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Abstract

Introduction: We investigate the CNTN5 rs1461684 G variant and the contactin 5
protein in sporadic Alzheimer’s disease (sAD).

Methods: Contactin 5, SAD biomarkers, and synaptic markers were measured in the

Compliance with ethical standards cerebrospinal fluid (CSF). Amyloid and tau deposition were assessed using positron
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emission tomography. Contactin 5 protein and mRNA levels were measured in brain
tissue.
Results: CSF contactin 5 increases progressively in cognitively unimpaired individuals
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and is decreased in mild cognitive impairment and sAD. CSF contactin 5 correlates with
sAD biomarkers and with synaptic markers. The rs1461684 G variant associates with
faster disease progression in cognitively unimpaired subjects. Cortical full-length and
isoform 3 CNTN5 mRNAs are decreased in the presence of the G allele and as a function
of Consortium to Establish a Registry for Alzheimer’s Disease stages.

Discussion: The newly identified rs1461684 G variant associates with sAD risk, rate of
disease progression, and gene expression. Contactin 5 protein and mRNA are affected

particularly in the early stages of the disease
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1 | INTRODUCTION

Alzheimer’s disease (AD) is one of the most important causes of
cognitive decline in the elderly population.2 Pathologically, AD is
characterized by progressive accumulation of amyloid plaques and
neurofibrillary tangles, and by synaptic and neuronal degeneration and
loss.®* Several genetic variants have already been identified as com-
mon risk factors for sporadic AD (sAD), with the most important one
being the ¢4 allele of the apolipoprotein E (APOE) gene.>¢ However, it
is estimated that the single nucleotide polymorphism (SNP)-based her-
itability of sAD ranges from 13% to 33%, indicating that a significant
part of the risk alleles remains to be identified.””

The CNTN5 gene encodes the contactin 5 protein, which is a cell-
surface protein with multiple isoforms that belongs to the contactin
family. Contactins are a family of cell-adhesion molecules that con-
tain six members: contactin 1 to contactin 6. These proteins play an
important role in neurodevelopment through the regulation of neurite
outgrowth, neuronal migration, axon guidance, synaptogenesis, myelin
formation, neuron—glia interactions, and cell survival.8?

Single nucleotide polymorphisms and copy number variants in the
CNTN5 gene have been associated with increased risk for several
neuropsychiatric disorders such as autism spectrum disorder,1011
anorexia,’? and attention deficit hyperactivity disorder.'3 In sAD, a
risk-associated polymorphism in the CNTN5 gene (rs10501927) was
reported by Harolds et al.1* but it failed to reach genome-wide signifi-
cance (odds ratio [OR]: 1.18; P=2.0x 1074, n = 11789). Using a unique
population isolate from eastern Canada, we report here the presence
of a distinct risk variant (rs1461684 G) in the CNTN5 gene, which is
associated with increased risk for sAD in this cohort, as well as in other
heterogenous genetic studies.

In the present work, our objective is to characterize the role of con-
tactin 5 (soluble in the cerebrospinal fluid [CSF] and membrane-bound
to neurons in the frontal cortex) and its association with different
pathological biomarkers of sAD in both the asymptomatic and symp-
tomatic stages of the disease. In parallel, we examined the newly
identified rs1461684 risk variant G throughout the spectrum of sAD.
More specifically, we investigate the role of this common polymor-
phism (minor allele frequency [MAF]: 0.16) in the risk of developing
sAD and its effect in the clinical and pathological progression of the
disease using four different cohorts.

2 | METHODS

This study used four different patient cohorts. All of them received
local approval from the research ethics committee or institutional

review boards of the participating centers.

2.1 | PREVENT-AD
2.1.1 | Study participants

The Pre-symptomatic Evaluation of Experimental or Novel Treatments
for Alzheimer’s Disease (PREVENT-AD) cohort is composed of cogni-
tively unimpaired individuals over the age of 55, who have a first degree
relative diagnosed with sAD.!> There are 373 active participants (or
subset of participants) who are followed annually with clinical and
cognitive assessments, blood and CSF biomarkers, structural and func-
tional magnetic resonance imaging (MRI) and brain positron emission
tomography (PET) scans to assess amyloid beta (AR) and tau deposition.
Data used in this article were obtained from data release 6.0 (2020,
https://openpreventad.loris.ca/).

