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Abstract

Endosomal trafficking has emerged as a defective biological pathway in Alzheimer’s disease
(AD), and the pathway is a source of cerebrospinal fluid (CSF) protein accumulation.
Nevertheless, the identity of the CSF proteins that accumulate in the setting of defects in AD’s
endosomal trafficking pathway remains unknown. Here, we performed a CSF proteomic screen in
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mice with a neuronal-selective knockout of the core of the retromer complex VPS35, a master
conductor of endosomal traffic that has been implicated in AD. We then validated three of the
most relevant proteomic findings: the amino terminus of the transmembrane proteins APLP1 and
CHL1, and the mid-domain of tau, which is known to be unconventionally secreted and elevated in
AD. In patients with AD dementia, the concentration of amino-terminal APLP1 and CHL1 in the
CSF correlated with tau and phosphorylated tau. Similar results were observed in healthy controls,
where both proteins correlated with tau and phosphorylated tau and were elevated in about 70% of
patients in the prodromal stages of AD. Collectively, the mouse-to-human studies suggest that
retromer-dependent endosomal trafficking can regulate tau, APLP1, and CHL1 CSF concentration,
informing on how AD’s trafficking pathway might contribute to disease spread and how to identify
its trafficking impairments in vivo.

INTRODUCTION

The abnormal accumulation of extracellular proteins is a hallmark feature of Alzheimer’s
disease (AD), as typified by the cleaved fragments of the amyloid precursor protein (APP)
and the microtubule binding protein tau. APP is cleaved in the endosome (1, 2), and its
fragments are secreted through the endosomal pathway, representing an example of so-called
unconventional secretion. Although it is now understood that tau is unconventionally
secreted from neurons via direct translocation across the plasma membrane (3, 4), the
mechanisms underlying active secretion of tau fragments (5) remain largely unknown.

Recent genomic studies have identified endosomal trafficking as a biological pathway
pathogenic in AD, and subsequent data have established that the defective pathway
manifests as endosomal traffic jams (6). Some of the best evidence in support of this
conclusion is provided by molecules related to retromer, a multimodular protein assembly
that is considered the “master conductor” of sorting and trafficking cargo out of the
endosome (7). For example, mutations in SORL 1, encoding a key retromer receptor in the
brain (1, 8), are causally pathogenic in AD (9, 10). In addition, the core retromer protein
VPS35 is deficient in regionally vulnerable AD brains (11), and a rare de hovo mutation in
VPS535 has been identified in AD (12), as have variants in a range of other retromer-related
genes (13). Retromer-dependent endosomal trafficking has been linked to many of AD’s
core features (14)—including amyloid pathology (11, 14-17), tau pathology (18), glial
pathology (19, 20), and the enlargement of neuronal endosomes (15, 21-23).

Although the retromer-dependent endosomal trafficking pathway is strongly linked to AD,
and the pathway can accelerate endosomal secretion, the identity of the proteins that
accumulate in the cerebrospinal fluid (CSF) caused by impairing the pathway is unclear.
Because these secreted proteins can have neurotoxic effects, such identification might
inform on how intracellular trafficking can link to disease spread. Moreover, identified
proteins that accumulate in the CSF might serve as potential biomarkers of AD’s endosomal
traffic jams. Therapeutic interventions are now being developed, targeting AD’s endosomal
trafficking pathway (17), and such biomarkers could potentially accelerate drug discovery.

