomics Chromium
platform with 3’-version 3 chemistry. CellRanger was used for read alignment and to
generate unique molecular identifier counts3®. The pooled samples within batch were
demultiplexed by comparing the genetic information in RNA reads with the whole genome
sequencing data from the same individuals. Data were checked for genotype discordance,
sex discordance, duplicates, and sequencing depth. As a result, 424 out of the initial 479
samples (89%) passed quality controls.

Nuclei were annotated into 7 major cell types, i.e., astrocytes, endothelial cells, excitatory
neurons, inhibitory neurons, microglia, oligodendrocyte precursor cells (OPC), and
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oligodendrocytes. Doublets were removed using DoubletFinder38 and nuclei were clustered
using Seurat3’. Pseudo-bulk matrices were generated by summing counts per major cell type
per sample. Within each cell type, we retained genes with counts per million > 1 in 80%

of samples. Finally, the TMM-voom method for normalization was applied to the individual
count matrices3®. For statistical analyses, data for bulk and cell type specific VGFgene
expressions were extracted from the final processed RNASeq data matrices.

SRM proteomics of VGF

The VGF protein data came from the same DLPFC tissue. Details on SRM proteomics
analysis for ROSMAP samples were previously reported3®. Briefly, Brain tissues were
homogenized, denatured, and subject to tryptic digestion. After C18 SPE cleaning and
concentration adjustment, the tryptic digests were mixed with synthetic peptide mix. A total
of 19 VGF tryptic peptides were designed for targeted analysis (Supplementary Table 1). We
were able to confidently quantify 11 after testing for sensitivity and quality of quantification.
Importantly, these 11 VGF peptide fragments were spread across the entire sequence of

the VGF precursor (Figure 1). Some of these peptide fragments represent surrogates of
known bioactive VGF peptides (e.g. NERPs and TLQPs), and some match the VGF peptides
detected in human CSF that were implicated in AD (e.g. NSEP-17 or VGFg4_gg)*0.

The SRM experiments were performed on an ACQUITY UPLC coupled to TSQ Vantage
mass spectrometry instrument, with 1 ug sample injection for each measurement. The

data were analyzed by Skyline?1. All peak assignment and boundaries were manually
checked. The peak area ratios of endogenous light peptides to their heavy isotope-labeled
internal standards were calculated and the transitions without matrix interference were
used for accurate quantification. The relative abundances for individual peptides were log2
transformed and centered at the median.

Statistical analyses

For each neuropathologic index separately, we examined the VGF associations using logistic
or linear regression as appropriate (Supplementary Methods). In these models, individual
pathologic index was the outcome and the bulk VGF gene expression or protein abundance
was the predictor. To reduce false positives, we applied the Bonferroni correction to adjust
the Type-1 error for the 11 neuropathologic indices tested, i.e., a,qj=0.05/11~0.005. Late life
cognitive decline was estimated by fitting linear mixed effects models to the longitudinal
data of annual cognitive scores. A key term of the model was time in years before death,
which estimates the mean slope of change in cognition. The core model included the

terms for age, sex and education, as well as their interactions with time. Next, we added a
term for the VGF gene expression and its interaction with time. The interaction estimates
the association of VGFwith cognitive decline. To further adjust for neuropathologies,

we repeated the model by including additional terms for 10 neuropathologic indices, i.e.,
B-amyloid load, PHFtau tangles density, neocortical Lewy bodies, hippocampal sclerosis,
LATE-NC, macroscopic infarcts, microinfarcts, CAA, atherosclerosis and arteriolosclerosis,
and their interactions with time. The proportion of reduction in the VGF by time interaction
between the two models estimates the extent to which the VGF association with cognitive
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decline is due to neuropathologies. Similar analyses were conducted for cell type specific
VGF gene expression and VGF protein.

Characteristics of study participants

On average, participants enrolled at age of 81 (SD: 6.9) and died at 89 (SD: 6.5). A majority
were females. At death, 33% were cognitively unimpaired, 24% were mild cognitively
impaired and the remaining 43% had dementia. There was a significant decline in cognition
over a mean of 8 annual follow-ups, such that the mean cognitive score dropped by
approximately 1SD every decade (Estimate for annual rate of change: —0.11, Standard error
[SE]: 0.004, p<0.001).