212 | CSF

Lumbar punctures were performed in a subset of volunteers (n = 170)
in the morning after an overnight fast using a Sprotte 24-gauge atrau-
matic needle. CSF samples were centrifuged within 4 hours, cells and
insoluble material were excluded, and samples were aliquoted and
stored at -80°C. The AD biomarkers phosphorylated tau (p-tau)181,
total tau (t-tau), and AB4, were measured following procedures devel-
oped by the BIOMARKAPD consortium,*¢ using validated Innotest
enzyme-linked immunosorbent assay kits (P(181)-tau Cat.# 81581,
T-tau Cat.# 81579, and AB42 Cat.# 81583) from Fujirebio. CSF con-
tactin 5 levels were measured using Olink’s proximity extension assay
and the neurology panel. Synaptic markers were quantified in the
CSF using immunoprecipitation followed by mass spectroscopy as

described previously.17-20

2.1.3 | Neuroimaging acquisition and processing

18F-NAV4694 (Navidea Biopharmaceuticals) was used to quantify AR
accumulation. Scans were performed 40 to 70 minutes after injec-
tion in a subgroup of PREVENT-AD subjects (n = 129). Flortaucipir
([18F]AV1451) was used to measure tau deposition and scans were
acquired 80 to 100 minutes post injection as described previously.2
Standardized uptake value ratios (SUVRs) were obtained using the
cerebellum as a reference region for ARB-PET and the inferior cere-
bellum gray matter for flortaucipir.2! AD-related tau deposition was
assessed by averaging flortaucipir SUVR in the entorhinal cortex,
fusiform, parahippocampal, and lingual gyri.2122
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2.1.4 | Alzheimer Progression Score

The composite Alzheimer Progression Score (APS) was developed by
our team to map the progression of the disease in the absence of vis-
ible cognitive deficits in the PREVENT-AD cohort, for the purpose of
prevention drug trials.23 The APS is a composite that incorporates mul-
timodal imaging, neurosensory, cognitive, and CSF markers, based on
an assumption that change in each of these arises from a single under-
lying latent process (i.e., AD pathogenesis). Its scores are scaled as
a standard normal distribution, with higher scores denoting increas-
ing severity. Constituent measures are summarized in greater detail in

Leoutsakos et al.2*

2.1.5 | Genotyping

Automated DNA extraction from buffy coat samples was performed
using the QlAsymphony DNA mini kit (Qiagen). Genotyping was per-
formed using the Omni2.5-8 BeadChip (Illumina). PLINK (http://pngu.
mgh.harvard.edu/purcell/plink/) was used to filter sex mismatches, fil-
ter missingness at sample level (< 5%) and SNP level (< 5%), assess
sample heterozygosity, and filter SNPs in Hardy-Weinberg disequilib-
rium (P> 0.001). Only post-imputed SNPs with an info score > 0.7 were
kept.

2.2 | COMPASS-ND cohort
2.2.1 | Study participants

The Comprehensive Assessment of Neurodegeneration and Dementia
(COMPASS-ND) study is enrolling 1650 memory-impaired/concerned
subjects from 31 centers across Canada. Participants typically undergo
comprehensive baseline evaluation including clinical and neuropsycho-
logical assessment, biospecimen collection, polymorphisms mapping,
and MRI neuroimaging.2° Data are made available to investigators in
the Canadian Consortium on Neurodegeneration in Aging (CCNA) as
well as others through the Longitudinal Online Research and Imaging
System (LORIS) database at https://ccna-ccnv.ca/national-platforms/.
CSF collection and measurements are performed as described above
for the PREVENT-AD cohort. No genotype information is available for
this cohort at the moment.

2.3 | ROS-MAP

The Religious Orders Study (ROS) was established in 1994 and it
includes nuns, priests, and brothers from across the United States.2®
The Rush Memory and Aging Project (MAP) started in 1997 and
includes lay people from the state of lllinois. Participants from the
cohorts were cognitively normal at enrolment and were followed
annually with neuropsychological evaluation and blood test and con-
sented to genotyping and brain donation.2® Post mortem evaluation
was performed to assess AD pathology using Consortium to Establish
a Registry for Alzheimer’s Disease (CERAD) and Braak staging. ROS-
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RESEARCH IN CONTEXT

1. Systematic review: Our team identified the genetic vari-
ant rs1461684 G in the CNTN5 gene, which is associ-
ated with increased risk for sporadic Alzheimer’s dis-
ease (sAD). Previous reports found that another variant,
rs10501927, is associated with structural brain changes
in the absence of contactin 5 protein alterations in sAD
patients.

2. Interpretation: The newly identified genetic variant
increases the risk of sAD and appears to play a promi-
nent role in the pre-symptomatic stage of the disease.
The characterization of new genetic risk factors can help
identify new disease pathways and better diagnostic and
therapeutic targets.