With these goals in mind, we genetically engineered a mouse model in which Vps35is
knocked out selectively in forebrain neurons. VPS35 is the molecular backbone of
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retromer’s heterotrimeric core, the scaffold to which all other retromer modules and
retromer receptors bind (7). Accordingly, numerous studies have established that, among
other retromer-related proteins, depleting Vps35'is one of the most reliable ways to impair
retromer-dependent endosomal traffic and recapitulate many of AD’s core pathological
features [as reviewed in (7)]. We performed a proteomic analysis of CSF collected from the
conditional Vps35 knockout (cKO) mice compared with CSF from control littermates, and
then validated the three reliable findings with the greatest potential relevance to our goals—
the N terminus of two BACEL1 substrates, APLP1 and CHL1, and the mid-domain of tau.
Guided by the mouse findings, we then developed assays to reliably measure the proteins in
human CSF and investigated their relationships in a large-scale human study in patients with
AD dementia, in patients with prodromal AD, and in healthy controls (HCs). In addition,
because recent studies have suggested that elevations in tau phosphorylation at its
threonine-217 site (p-tau217) represents one of the earliest and most specific CSF
“signature” of AD (24, 25), we also examined the relationship of APLP1 and CHL1 with p-
tau217. Collectively, the results suggest that retromer-dependent endosomal trafficking can
regulate CSF tau, APLP1, and CHL1, informing on how endosomal trafficking pathway in
AD can contribute to disease spread and how to identify the trafficking impairments in vivo.

Screening the CSF proteome in neuronal-selective Vps35 KO mice

Mice expressing loxP-flanked Vps35 (Vps35M/T) on a C57BL/6 background were crossed
with mice expressing Cre recombinase under the CamkZa promoter to KO Vps35in
forebrain neurons (Fig. 1A, top left). In all experiments, Vps35Vfl: Camk2a-Cre (Vps35
cKO) were compared with Vps357T (control). We began by characterizing this mouse
model using confocal microscopy and Western blot analysis. Immunofluorescence studies
revealed a clear depletion of Vps35in CAL pyramidal neurons of Vps35cKO mice
compared with their control littermates (Fig. 1A, top right). We next harvested the
hippocampus from 6-month-old mice and found by Western blot analysis a concomitant
reduction in VPS35 (P =0.0002) and other retromer core proteins, VPS26a (P = 0.0286) and
VPS29 (P=0.0008) (Fig. 1A, bottom). Proteomic analysis (illustrated in Fig. 1B and
detailed in Materials and Methods) identified 1505 proteins in the CSF by one unique
peptide (1048 proteins by two unique peptides) (data file S1).

Identifying alterations in CSF proteins in neuronal-selective Vps35 KO mice

Different analytic approaches were applied to the CSF proteomics data to identify CSF
proteins that abnormally accumulate as a result of depleting neuronal Vps35. A parametric
approach was first applied, using analysis of variance (ANOVA) to compare the difference
of mean expression in detected proteins between the Vps35cKOs and controls. Fifty-two
proteins were found significantly altered in the CSF of the Vjps35cKO mice (P < 0.05, Fig.
2A). Among the class of elevated proteins, four are type | transmembrane proteins that are
established BACEL substrates: APLP1, APLP2, APP, and CHL1 (Fig. 2B). BACE1
functions primarily at endosomal membranes where it cleaves its substrates (Fig. 2C) (26),
liberating their N-terminal fragments into the endosomal lumen from where these fragments
are secreted to the extracellular space. This group of substrates has been reported as among
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the top proteins that were found reduced in a CSF proteomic screen of Bacel KO mice (27).
Vps35 deficiency has been shown to increase BACEL activity by increasing the resident time
of the enzyme and its substrates in endosomal membranes (15, 28). By investigating the
peptides identified by tandem mass spectrometry (MS/MS), we found that they mapped onto
the protein’s N-terminal domains, consistent with accelerated retromer-dependent
endosomal secretion (data file S2).

A second nonparametric analysis was performed to identify proteins detected in CSF from
one genotype but not the other. Eight proteins were detected in the CSF of controls and not
the Vps35cKOs, whereas 11 proteins were detected in the CSF of the Vps35cKOs and not
the controls (Fig. 3A). The microtubule-associated protein tau (MAPT) was one of the
proteins detected only in the CSF of Vps35cKO mice. By investigating the sequence of the
tau peptide identified by MS/IMS—SGY SSPGSPGTPGSR—we find that it mapped onto the
protein’s mid-protein region, a domain contained within the N-terminal tau fragment most
commonly found to accumulate in the CSF of patients with AD (Fig. 3B) (5, 29-32).