Over 60% of the individuals met pathologic criteria for AD. Approximately 12% had
Lewy bodies in neocortex, 10% had hippocampal sclerosis (defined as severe neuronal loss
and gliosis in hippocampus), 31% had TDP43 pathology extended beyond amygdala, and
more than half had LATE-NC Stage 1 or greater, with or without hippocampal sclerosis.
Separately, half of the individuals had macroscopic or microinfarcts and two thirds had
moderate or severe CAA, atherosclerosis, or arteriolosclerosis (Table 1).

Cortical VGF gene expression is associated with neuropathologies and cognitive decline

We first examined the associations of bulk VGF gene expression in DLPFC with individual
neuropathologic indices. The associations were primarily restricted to neurodegenerative
pathologies (Figure 2A). Specifically, higher VGF expression was associated with lower
odds of pathologic AD. Similar results were observed for the continuous measures of

B amyloid load (B: —0.207, SE: 0.036, p <0.001) and tangles density (B: —0.235, SE:
0.038, p<0.001). In addition, higher VGFexpression was also associated with lower odds
of neocortical Lewy bodies and LATE-NC. The VGFassociation with neocortical Lewy
bodies was unchanged after controlling for AD pathologies. By contrast, the association
with LATE-NC was attenuated and no longer significant. Our data did not show a VGF
association with hippocampal sclerosis, infarcts, CAA or arteriolosclerosis, but surprisingly
higher VGFwas associated with more severe atherosclerosis.

Consistent with the results for neuropathologies, higher VGF expression was associated
with slower cognitive decline (Figure 3A). This result persisted after adjusting for the
neuropathologies (Figure 3B). However, attenuation of the VGF association was noticeable.
Before adjustment, with 1SD greater VGF expression, the slope of cognitive decline was
0.018 standard unit slower (SE: 0.003, p <0.001). After adjustment, the estimate was
reduced to 0.008 (SE: 0.003, p=0.008), suggesting that over half of the association was
likely mediated by neuropathologies.

Cortical VGF gene expression association is driven by neuronal cell types

By leveraging the SnRNASeq data from 424 individuals, we examined cellular VGFgene
expressions and their associations with neuropathologies and cognitive decline. Of note,
the demographic and clinicopathologic characteristics for this subsample were similar to
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the overall study participants (Table 1). VGF gene expressions were detected in 6 of the 7
major cell types except for endothelial cells (Figure 4A). The expression level is highest in
excitatory neurons and lowest in astrocytes. A mixed effects analysis of variance suggests
that \VGFwas differentially expressed across these 6 cell types (Fs 2115 =234.7, p <0.001).
The VGFexpressions in the two major neuronal cell types (glutamatergic/excitatory and
GABAergic/inhibitory neurons) were highly correlated and high correlations were also
observed between astrocytes, microglia and oligodendrocytes (Figure 4B).

Interestingly, cellular VGF gene expression associations with neuropathologies were
detected only in excitatory and inhibitory neurons (Figure 4C). Similar to the bulk gene
expression results, higher levels of neuronal VGFwas associated with lower p-amyloid load
and tangles density, as well as lower odds of pathologic AD and neocortical Lewy bodies.
Further, we found an association with cognitive decline in both neuronal cell types. Each
1SD greater VGF expression in excitatory neurons was associated with 0.014 standard unit
slower in the slope of cognitive decline (SE: 0.005, p=0.012); for inhibitory neurons it

was 0.021 standard unit (SE: 0.006, p <0.001). No associations were found for other cell
types. The VGFassociation in excitatory neurons did not survive the correction for multiple
testing, but the result for inhibitory neurons persisted.

Cortical VGF protein is associated with neuropathologies and cognitive decline

The results of pairwise correlations for the 11 VGF peptide fragments showed that, with

the exception of peptide #16 (Supplementary Table 1), all were moderately or highly
correlated with one another (Figure 5A). A principal component analysis revealed that the
first principal component (PC) explained over 65% of the total variance, and the eigenvalues
for all the remaining PCs were all under 1 (Figure 5B). The abundances of individual
peptides were averaged to obtain a composite measure for the protein abundance.

The protein composite was moderately correlated with the bulk VGF gene expression, with
a Pearson rof 0.46. The results for the VGF protein composite with neuropathologies and
cognitive decline were comparable with the bulk VGF gene expression. Specifically, the
VGF protein level was inversely associated with AD, neocortical Lewy bodies, LATE-NC
and CAA (Figure 2B). The association with neocortical Lewy bodies was independent

of AD pathologies. The result for LATE-NC, and separately CAA, was attenuated and

no longer significant after adjusting for AD. Higher VGF protein was associated with
slower cognitive decline (Figure 3C and 3D). The estimates for the protein association
with cognitive decline was 0.060 (SE: 0.006, p <0.001) before and 0.021 (SE: 0.006, p
<0.001) after adjusting for the neuropathologies, suggesting that, similar to the result for
the bulk VGF gene expression, over half of the protein association can be attributable to
neuropathologies.