3. Future directions: The rs1461684 G variant has a minor
allele frequency of 0.16, so it would be important to
replicate our findings in populations with different allele
frequencies. Molecular studies are needed to clarify the
role of the CNTN5 gene and the contactin 5 protein in
sAD pathology, especially in the very early stages of the
disease when pathology begins to unfold.

MAP datasets and protocols used in the present study are summarized

in the supporting information 1.

2.3.1 | Tandem mass tag proteomic data

Three hundred forty cortical prefrontal brain tissue samples from the
community-based aging ROS-MAP cohort were analyzed by a mass
spectrometry-based protein quantification approach, using isobaric
multiplex tandem mass tags (TMT) as described previously by Ping
et al.2’ Briefly, TMT labeling with synchronous precursor selection
(SPS)-MS3 for reporter ion quantitation was used to achieve compre-
hensive global quantitation of 100 mg (wet tissue weight) pre-frontal
cortex from healthy controls and sAD cases. In total, 127,321 total
unique peptides were identified from >1.5 million peptide spectral
matches (PSMs), which mapped to 11,840 unique proteins groups, rep-
resenting 10,230 gene symbols, which map to ~65% of the protein
coding genes in the brain. Two major isoforms of CNTN5 expressed
in the brain are available in the ROS-MAP dataset: the full length
(094779) wild type variant and the isoform type 3 (094779-4, missing
amino acids 912-1100), which are particularly prevalent in the central
nervous system (CNS).

24 | The QFP cohort

The Quebec Founder Population (QFP) cohort is a population iso-
late from eastern Canada that descends from 3000 French settlers
that founded Nouvelle France in the 17th and 18th centuries.?® The

migration and the isolated nature of settlements created a founder
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effect, which resulted in a population with less genetic heterogene-
ity, large linkage disequilibrium blocks, and low genetic noise, which

2829 especially for genome-

is highly advantageous for genetic studies,
wide association study (GWAS) case/control studies in which age,
sex, and especially place of birth are used to control the sam-
ple’s demographic characteristics. Genealogical information for this
population, for almost four centuries, is available in the BALSAC

database.3°

2.5 | Statistical analyses

Analyses of the demographics were done using analysis of variance
(ANOVA) and the significant main effects were decomposed using
Tukey’s post hoc test. The progression of CSF contactin 5 levels
over time was tested using mixed linear model adjusted for sex, age,
and APOE ¢4. The correlation of CSF or plasma contactin 5 with
CSF biomarkers, synaptic proteins, and amyloid and tau PET in the
PREVENT-AD cohort was assessed using linear regression adjusted for
sex, age, and APOE ¢4. For this analysis we used only data acquired
at baseline visit. The effect of the CNTN5 variant on NAV4694 and
flortaucipir SUVR retention in the PREVENT-AD cohort was assessed
using linear regression adjusted for sex, age, and APOE ¢4. ANOVA was
used to assess the difference in APS scores and CSF contactin 5 accord-
ing to CNTN5 genotype, the difference in CSF contactin 5 according
to clinical diagnosis (cognitively unaffected, mild cognitive impairment
[MCI], and AD), the levels of contactin 5 isoforms in the prefrontal
cortex according to Braak stages and the difference in CNTN5 mRNA
and proteins levels in asymptomatic and MCl subjects according to the
number of CNTN5 rs1461684 G variants; all analyses were adjusted for
sex, age, and APOE ¢4 genotype. Changes in contactin 5 levels in the
CSF of controls versus MCl and sAD subjects were decomposed using
Tukey'’s post hoc test. The association between contactin 5 mRNA lev-
els and Braak and CERAD stages in the ROS-MAP cohort was assessed
using ordinal logistic regression and adjusted for age, sex, and APOE 4.
For this cohort, the exact age is not specified for participants over the
age of 90. Because there is a significant number of participants older
than 90, age was considered using age groups: < 80, 80 to 84, 85 to
89,> 90.

3 | RESULTS
3.1 | Demographics

Table 1 summarizes the demographic characteristics of the main
cohorts used to analyze the impact of the CNTN5 variant on CSF pro-
tein level (PREVENT-AD) and on cortical protein and mRNA prevalence
(ROS-MAP) at different stages of sAD’s spectrum. There was no dif-
ference in age, sex, education, and APOE ¢4 status between the CNTN5

genetic subgroups.

3.2 | PREVENT-AD cohort: contactin 5 protein
levels in the CSF and plasma

CSF contactin 5 levels were measured in cognitively unimpaired par-
ticipants from the PREVENT-AD cohort. Longitudinal measures of CSF
contactin 5 showed a progressive increase in the levels of this pro-
tein over time, with significant alterations at follow-up visits at 12
(P=0.025), 24 (P = 0.018), and 48 months (P = 8 x 10~>; Figure 1).