The final approach relied on the ingenuity pathway analysis (IPA) (33) to identify molecules
that might be “regulating” the global changes in the CSF of Vps35cKO mice. This software
uses established transcriptional interactions to predict upstream molecular convergence of
global changes in large datasets (33). Over 800 proteins were identified as potential
regulator proteins in this dataset (Fig. 3C). The two top regulators with the lowest Pvalues
(>1 x 10711y were APP and MAPT (Fig. 3D), further supporting the first two analyses
performed.

Validating BACE1 substrates and Tau accumulation in mouse CSF

In anticipation of the human CSF studies, we decided to further confirm and validate the n-
APLP1 and n-CHL1 findings because these two proteins are highly expressed in the brain
(www.proteinatlas.org/). We collected CSF from a separate cohort of Vjps35c¢KO and
control mice and measured n-CHL1 and n-APLP1 via immunoblotting.

Replicating and validating the CSF screen, both n-CHL1 (P=0.02) and n-APLP1 (P=0.02)
were significantly elevated in the new cohort of Vps35cKO CSF as compared with control
littermates (Fig. 4A, left and middle). To investigate the relationships among CSF n-APLP1
and n-CHL1, we revisited the mouse CSF data and observed a strong correlation between
CSF n-APLP1 and n-CHL1 (n= 14, p = 0.89, £< 0.0001) (Fig. 4A, right). In individual
genotypes and collectively as a group, the relationship was nearly collinear across mice, with
the Vps35cKO mice simply shifting this relationship to the right. These observations
suggest that the concentration of these proteins in CSF seem to be regulated by the same
endosomal-based source. The same relationship was observed when a correlation analysis
was performed using the MS/MS peak intensity measurements (fig. STA). We next aimed at
identifying neuronal proteins which release into the CSF was not affected by neuronal
Vps35 depletion, as another way of validating our proteomic findings. Two candidates were
identified: the synaptic adhesion molecule 4 CADMA4, highly expressed at the cell surface of
neurons, and the neuronal tubulin beta 3 (TUBB3). Correlation analysis using the MS/MS
raw peak intensity measurements (fig. S2, B and C) revealed no relationships between these
proteins and n-APLP1 or n-CHL1. CSF concentrations of tubulin 2a (TUBB2a), another
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cytoskeleton protein generally found in CSF, were not affected by Vps35 depletion (fig.
S2D).

Although a growing body of evidence suggests that tau might also be secreted via the
endosomal pathway (34-36), in contrast to BACE1 substrates, the link between tau and the
endosomal pathway, in general, and to retromer trafficking, in particular, is still unclear.
Quantitation of endogenous tau in mouse CSF is challenging because CSF concentrations
are roughly 50,000-fold lower than that of brain tissue (37). Therefore, we turned to single-
molecule-array (Simoa) technology, a highly sensitive assay (38) that has been used by prior
studies to reliably detect murine CSF tau (39). The assay used antibodies directed at the
mid-domain epitope of tau (md-Tau), which are commonly used to measure total tau in
human patients (29, 40). We reliably detected md-Tau in as little as 2 to 5 pul of murine
antemortem CSF. Furthermore, the Simoa measurement of CSF tau in a new cohort of mice
revealed a notable increase in the Vps35cKOs, replicating and validating the initial
nonparametric finding (2= 0.00002) (Fig. 4B, left). In addition, studies in patients (41) and
animal models (42) have established that neuronal cell death is, by itself, neither necessary
nor sufficient to cause elevation in CSF tau. Nevertheless, we performed biochemical and
histological analyses in two additional cohorts of Vps35cKO mice and control littermates to
address this issue. We started by replicating our findings of elevated CSF tau at 3 and 6
months using antemortem CSF (Fig. 4B, right). A semiquantitative analysis by Nissl
staining further revealed no signs of neuronal loss in the hippocampus of 3-month-old
Vps35 cKO mice, compared with their control littermates (Fig. 4C), which was further
supported by NeuN immunofluorescence staining analysis (fig. S2A). Furthermore, protein
expression of pre- and postsynaptic markers was also unaffected in Vps35cKO mice
compared with their control littermates (Fig. 4D and fig. S2B). Together, these studies
suggest that the elevation of CSF tau observed in Vps35 cKO mice is not driven by neuronal
cell death.