We further note that the bulk VGF gene expression was associated with cognitive decline
through the VGF protein. With both bulk VGF gene expression and protein composite
included in the same model, the association of VGF gene expression was attenuated from
0.018 (SE: 0.003, p<0.001) to 0.004 (SE: 0.004, p=0.296) and was no longer significant.
In comparison, the VGF protein remained associated with cognitive decline with similar
magnitude, where the estimate for the protein composite alone was 0.060 (SE: 0.006, p
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<0.001) and 0.057 (SE: 0.007, p<0.001) with VGF gene expression included in the same
model.

Lack of peptide-specific VGF association with neuropathologies and cognitive decline

To test whether the association of VGF protein was driven by one or more specific peptides,
we repeated the analyses by replacing the protein composite with the abundance of each of
the 11 peptide fragments. Lack of peptide-specific association is evident. With the exception
of peptide #16, multiple peptide fragments were associated with neurodegenerative indices
of AD and neocortical Lewy bodies (Figure 5C). The results for cognitive decline were
similar. Except for peptide #16, a 1-fold increase in the level of other VGF peptide
corresponds to a slower rate of cognitive decline between 0.027 and 0.057 standard unit
(Table 2). To contextualize, the average rate of cognitive decline for individuals with

AD was —0.066 standard unit (SE=0.007, p<.001) faster than those without AD. So

judging based on these estimates, the magnitude of association of these VGF peptides was
between 40% and 85% of that of AD. Further, we note that peptide #16, with C-terminus
corresponding to a product of an endogenous protease, is the sole partially-tryptic VGF
peptide fragment quantified in our SRM analysis. This could explain why it acts differently
in relation to neuropathologies as well as cognitive decline.

Discussion

In this work, we reported that cortical VGF are primarily related to neurodegenerative
pathologies of AD and neocortical Lewy bodies, and approximately half of the VGF
association with late life cognitive decline can be attributable to neuropathologies; the
VGF gene expression level varies between major brain cell types, but the VGFassociation
with neuropathologies and cognitive decline are restricted to neuronal cells; and finally
almost all the VGF peptide fragments detected in the study show similar associations

with neuropathologies and cognitive decline. These findings extend the current literature in
several important ways.

We systematically interrogated the VGF associations with multiple degenerative and
vascular indices in the brains of over 1,000 older adults. For both bulk RNA expression

and protein abundance, higher cortical VGF level was associated with lower odds of AD,
neocortical Lewy bodies and less severe LATE-NC. Of the three, the association with AD

is the strongest, and we further substantiated this result by showing inverse correlations
between VGF and p-amyloid and PHFtau tangles. Notably, prior studies on the VGF
dysregulation in AD relied largely on case control comparison, and a direct association
between human cortical VGF and molecular specific markers of AD has not been confirmed.
The VGF association with neocortical Lewy bodies appears to be independent of AD, since
the result persisted after adjusting for -amyloid and tangles in the model. Interestingly, a
study on VGF in CSF reported that the protein contributes to differentiating dementia with
Lewy bodies from AD*2. The association of VGF with LATE-NC has not been previously
reported, but a lower VGF level was shown in ALS*3 and frontal temporal dementia®, both
of which also involve TDP43 pathology. In the current study, the association with LATE was
attenuated by p-amyloid and PHFtau tangles, suggesting the result was likely confounded
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by coexisting AD pathologies. No consistent signal was found for vascular conditions.
Together, our investigation on neuropathologies reveals that VGF is primarily involved in
Alzheimer’s and Lewy bodies diseases.

We demonstrated that both VGF gene and protein are associated with late life cognitive
health, and the associations of VGF are in part explained by neuropathologic indices.