CSF contactin 5 measures were contrasted with sAD pathologi-
cal biomarkers in the same cognitively unimpaired subjects. A posi-
tive correlation was found between CSF contactin 5 and CSF A4,
(r2 = 0.26; P = 0.00049), AR4q (r2 = 0.13; P = 0.002), t-tau (r2 = 0.47;
P=1.4x10"11) and p-tau (r2 = 0.51; P = 6.6 x 10~12; Figure 2). There
was a trend toward a positive correlation between CSF contactin 5 and
tau deposition in the entorhinal cortex measured by PET (r2 = 0.23;
P =0.065) in these asymptomatic subjects.

CSF contactin 5 levels were also positively correlated with synaptic
proteins GAP43 (r2 = 0.50; P = 1.4 x 1079), neurogranin (r2 = 0.37;
P = 0.0004), Sytl (r2 = 0.43; P = 2.7 x 1079%), and Snap 25 long
(r2=0.46; P = 1.6 x 10793; Figure 2) in cognitively unimpaired subjects
from the PREVENT-AD cohort.

No association was found between CSF and plasma levels of
contactin 5 protein nor between plasma contactin 5 and CSF sAD

biomarkers (not shown).

3.3 | Effect of the CNTN5 rs1461684 risk G variant
on clinical progression and on CSF contactin 5
protein levels in the pre-symptomatic PREVENT-AD
cohort

Searching for polymorphic variants affecting AD risk level in the QFP,
a GWAS was performed in case and control subjects matched for
sex, age, and especially place of birth.31:32 More than two thirds of
the GWAS subjects saw their disease status confirmed by a patholo-
gist at autopsy, thus reducing diagnostic uncertainties. Among the top
variants found to be associated with AD in the QFP was the minor
allele (G) of polymorphism rs1461684 (MAF 0.16), a variant found in
intron 1 of the contactin 5 (CNTN5) gene. Table 2 summarizes results
for the QFP and replication analyses obtained from the International
Genomics of Alzheimer’s and Alzheimer’s Disease Genetics Consor-
tium cohorts. This variant is distinct from the genetic polymorphism
reported in the CNTN5 gene (rs10501927 variant) by Harold et al.’s
original UK GWAS.* While both CNTN5 SNPs are in linkage equilib-
rium (D’ 0.21, r2: 0.04, P = 0.006), the low r? and modest D’ indicates
that the SNPs cannot substitute each other. This is mostly likely due to
the low prevalence of the rs10501927 variant found in the QFP.

In the asymptomatic PREVENT-AD cohort, CNTN5 rs1461684 risk
variant G is significantly associated with a much faster rate of progres-
sion compared to G-negative subjects as assessed by the APS in the

cognitively unimpaired participants (Figure 3A, P = 0.01). Figure 3B
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TABLE 1 PREVENT-AD and ROS-MAP cohort demographics

PREVENT-AD Cohort ROS-MAP Cohort
CNTN5 rs1461684 G allele dose CNTN5 rs1461684 G allele dose
0 1 2 Overall 0 1
OverallN=378 = 259 N=103 N=11 P-value N=1,118 N=821 N=269 2N =28 P-value
Age 632+52 632+52 629+52 64453 0.77 89.0 89.0 88.9 88.3 0.3
(84.7- (84.7- (84.7- (83.3-
90.0) 90.0) 90.0) 90.0)
<80 102(9.1%) 69 (8.4%) 30 (11%) 3(11%)
80-84 196 (18%) 145(18%) 43 (16%) 8(29%)
85-89 329(29%) 240(29%) 80 (30%) 9(32%)
> 90 491 (44%) 367 (45%) 116 (43%) 8(29%)
Sex 0.64 0.4
Male 111/373 76/259 33/103 2/11 377(34%) 279(34%) 92(34%) 6(21%)
(30%) (29%) (32%) (18%)
Female 262/373 183/259 70/103 9/11 741(66%) 542(66%) 177 (66%) 22(79%)
(70%) (71%) (68%) (82%)
APOE =4 0.13 >0.9
APOE ¢4~ 230/373 168/259 57/103 5/11 824 (74%) 603 (74%) 200(74%) 21(75%)
(62%) (65%) (55%) (45%)
APOE ¢4+ 143/373 91/259 46/103 6/11 293 (26%) 217 (26%) 69 (26%) 7 (25%)
(38%) (35%) (45%) (55%)

Abbreviations: APOE, apolipoprotein E; PREVENT-AD, Pre-symptomatic Evaluation of Experimental or Novel Treatments for Alzheimer’s Disease; ROS-MAP,
Religious Orders Study Rush Memory and Aging Project.