Developing and validating n-APLP1 and n-CHL1 Simoa-based assays

Whereas validated assays for human md-Tau already exist, to measure APLP1 and CHL1
concentrations in humans, we developed and validated Simoa assays for n-APLP1 and n-
CHL1. We began by identifying eight commercially available antibodies directed against the
N terminus of APLP1 and six commercially available antibodies directed against the N
terminus of CHL1. Using the Simoa platform, antibody pairs were screened for
compatibility via signal with recombinant peptides of either n-APLP1 or n-CHL1 (fig. S3, A
and D). The pairs with highest sensitivity were then evaluated using titrations of HC CSF
pool, ultimately yielding several APLP1 and CHL1 assays with good precision, sensitivity,
and dilution linearity. The best-performing n-APLP1 assay exhibited mean intratest
precision of 4.6%, dilution linearity of CSF in the range of 1:32 to 1:512, and reported
concentrations of ~700 pg/ml in HC CSF (fig. S3, B and C). The best-performing n-CHL1
assay exhibited mean intratest precision of 7.6%, dilution linearity of CSF in the range of
1:32 to 1:512, and reported concentrations of ~15 ng/ml in HC CSF (fig. S3, E and F).
Together, these studies generate Simoa assays that are suitable for reliably identifying n-
APLP1 and n-CHL1 in human CSF.
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n-APLP1 and n-CHL1 are correlated with Tau in the CSF of patients with dementia

We next set out to determine the relationship of the three validated hits in the CSF of
patients with AD with mild to moderate dementia. We used the Simoa-based assays of n-
APLP1 and n-CHL1 to measure their concentrations in the CSF of over 316 patients with
mild to moderate dementia (79% amyloid positive). To compare with traditional AD
biomarkers, the CSF was also assayed for md-Tau and Ap42. A correlation was observed
between the CSF concentrations of n-APLP1 and n-CHL1 (8 = 0.72, P=9.1 x 10748),
between md-Tau and n-APLP1 (B = 0.6, A= 1.3 x 10730), and between md-Tau and n-CHL1
(B =0.53, P=1.7 x 10733) (Fig. 5A).

Many extracellular peptides, including fragments of APP and APLP1, are known to bind
extracellular amyloid plaques (43), and we therefore stratified the group into those who,
based on established CSF AB42 cutoffs, were amyloid plague positive (AB42, <600 pg/ml)
or negative (Ap42, >600 pg/ml). Confirming the interpretation that amyloid plagues can
confound relationships, we observed a much stronger relationship in amyloid-negative
patients between md-Tau and n-APLP1 (B = 0.85, A= 3.7 x 10710) and between md-Tau and
n-CHL1 (B = 0.91, P= 1.8 x 10713), whereas the relationship between n-APLP1 and n-
CHL1 was found to be plaque independent (Fig. 5B).

n-APLP1 and n-CHL1 are correlated with Tau in the CSF of HCs and elevated in patients
with mild cognitive impairment

We used banked CSF from 40 healthy subjects who were clinically determined to be
cognitively unimpaired (mean age = 68.3, range = 55 to 87; 53% female) and CSF from 21
subjects who were clinically determined to have mild cognitive impairment (MCI) (mean
age = 67.0, range = 52 to 87; 34% female). Strong linear correlations in HCs were observed
between CSF concentrations of n-APLP1 and n-CHL1 (B = 0.97, A= 2.4 x 10724), between
md-Tau and n-APLP1 (8 = 0.86, P= 1.7 x 10712), and between md-Tau and n-CHL1 ( =
0.87, P=2.1 x 10717) (Fig. 6A).