The implications of this finding are two fold. First, the association above and beyond
neuropathologies would indicate that VGF is implicated in cognition via mechanisms that
are not tied to common neuropathologies. Second, this finding helps to understand the

role of VGF, as a potential target, along the neurodegenerative process. There is little
consensus on whether VGF acts directly on reducing neuropathologies or downstream
pathophysiological changes such as synapses loss due to neuropathologies. Data from
animal models suggest that some VGF peptides regulate AD pathogenesis. An increase

in germline VGFexpression reduces the amyloid in transgenic mice brains, and injection
of VGF-derived TLQP-62 peptide into the hippocampus of AD mice also reduced

AD pathology?2. These results place VVGF upstream of neuropathologies. An alternative
theory proposed brain-derived neurotrophic factor (BDNF) as a target for synapse repair
therapy#°. Unlike neuronal loss, damages to synapse are potentially reversible given their
plasticity#® 47, and neurotrophins promote synaptic transmission and growth. Based on this
hypothesis, BDNF, possibly VGF as well, acts on synapse dysfunction that is caused by
neuropathologies, which would place their role downstream of neuropathologies. Our data
suggests that the associations of VGF gene expression and protein with cognitive decline are
partially mediated by neuropathologies, not vice versa, which suggest that VGF is likely to
exert at least part of its effect upstream of neuropathologies.

By leveraging snRNASeq data from over 400 human brains, we examined the cellular
expressions of VGF. An earlier report based on data from Allen brain atlas* showed that
VGFis highly expressed in inhibitory GABAergic and excitatory glutamatergic neurons in
the cortex, but the expression was not detected in other cell types. By contrast, our data
suggest that while the gene is indeed highly expressed in neurons, it is also differentially
expressed in other major cell types. Importantly, to our knowledge cell-type specific VGF
expression with neuropathologies and cognitive decline has not been investigated before.
Our analyses revealed that the associations are only detected in the excitatory and inhibitory
neurons. These findings suggest that VGF gene expression may not be cell type specific,
but its function is specific in neurons, or other cell types may not have proper regulatory
mechanisms to tune the VGF expression. Of note, neurons are the most abundant nuclei in
our data, and on average have more RNA than other cell types. As a result, estimates of VGF
expression in glial cells are likely noisier, making it more difficult to detect an association.

For a protein target to be of therapeutic value, it is important to identify the actual
biologically active form, peptide fragment in this case, and corresponding receptor that

are functional. Of the dozen VGF-derived peptides annotated, TLQP-62 and TLQP-21

are the ones that have been extensively investigated, and each deliver protection against
neuropathogenesis through distinct mechanisms!#. Briefly, TLQP-62 promotes proliferation
and reduces differentiation of neural progenitor cells by activating the BDNF/TrkB pathway,
binding and activating ionotropic glutamate receptor. On the other hand, TLQP-21 binds
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microglial receptors that regulates microglial phagocytosis and chemotaxis, which increases
B-amyloid uptake and consequently reduces plaque formation and neuritic dystrophy.

If these theories hold, TLQP-62 would likely be associated with cognitive outcome
independent of AD pathologies, and by contrast, the association with TLQP-21 is likely
through pathologies. We didn’t have exact TLQP-62 or TLQP-21 peptide measured in SRM,
but our data suggests that there is no specific VGF peptide fragment being exclusively
associated with cognitive decline. More importantly, almost all the VGF peptide fragments
show similar associations with neuropathologies. One explanation of these findings could be
a lack of differential regulation across the VGF peptide fragments, thus they all correlate
with each other given measured abundances.

VGF is proposed both as a potential biomarker and therapeutic target for AD as well as
other degenerative disorders'4. The data presented in this work could not distinguish the
two. Instead, our findings revealed a complex role of VGF in brain health. First, VGF was
involved in, not just one, but multiple degenerative conditions. This result indicates that
VGF alone may not work as a specific disease biomarker. Second, VGF was associated

with cognitive outcomes above and beyond neuropathologies known to cause dementia. This
result indicates that VGF may represent a potential biomarker or therapeutic target for brain
resilience against accumulating pathologies. Third, the lack of differential regulation across
the VGF peptide fragments presents a challenge for target selection, and the therapeutic
value of VGF warrants further investigation.