TABLE 2 CNTNS5risk variant in different cohorts

Cohorts
rs1461684/
GWAS Chromosome
disease 11:99225748
association (GRCh38) Beta/OR P values N
Quebec G carriers .222/1.25 0.0001 1502 matched
Founding for age, sex,
Population and place of
isolate* birth
GG carriers 1.18/3.28 0.0000002
IGAP Stage G carriers 0.0581/1.14 0.0025 94,497
1**
IGAP Stage G carriers 0.0487/1.12 0.0012
2**
ADGC Stage G carriers na 0.0008 15,675
1***
ADGC Stage G carriers na 0.0006 7096
ek

*: Original GWAS description from Hu et al.%?

**. Derived from Kunkle et al. Note: the IGAP cohort includes a large subset of subjects from France,

where the QFP originates.

***. Original GWAS description from Naj et al.

Abbreviations: ADGC, Alzheimer’s Disease Genetics Consortium; GWAS, genome-wide association study; IGAP, International Genomics of Alzheimer’s; na,
not applicable; OR, odds ratio; QFP, Quebec Founder Population.
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FIGURE 1 Cerebrospinal fluid (CSF) contactin 5 levels over consecutive assessments in cognitively unimpaired subjects from the
Pre-symptomatic Evaluation of Experimental or Novel Treatments for Alzheimer’s Disease cohort. Contactin 5 protein was measured in the CSF
using Olink’s proximity extension assay. Assessments were done at baseline and on follow-up visits. CSF contactin 5 is significantly increased on
follow-up visits at 12 (P = 0.025, n = 25), 24 (P = 0.018, n = 25), and 48 months (P = 8e-5,n = 15) compared to baseline (n = 33)

illustrates the CSF contactin 5 protein levels measured as a function
of CNTN5 rs1461684 G allele: no significant difference was detected.

3.4 | Effect of the CNTN5 rs1461684 G variant on
PET biomarkers

We investigated the effect of the CNTN5 rs1461684 G variant on 18F-
NAV4694 and flortaucipir PET uptake in the asymptomatic PREVENT-
AD cohort and found no significant association with either amyloid or
tau deposition in these cognitively unaffected subjects (not shown).

3.5 | CSF contactin 5 levels in cognitively
unimpaired, mild cognitively impaired, and sAD
subjects

Using PREVENT-AD cognitively unimpaired subjects, we contrasted
CSF contactin 5 concentrations with subjects from the COMPASS-
ND cohort who have received a diagnosis of MCI and sAD. Figure 4
illustrates the modest cross-sectional reduction in CSF contactin 5
levels in MCI and sAD relative to the cognitively unimpaired sub-
jects. Unfortunately, the COMPASS-ND does not have a functional

genetic component yet and we were unable to examine the effects
of APOE ¢4 or CNTN5 variants on CSF contactin 5 protein concen-
trations in these subjects. Of interest, the reduction was significant
when the pre-symptomatic stage and MCI were contrasted, but not
between MCI and AD stages, consistent with an early time-specific
pathophysiological role.

3.6 | Contactin 5 protein levels in the prefrontal
cortex in the different stages of the AD spectrum

Tissue levels of two contactin 5 protein isoforms were obtained from
the ROS-MAP TMT proteomic database, which is described in detail
in the Ping et al.2’ Cortical levels of the two major isoforms of con-
tactin 5 expressed in the brain were obtained for some 288 subjects for
which we also have corresponding CNTN5 genotype information, the
full length (094779) wild type variant and the truncated isoform type 3
(094779-4) protein, which are particularly prevalent in the CNS. Strat-
ification of the two contactin 5 protein variants by Braak stages reveals
a modest (but not significant) reduction of cortical contactin 5 levels
between stages O and the later pathological stages (Figure 5). This is
consistent with the CSF CNTN5 changes reported in living patients
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FIGURE 2 Association between CSF contactin 5 and sAD biomarkers or synaptic proteins in the Pre-symptomatic Evaluation of Experimental
or Novel Treatments for Alzheimer’s Disease cohort. Contactin 5 protein was measured in the CSF using Olink’s proximity extension assay. Global
SUVR amyloid index (A) was measured with [18F]INAV4694 PET (n = 44). CSF AD biomarkers AR 1-42 (B; n = 99), AB 1-40 (C; n = 96), total tau (E;
n=113) and p-tau (F; n = 113) were measured by enzyme-linked immunosorbent assay according to the procedures from the BIOMARKAPD
consortium of the EU Joint Program in Neurodegenerative Diseases. Tau deposition in the entorhinal cortex (D) was measured with flortaucipir
PET (n = 48). The synaptic markers GAP43 (G; n = 45), neurogranin (H; n = 45), synaptotagmin-1 (I; n = 43) and SNAP-25 (J; n = 43) were
quantified using selective reaction monitoring mass spectroscopy. Significant linear regressions are represented with a blue confidence region of