In patients with MCI, we observed a strong linear correlation between n-APLP1 and n-
CHL1 (B = 0.97, P= 6.5 x 10713), whereas the relationship between md-Tau and n-APLP1
(p =0.53, P=0.001) or between md-Tau and n-CHL1 (B = 0.50, A= 0.002) were found to
be curvilinear (Fig. 6B). To test the assumption that this curvilinear relationship reflected the
confound of amyloid plaques, when adjustment was made for CSF Ap42, the relationship
between md-Tau and n-APLP1 (§ = 0.67, A= 0.001) or between md-Tau and n-CHL1 (B =
0.79, P=0.00002) was now linear (Fig. 6C).

Next, to determine who among this cohort had evidence of AD, we used a tau/AB42 ratio
cutoff of >0.15 as indicative of AD based on a sample of 82 CSF for which this cutoff
provided an optimal AUC (area under the curve) of 0.87 with specificity (91%) and
sensitivity (75%). Most subjects who were clinically unimpaired were biomarker negative
for AD, and most subjects who were clinically diagnosed as MCI were biomarker positive
for AD and thus presumably represented prodromal AD (Xz =24.0, P=9.6 x 107') (data
file S1). To test for between-group differences, a significant elevation was found in the
corrected measures of n-APLP1 (F=84.2, P=9.4 x 10713) and n-CHL1 (F=78.2, P= 3.2 x

Sci Transl Med. Author manuscript; available in PMC 2021 February 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Simoes et al.

Page 7

10712) in the patients with prodromal AD versus controls (Fig. 7). Of note, on the basis of
the distributions, about 70% of patients with prodromal AD were 2 SDs above the means of
the controls (data file S1).

n-APLP1 and n-CHL1 are correlated with phosphorylated Tau in the CSF of HCs and

patients

Recent studies have reported that compared with other tau species found in the CSF, tau
phosphorylation at its threonine-217 site (p-tau217) is the CSF tau signature that is most
sensitive to AD, detected in the earliest preclinical stages of the disease before the onset of
neurodegeneration, and the one most specific to AD compared with other tauopathies (24,
25). Although reagents are not currently available to reliably measure mouse CSF p-tau217,
we were able to examine the relationship of n-APLP1 and n-CHL1 with p-tau217 in most of
the human CSF samples. As with md-Tau, we found that p-tau217 correlates with n-APLP1
(B=0.36, P= 6.5 x 10"11) and n-CHL1 (B = 0.37, P= 6.4 x 10711) in the dementia cohort,
that p-tau217 correlates with n-APLP1 (B = 0.72, P=5.1 x 10~7) and n-CHL1 (B = 0.62, P=
5.0 x 1079) in the HCs, and that p-tau217 correlates with normalized n-APLP1 (8 = 0.63, P
=0.002) and n-CHL1 (p = 0.71, £=0.0003) in the MCI cohort (Fig. 8).

DISCUSSION

The N-terminal fragments of APLP1, CHL1, APLP2, and APP have already been reported
to be found in CSF (27), and fragments of APP and, particularly, APLP1 have been found
elevated in AD CSF (44, 45). An independent series of studies clarifies why we find them
elevated in the CSF of Vps35cKO mice. All these type | transmembrane proteins are
cleaved by BACE1 at endosomal membranes, and as best illustrated for APP, their cleaved
products enter the endosomal lumen from where they are unconventionally secreted (46),
mainly from neurons (47). BACEL1 (28), which too is a type | transmembrane protein, APP
(15), and presumably other transmembrane substrates are trafficked out of endosomes via
retromer, and impairing retromer-dependent traffic is known to accelerate BACEL1 substrate
cleavage. Among these four proteins, we decided to complete additional validation studies
on n-APLP1 and n-CHL1 because, as the two are brain enriched, they are most suitable for
human CSF biomarkers (45). More than validating an increase in CSF n-APLP1 and n-
CHL1, we also observed a relationship between the two, in both controls and Vps35cKO
mice. In individual genotypes and collectively as a group, the relationship was nearly
collinear across mice, with the Vps35cKO mice simply shifting this relationship to the right.
These relationships support the interpretation that when elevation in CSF n-APLP1 and n-
CHL1 co-occur, they are likely reflective of retromer-dependent endosomal traffic
dysfunction.