To our knowledge, this is by far the largest study that investigated human cortical

VGF in relation to neuropathologies and late-life cognitive decline with high quality

data. Multiple layers of gene expression and protein data were collected from the same
brain region of DLPFC. Neuropathologic indices of AD, non-AD degeneration, and
cerebrovascular diseases are systematically assessed blinded to clinical data, which allows
for a comprehensive examination of VGF with all neuropathologies that most commonly
exist in aging brain. Uniform cognitive evaluations are conducted annually and these densely
spaced longitudinal data provide robust estimates of person specific cognitive change many
years before death. In addition, the high follow-up (>90% among the survivors) and autopsy
rates (>80%) of the ROSMAP cohorts reduce the bias due to attrition. Notably, the results
across different layers of omics data are highly consistent, which adds robustness of

our findings. Limitations are noted. ROSMAP are volunteer cohorts which require brain
donation at death, and are not representative of general population. Participants are typically
older, non-Latino whites and with high education. Separately, the analytic results from this
work only provide supportive evidence for the role of VGF in neurodegenerative process,
and do not infer causality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
illustrates the schematic of human VGF polypeptide. The dark gray band represents the

whole length of the VGF original protein. Above we show peptides resulting from /n silico
trypsin digest. To ensure compatibility with SRM assay, we retained only the ones longer
than 6 and shorter than 22 amino acids. The predicted LC-MS observability score is coded
using viridis color scheme. Right below the VGF protein we show tryptic peptides selected
for SRM assay. Red and blue colors denote if the signal coming from endogenous tryptic
or partially peptide was sufficient to measure or below the detection limit, respectively. The
peptides that required non-tryptic cleavage labeled with black boxes. The annotation of the
VGF with known biologically active fragments, based on prior literature, is shown at the
bottom.

Ann Neurol. Author manuscript; available in PMC 2024 August 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yuetal.
A
Arteriolosclerosis .
Atherosclerosis 1
CAA -
Microinfarcts 1 -
Macroscopic Infarcts { -
HS 1 -
LATE-NC A =
Neocortical LB 1 —=
AD A — :
0.0 05 1.0 15 20
ORs and 95% CI
B
Arteriolosclerosis 1 _.—
Atherosclerosis 1 .
CAAA _ -
Microinfarcts 1 .
Macroscopic Infarcts 1 .
HS 1 -
LATE-NC — =
Neocortical LB A PR
ADA R :
00 05 1.0 15 20

ORs and 95% ClI

Figure2.

Page 15

1.031 (0.877, 1.213)

1.202 (1.018, 1.42)

0.938 (0.796, 1.105)

0.993 (0.812, 1.213)

1.031 (0.855, 1.244)

0.921 (0.672, 1.264)

0.827 (0.696, 0.983)

0.661 (0.497, 0.88)

0.764 (0.632, 0.925)

0.828 (0.614, 1.118)

0.969 (0.714, 1.316)

0.671 (0.495, 0.909)

0.973 (0.67, 1.413)

0.999 (0.705, 1.416)

0.721 (0.403, 1.289)

0.682 (0.497, 0.937)

0.407 (0.252, 0.657)

0.308 (0.207, 0.461)

illustrates the associations of the bulk VGFgene expression (A), and separately the

VGF protein (B), with common neuropathologies. For each neuropathologic index, the
black square and horizontal line segment represent the odds ratio and corresponding

95% confidence interval. To reduce false positives due to multiple testing, the 95%
confidence intervals were computed using a,gj=0.005. Line segment that did not cross the
vertical dotted line of 1 suggests a significant association of VGF with the corresponding

neuropathology.
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Figure 3.

T T T
- -4 2
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illustrates the associations of the bulk VGF gene expression (A and B), and separately
the VGF protein (C and D), with late life cognitive decline before and after adjusting for

neuropathologies.
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Figure 4.

illustrates the cellular VGFexpressions and the associations with neuropathologies. The
VGF gene expression levels across the 7 major cell types are presented as a box plot

(A). The pairwise correlations between these cellular expressions are shown as a triangle
matrix (B), with cell-types rearranged to highlight the correlated clusters. The associations
with neuropathologies are shown as a heatmap (C). The cell types are on the x-axis, and
neuropathologies are on the y-axis. Red tile represents a significant positive association (i.e.
higher expression is associated with more or higher odds of the pathology) and blue tile
represents a significant negative association (i.e. higher expression is associated with less
or lower odds of the pathology). Statistical significance was determined using a.qj=0.005.
The size of black dot inside the tile signifies the strength of an association. Cell types:

ast: astrocytes, end: endothelial cells, ext: excitatory neurons, inh: inhibitory neurons, mic:
microglia, oli: oligodendrocytes, and opc: oligodendrocyte precursor cells.
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Figureb.
illustrates the VGF peptide fragments and the associations with neuropathologies. The

pairwise correlations of the abundance between the VGF peptide fragments are shown as a
triangle matrix (A). The result from a principal component analysis was summarized as a
scree plot which describes the decomposition of total variance by each principal component
(B). The associations with neuropathologies are shown as a heatmap (C). The peptide
fragments are on the x-axis, and neuropathologies are on the y-axis. Red tile represents

a significant positive association (i.e. higher abundance is associated with more or higher
odds of the pathology) and blue tile represents a significant negative association (i.e. higher
abundance is associated with less or lower odds of the corresponding pathology). Statistical
significance was determined using a,qj=0.005. The size of black dot inside the tile signifies
the strength of an association.
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Table 1