(Continues)
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FIGURE 2 (Continued)

the fitted line. R squares and P values are shown in the top left corners of each figure. Analyses were adjusted for age, sex and apolipoprotein E ¢4.
AR, amyloid beta; AD, Alzheimer’s disease; BIOMARKAPD, Biomarkers for Alzheimer’s Disease and Parkinson’s Disease; CSF, cerebrospinal fluid;
PET, positron emission tomography; p-tau, phosphorylated tau; sAD, sporadic Alzheimer’s disease; SUVR, standardized uptake value ratio

with emerging cognitive deficits in the COMPASS-ND cohort described
above.

Parallel analyses of the mRNA prevalence for the wild type and
spliced isoform 3 variants were performed in the ROS-MAP subjects
who underwent cortical RNA sequencing profiling. While we did not
observe any significant changes across Braak stages (Figure 6A, B),
a significant reduction of the isoform 3 variant was observed as a
function of CERAD staging (P = 0.027, Figure 6D).

Finally, stratification of the CNTN5 mRNA variants (full length and
isoform 3) as a function of rs1461684 G risk variant reveals a strong
allele-dependent reduction of the mRNA prevalence of both isoforms
in the cortex of asymptomatic and MCI (early stage, n = 152) cases
(Figure 7A). A concomitant modest reduction (trend only) of the pro-
tein concentrations was observed in G allele carriers (Figure 7B). The
small sample size of the asymptomatic group (n = 6) and of the homozy-
gous G allele carriers (n = 3) greatly limits our genomic analysis in the
early phase of the disease process in this cohort.

4 | DISCUSSION

In the present study, CNTN5 gene expression and protein (contactin 5)
alterations were investigated in both the brain tissue and CSF through-
out the sAD spectrum. Contactins represent major proteins involved
in neuronal development, formation of dendrites, and synaptic con-
tacts. Indeed, their roles in neuritogenesis, fasciculation of neurons,
axonal and dendritic targeting, fine tuning of synapse formation, and
synaptic plasticity have been demonstrated in multiple situations.33-34
Contactins are neural cell adhesion molecules that encode axon-target
specificity during the patterning of the developing CNS, and also in
response to neuronal injury and damage.®®

CNTNS5 is specifically implicated in the specification of dendritic
arbors. Recent studies further examining the coreceptor function of
contactins with the amyloid precursor proteins (APP) have shown that-
contactin 4 and contactin 5 can bind to APP and its precusor-like
variants (APLP1) when they co-opt their cytoplasmic regions to relay
information across the plasma membrane using amyloid-dependent
signal transduction pathways.3¢3” These observations suggest a signif-
icant interplay between the different contactins and APP metabolism
during dendritic remodeling and synaptic formation during neuronal
response to injury. This could explain, at least in part, the observed pos-
itive correlation between contactin 5, A4y, and AB4q in the CSF in the
pre-symptomatic phase of the disease (Figure 2).

Figure 1 shows that cognitively unimpaired elderly subjects with a
parental history of AD display a slow but steady longitudinal increase
in contactin 5 protein level in the CSF over the course of 4 years. These
subjects typically carry a 2- to 3-fold risk of developing AD compared to

subjects without a familial history.38 CSF t-tau and p-tau in these sub-
jects display a significant association with contactin 5 with correlation
coefficients of 0.47 and 0.51, respectively. Interestingly, the associa-
tions do not translate into significant deposition in the brain when PET
scanning was used for total brain amyloid (P = 0.89) and entorhinal tau
depositions (P = 0.06; Figure 2). One possible interpretation for these
discrepancies is the fact that CSF amyloid and tau changes precede by
several years (sometime a decade) tangle deposition detected by PET
imaging.3? However, the weak association observed between contactin
5 and PET tau in the entorhinal cortex (P = 0.06), the brain region typ-
ically used for the detection of AD-specific early tau deposition,*° is
certainly consistent with the known spreading of tau pathological cas-
cade. An upcoming second round of PET imaging in these subjects will
most likely provide a more definitive answer to this question.