Fragments of the tau protein are also known to be found in the CSF (29-32) and elevated in
AD, but in this case, the mechanisms that regulate CSF tau accumulation have undergone a
major shift in understanding. A number of converging lines of evidence have up-ended the
original formulation that high CSF tau observed in AD is caused by cell death or by the
formation of neurofibrillary tangles. CSF tau, for example, is not typically elevated in most
other neurodegenerative diseases that display similar aggressive cell death and tangle
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formation (41). At the same time, other studies have shown that CSF tau observed in healthy
subjects and found increased in AD is mediated by active neuronal secretion (5). A number
of mechanisms have been proposed for its secretion, but it is now clear that tau is not
secreted by the conventional secretory pathway. As with the fragments of APP and its
homologs, tau is also secreted via unconventional pathways. Besides translocation across the
plasma membrane (3, 4), a few previous studies have provided clues that tau might be
actively secreted from the endosomal pathway. For example, tau is known to gain access to
the endosomal pathway (48, 49), and retromer can influence intraneuronal tau pathology
(18). Other studies have shown a tight linear correlation between CSF tau and amyloid in
plaque-free human subjects, suggesting that they are secreted from the same pathway (50).
Our results corroborate this hypothesis by providing indications implicating the retromer-
dependent endosomal pathway as one by which tau can be secreted from neurons.

By developing and validating a set of reagents that can assay n-APLP1 and n-CHL1 in
human CSF with high precision, observations from our human CSF studies suggest that the
conclusions drawn from the Vps35cKO mice are, at least partly, true in humans. First, in a
large-scale study in patients with mild to moderate AD dementia, we found a selective cross-
correlation among n-APLP1, n-CHL1, and md-Tau. Moreover, because this was a large-
scale study, we were able to perform a stratification analysis, whose results support the
prediction that the existence of amyloid plaques, which are known to bind many
extracellular peptides, influences the relationship among these three CSF proteins. This
interpretation was further supported by the CSF study in HCs and patients with MCI. In
controls, we found a nearly collinear relationship among the three proteins, suggesting that
in humans as in mice, all are secreted via the same unconventional pathway. In patients with
MCI, a curvilinear relationship was observed between md-Tau and n-APLP1 or n-CHL1,
and the relationship linearized when plaque correction was performed on the basis of CSF
AP42 concentrations. By comparing the corrected n-APLP1 and n-CHL1 measures between
HCs and patients with MCI, we find a CSF profile that phenocopies what was found when
comparing Vps35cKO mice and their control littermates: a tight linear relationship between
n-APLP1 and n-CHL.1 that are identical in slopes, but with a shift to the right in patients
with MCI. Last, compared with HCs, patients who met the criteria for prodromal AD were
found to have substantial, and concordant, elevations in CSF tau and plaque-corrected
concentrations of n-APLP1 and n-CHL1.

Our final analysis in human CSF further supports the interpretation that tau is, at least in
part, actively released into the CSF via endosomal secretion. Recent reports have shown that
compared with other CSF tau species, tau phosphorylation at its threonine-217 site (p-
tau217) is the CSF tau signature that is most sensitive to AD, detected in the earliest
preclinical stages of AD and before the onset of neurodegeneration (24), and the one most
specific to AD compared with other tauopathies (25). Although reagents are not currently
available to reliably measure mouse CSF p-tau217, we were able to show that both n-APLP1
and n-CHL1 are associated with p-tau217 in all human CSF cohorts.

The potential for mechanistic insight was one motivation for identifying CSF proteins that
accumulate as a result of impairments in retromer-dependent endosomal traffic. The
evidence on tau achieved this goal because an increase in extracellular tau is thought to
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mediate its anatomical spread (51, 52). The second goal was to identify a CSF biomarker of
AD-associated impairments in retromer-dependent trafficking. Our findings suggest that
such a biomarker can be developed from a joint increase in CSF tau together with either n-
APLP1 or n-CHL1.