Demographic, clinical and neuropathologic characteristics

Bulk Sample Single Nuclei Sample

(N=1020) (N=424)
Age at baseline, years” | 80.8 (6.9) | 81.3(7.1)
Age at death, years” | 89.5 (6.5) | 89.2 (6.8)
Femaled | 694 (68.0%) | 288 (67.9%)
Education, years’” | 16.2 (3.6) 16.3 (3.5)
|

258 (25.5%) 109 (25.8%)

APOE ¢4 carriersd

No cognitive impairment 333 (32.7%) 143 (33.7%)
Mild cognitive impairment 249 (24.4%) 110 (25.9%)
Dementia 438 (42.9%) 171 (40.3%)
Alzheimer’s disease4 649 (63.6%) 266 (62.7%)

Clinical diagnosisA ‘

AB load¥ | 3.54 (0.64-7.27) 3.01(0.51-7.41)
PHFtau tangle density§ | 4.04 (1.62-8.26) 3.82(1.49-7.80)
Neocortical Lewy bodies? | 131 (12.9%) 33 (7.8%)
Hippocampal sclerosis4 | 94 (9.3%) 38 (9.0%)
LATE-NCA

Stage 0 479 (48.3%) 189 (47.1%)

Stage 1 198 (20.0%) 88 (22.0%)

Stage 2 97 (9.8%) 45 (11.2%)

Stage 3 217 (21.9%) 79 (19.7%)
Chronic macroscopic infarcts4 | 368 (36.1%) | 159 (37.5%)
Chronic microinfarcts4 | 284 (27.8%) | 109 (25.7%)
Cerebral amyloid angiopathyA

None 228 (22.7%) 98 (23.5%)

Mild 427 (42.5%) 178 (42.7%)

Moderate 223 (22.2%) 94 (22.5%)

Severe 127 (12.6%) 47 (11.3%)
Atherosclerosis?

None 192 (18.9%) 52 (12.3%)
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Bulk Sample Single Nuclei Sample
(N=1020) (N=424)
Mild 480 (47.1%) 197 (46.7%)
Moderate 270 (26.5%) 125 (29.6%)
Severe 76 (7.5%) 48 (11.4%)
Arteriolosclerosis?

None 295 (29.1%) 116 (27.6%)
Mild 376 (37.1%) 144 (34.2%)
Moderate 263 (25.9%) 114 (27.1%)
Severe 80 (7.9%) 47 (11.2%)

fMean (Standard deviation)

%)
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§Median (Interquartile range); MMSE: Mini-mental state examination; LATE-NC: Limbic predominant age-related TDP-43 encephalopathy

neuropathologic changes.
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Table 2
VGF peptides with cognitive decline

Fragments | Estimate | Standard error 95% ClI p

VGF #1 0.053 0.005 0.038,0.068 | <.001
VGF #2 0.057 0.006 0.041,0.073 | <.001
VGF #4 0.032 0.005 0.018, 0.046 | <.001
VGF #6 0.048 0.005 0.033,0.063 | <.001
VGF #8 0.052 0.006 0.037,0.068 | <.001
VGF #9 0.045 0.005 0.030,0.059 | <.001
VGF #16 -0.002 0.004 -0.013,0.010 | 0.720
VGF #19 0.028 0.005 0.015,0.041 | <.001
VGF #20 0.049 0.005 0.033,0.064 | <.001
VGF #22 0.027 0.005 0.013,0.040 | <.001
VGF #26 0.043 0.006 0.026,0.060 | <.001

Each row was extracted from a separate linear mixed model with annual cognitive scores as the longitudinal outcome and the abundance of

Page 21

individual VGF peptide the predictor. The models were adjusted for age, sex and education. The estimate corresponds to the interaction term
between VGF peptide and time in years before death, which capture the peptide association with the slope of cognitive change. 95% CI: the 95%
confidence intervals were calculated using aadj=0.005.
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