Contactin 5 is known to play an important role in the forma-
tion of glutamatergic synapses in the rodent central auditory system
during postnatal development and to interact with the E1 domain
of APP/APLP1 in the presynaptic compartment.*! This prompted us
to examine the possible association between contactin 5 and well-
established soluble biomarkers of synaptic integrity in the CSF, namely
GAP43, neurogranin, synaptotagmin-1, and SNAP-25. Figure 2 illus-
trates the highly significant associations between contactin 5 and all
four synaptic biomarkers in the CSF of our cognitively unimpaired
subjects: consistent with tau-mediated, contactin 5-associated mod-
ulation of synaptic pathology in the pre-symptomatic phase of the
disease.

These findings led us to examine the situation later in life, in subjects
in which symptoms emerge (MCI) in response to markedly compro-
mised synapses and, later when neuronal damage and cortical atrophy
takes a toll (sAD). Cross-sectional analysis of the CSF contactin 5
level in cognitively unimpaired subjects, MCI, and sAD cases reveals a
disease-dependent reductionin the COMPASS-ND cohort. The modest
but significant reduction of contactin 5 protein levels observed in the
CSF (P < 0.01) of our living subjects and, in cortical tissue (trends only,
ROS-MAP) of autopsied MCI and AD subjects markedly contrast with
the t-tau and p-tau alterations observed in the CSF in the asymptomatic
(pre-symptomatic ?) stage of the disease in our cognitively unimpaired
subjects with a parental history of AD.

Together, these results suggest that the strong association between
contactin 5 and tau/synaptic biomarkers prior to the emergence of
symptoms serves as an index of early neuronal damage. As synaptic and
neuronal structures become more compromised with emerging cogni-
tive symptoms, contactin 5 levels in the brain decrease both in tissues
and CSF, presumably in parallel to the ongoing neuronal loss.

As we further examined the pre-symptomatic phase of the disease,
the analysis of the rs1461684 G risk variant in the asymptomatic
PREVENT-AD cohort led to an interesting finding when used in
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FIGURE 3 Association between the CNTN5 rs1461684 G variant and Alzheimer Progression Score in the Pre-symptomatic Evaluation of
Experimental or Novel Treatments for Alzheimer’s Disease (PREVENT-AD) cohort. A, Association between the presence of the rs1461684 G allele
and the Alzheimer’s disease progression score in the PREVENT-AD cohort (P =0.01, n = 418). B, Association between the presence of the
rs1461684 G allele on cerebrospinal fluid (CSF) contactin 5 protein levels at baseline (non-significant, n = 103). Analyses were adjusted for age and
sex
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FIGURE 4 Association between cerebrospinal fluid (CSF) contactin 5 and cognitive status in the Pre-symptomatic Evaluation of Experimental
or Novel Treatments for Alzheimer’s Disease (PREVENT-AD) and Canadian Consortium on Neurodegeneration in Aging (CCNA) cohorts.
Contactin 5 protein was assessed using Olink’s proximity extension assay in subjects who are cognitively unimpaired (PREVENT-AD cohort:

N = 105) or diagnosed with mild cognitive impairment (CCNA’s MCI: N = 28) or Alzheimer’s disease (CCNA’s AD: n = 14). CSF contactin 5 is
significantly decreased in MCI (P < 0.0001) and AD (P < 0.02) relative to cognitively unaffected individuals
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(ROS-MAP) cohort. Contactin 5 protein was assessed using tandem mass tags proteomic data in subjects from the ROS-MAP cohort. Normalized
cortical contactin 5 (full length and isoform 3) ratios are not significantly affected by tau pathology accumulation (P> 0.05, n = 288)
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FIGURE 6 Association between cortical CNTN5 mRNA splice variants and Alzheimer’s disease (AD) pathology (Consortium to Establish a
Registry for Alzheimer’s Disease [CERAD] and Braak stages) in the Religious Orders Study Rush Memory and Aging Project (ROS-MAP) cohort.
CNTNS5 splice variants were obtained from the ROS-MAP RNAseq database. A, There was no association between ENST00000524871.6 full
length mRNA and Braak stages (P = 0.2, n = 608). B, There was no association between ENST00000527185.5 isoform 3 variant prevalence and
Braak stages (P = 0.2, n = 608). C, There was a weak association (trend) between ENST00000524871.6 full length mRNA and CERAD scores
(P=0.066,n=615), (D) ENSTO0000527185.5 isoform 3 variant prevalence is associated with worse CERAD scores (P =0.027,n = 615). E, There
is a significant association between cortical levels of ENSTO0000524871.6 full length mRNA and enst00000527185_1 isoform 3 variant
(r2=0.5756, P = 2e-16). Analyses were adjusted for age, sex, and apolipoprotein E ¢4

conjunction with APS to map disease progression in the absence of
obvious cognitive deficit (Figure 3). Presence of the G allele was found
to be significantly associated with a faster rate of progression (P=0.01)
compared to G-negative subjects (Figure 3A), but it does not affect con-
tactin 5 levels in the CSF. So, if the soluble form of contactin 5 found in
the CSF is not affected by the presence of the G allele, what about the
tissue concentration?