Collectively, these studies provide evidence that CSF tau is intimately linked to the
endosomal system and that the elevation of CSF tau in AD is, at least in part, mediated by
impairments in retromer-dependent endosomal traffic. A main limitation of our mouse
studies is that currently there are no reagents that can assay CSF p-tau217, which can be
addressed once these reagents become available. A limitation of our human studies is that
without a much larger number of prodromal patients and controls, we cannot establish
precise diagnostic cutoffs for n-APLP1 or n-CHL1, as they currently exist for tau.

The most important limitation of the findings in patients is that, in contrast to our mouse
model, we do not know the precise mechanism for retromer-dependent endosomal traffic
dysfunction in most patients who have concordant increases in tau, n-APLP1, and n-CHL1.
In these patients, retromer-dependent dysfunction might be directly caused by AD-
associated endosomal trafficking genes (6), by comorbid conditions such type 2 diabetes and
obesity (53), or by an interaction between these genetic and environmental factors.
Alternatively, dysfunction can be indirectly caused by intraneuronal misprocessing of APP,
which is found to cause endosomal traffic jams (54), retromer deficiency (55), and elevations
in CSF tau (42). With the recent identification of retromer-enhancing pharmacological
agents (17), future clinical trials can potentially address this limitation by testing whether
and by how much retromer-enhancing drugs reduce CSF tau, n-APLP1, and n-CHL1.

MATERIALS AND METHODS
Study design

We performed an unbiased screen of neuronal proteins that accumulate in murine CSF in the
setting of endosomal dysfunction using a mouse model deficient for the retromer core
protein VPS35. The potential benefits of such a study are multiple. First, identification of
abnormal CSF proteins that accumulate as result of neuronal endosomal dysfunction can
inform on which of the hundreds of proteins that flow through the endosomal pathway might
be particularly relevant to neurons. Second, because these secreted proteins can have
neurotoxic effects, such a screen might also provide insight regarding possible mechanisms
of disease spread. Third, identified proteins that accumulate in the CSF could serve as
biomarkers of endosomal dysfunction, thus illuminating its prevalence and time course in
AD and other neurological disorders. Last, as therapeutic interventions are now being
developed against endosomal dysfunction, a biomarker would accelerate drug discovery. The
experimenter was blinded in all mouse and human studies. Male and female mice used in
this study were randomly selected for the respective group. Determination of sample sizes
was based on previous experiences with mouse studies. About 40 mice per genotype were
used for MS experiments. CSF was collected in a postmortem procedure from 6-month-old
Vps35 cKO males and littermate controls. After blood contamination assessment via
hemoglobin enzyme-linked immunosorbent assay (ELISA), contamination-free samples
from a total of 52 mice were pooled into biological replicates of 30 ul each (7= 4 to 7 per
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genotype) for proteomic liquid chromatography-MS/MS (LC-MS/MS) analysis. We
confirmed that using this approach, the technical replicates were highly correlated as were
the mean scores for biological replicates of the same genotype, indicating robustness of the
technique. Outliers were identified via Spearman correlation of technical replicates, and one
sample from each genotype was removed before subsequent analysis. Further validation of
the proteomic hits was performed by Western blot and Simoa analysis using two additional
cohorts of mice at 3 and 6 months of age (the nfor each experimental group is specified in
the figure legend). We next set out to determine the relationship of three proteomic
candidates—n-APLP1, n-CHL1, and md-Tau—in the CSF of 316 human AD patients with
mild to moderate dementia, 40 cognitively HCs, and 21 subjects who were clinically
determined to have MCI. Three outliers of n-APLP1 and n-CHL1 were identified by the
SPSS Statistics software, using the program’s boxplot analysis. In Fig. 7, three patients who
did not meet the current criteria for “prodromal AD” (subjects clinically diagnosed with
MClIs who are biomarker positive) and “controls” (cognitively healthy individuals who are
biomarker negative) were excluded from the analysis. Three patients had missing md-Tau
measurements. In Fig. 8, in the HC group, three outliers were identified for p-tau217 and
excluded from the analysis.