In this context, we used the ROS-MAP cohort to explore the corti-
cal expression of the two major mRNA isoforms of CNTN5 transcripts
found in the CNS, that is, the full length (ENST00000524871.6) and
the isoform 3 (ENSTO0000527185.5), which is truncated at the 3’ end.
Figure 6 summarizes the findings. Using CERAD and Braak staging,

we examined CNTN5 gene expression throughout the AD spectrum.

CNTNS5 isoform 3 prevalence is associated with worsening on the
CERAD scores (P = 0.027) but not on the Braak scores (P = 0.636;
Figure 6B, D). There was a modest association (trend only, P = 0.066)
between CNTNS5 full length mRNA prevalence and CERAD scores but
no correlation with Braak staging (P = 0.437; Figure 6A,C).

When mRNA results from early-stage ROS-MAP subjects (asymp-
tomatic + MCI) were pooled and stratified by rs1461684-G risk
variant, we observed a strong allele-dose reduction of the CNTN5
isoform 3 (Figure 7A; P < 0.004) and full-length mRNA transcripts
(P < 0.005) in cortical tissues. Using a similar approach to stratify cor-
tical contactin 5 protein levels as a function of the G allele, we only
found modest reductions (trends only, full-length P = 0.07, isoform 3

P = 0.10) of tissue concentrations. As stated above, in contrast to the
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FIGURE 7 Association between the CNTN5 rs1461684 G variant and cortical CNTN5 mRNA and proteins levels in asymptomatic and mild
cognitive impairment (MCI) subjects from the Religious Orders Study Rush Memory and Aging Project (ROS-MAP) cohort. A, Association between
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the presence of the rs1461684 G allele and CNTN5 mRNA prevalence for the full length (bottom: ENST524871,r2:0.13, P < 0.003,n = 301) and
isoform 3 (top: ENST524185,r2 =0.07, P < 0.005, n = 301) variants. B, Association between the presence of the rs1461684 G allele and contactin
5 protein levels (full length 094779, P =0.10,n = 103 and isoform O094779-4, P = 0.07). Analyses of variance were adjusted for age,

apolipoprotein E ¢4, and sex

mRNA dataset, the ROS-MAP proteomic dataset that overlaps with
the subjects enrolled simultaneously with the GWAS contains a rela-
tively small number of subjects in the asymptomatic group for which we
have rs1461684 genetic information, thus explaining the small sample
size.

Together, these results indicate that CNTN5 gene expression con-
tributes, at least in part, to the observed reduction of brain contactin
5 protein levels when amyloid-associated staging (CERAD) is used to
map the disease progression in symptomatic subjects in ROS-MAP.
The presence of the G allele contributes to a marked reduction of the
CNTNS5 full-length and isoform 3 mRNA variant in cortical tissue.

Isoform 3 lacks amino-acid sequence 912-1100. While speculative,
one could suggest that G-allele mediated decrease in isoform 3 mRNA
leads to a protein variant of contactin 5 that is missing a portion of
the cytoplasmic region, which is required to relay information across
the plasma membrane using the amyloid-dependent signal transduc-
tion pathways described previously.3¢37 Whether the result is a cause
or a consequence of neuronal loss associated with the tau/contactin
5 interaction detected in the extracellular space remains to be elu-
cidated. Additional molecular studies are now planned to examine
the role of isoform 3 and its relationships to APP, amyloid, and tau
metabolism.

Altogether, these results suggest that CNTN5 plays a prominent
role in the early phase of the disease, in the pre-symptomatic stage,
when tangle pathology emerges but amyloid and tau deposition are
still limited. The strong association of CSF contactin 5 protein with
synaptic markers, especially pre-synaptic ones, is consistent with its
neurodevelopmental role in the regulation of dendritic arborization
remodeling and synaptic connectivity. We know that the brain is
not static in the face of early neuronal loss and that compensatory
mechanisms exist to limit the loss of synaptic input and to facil-
itate dendritic remodeling and synaptic reorganization from intact
neuronal circuits. The presence of a relatively common CNTN5 risk
variant that affects this cascade was found to significantly affect
the disease progression on the APS scale in the pre-symptomatic
phase, CNTN5 tissue mRNA prevalence in the early stage of the
disease, affecting the CERAD scale in symptomatic subjects from
ROS-MAP.
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