Vps35f/fl; Camk2a-Cre KO mice

All mice were housed in a barrier facility and used in accordance with the National Institutes
of Health and Columbia University Institutional Animal Care and Use Committee (IACUC)
regulations. Vps35 floxed mice were generated at the Center for Mouse Genome
Modification at UConn Health. Homologous recombination was performed in mouse
embryonic stem cells (mES) targeting the Vjps35 gene at exons 2 to 6. The recombined gene
had LoxP sites before exon 3 and after exon 5. G418 and ganciclovir selection and nested
long-range polymerase chain reaction were used to identify targeted clones. Targeted ES
cells were aggregated into morula to generate chimeric mice. Next, the chimeric mice were
bred with ROSA26-Flpe to remove the Frt-flanked PGKneo cassette. Neuronal-selective
Vps35 KO mice were generated by crossing mice expressing loxP-flanked Vps35 (exons 3
to 5) (Vps351) with mice expressing Cre recombinase under the Camk2a promoter.
Camk2a-CRE mice were obtained from the Jackson laboratory (stock no, 005359). In all
experiments, littermate Vps35'Vf: Camk2a-Cre (Vps35cKO) were compared to Vps35//
(control). Females and males of 3 and 6 months of age were used for all the experiments,
with the exception of the initial proteomic screen performed with 6-month-old males.

Murine CSF collection and proteomic screen

Because of the well-known circadian rhythm fluctuations in CSF proteins (56), all CSF
collections were performed within a specific 4-hour time window (generally in the
afternoon) that did not vary by cohort or experiment method. For proteomic studies, murine
CSF was collected in a postmortem procedure after CO, overdose in accordance with
Columbia University IACUC guidelines. Briefly, euthanized mice were placed in a prone
position, and the skin covering the back of the neck was shaved. A cotton swab containing
70% ethanol was used to remove any hair from the exposed skin. Then, a 27-gauge sterile
needle (SV*27EL, Terumo Medical Products) attached to a 1-ml syringe (329650, BD
Biosciences) was inserted into the cisterna magna, allowing flow of CSF into the butterfly
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needle. After 10 to 15 s, the needle was removed, and the CSF was aspirated into
microcentrifuge tubes (1605-0000, USA Scientific), followed by a brief centrifugation at
600¢ for 6 min at 4°C. Supernatant was transferred to a new tube, immediately placed on dry
ice, and further stored at —80°C. Roughly 5 to 10 ul of fluid was collected per mouse. CSF
visibly contaminated with blood (pelleted residual erythrocytes) was discarded. All
remaining samples underwent more stringent assessment for blood contamination via
hemoglobin ELISA (ab157715, Abcam) using 0.5 pl of CSF with a 1:200 dilution. Samples
below 0.01% blood contamination were retained for biochemical analyses and pooled into
biological replicates of 30 pl each for proteomic analysis. Four biological replicates of
control samples and five Vps35cKO samples (each a composite of CSF from four to seven
mice) were generated. The protein concentration of each pooled sample was determined via
Qubit Protein Quantification Assay (Q33211, Life Technology), with sample concentrations
ranging from 0.10 to 0.16 mg/ml. Each sample of 4 g of protein was then loaded onto an S-
Trap column (PROFITI, NY), digested with trypsin, eluted with trifluoroacetic acid, and
dried. Two technical replicates (each containing 1.5 ug of tryptic peptides) were run per
sample. Antemortem CSF samples used for the validation of the proteomic hits were
collected from anesthetized animals in accordance with Columbia University IACUC
guidelines. Mice were anesthetized via intraperitoneal injection with a mixture containing
ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight) before CSF
collection as described above.

LC-MS/MS analysis

The concentrated peptide mix was reconstituted in a solution of 2% acetonitrile (ACN) and
2% formic acid for MS analysis. Peptides were eluted from the ES802 column (75 um x 25
cm; Thermo Fisher) at 300 nl/min using a Dionex UltiMate 3000 nano LC system with a 90-
min gradient from 2 to 35% buffer B (100% acetonitrile and 0.1% formic acid). The gradient
was switched from 35 to 85% buffer B over 1 min and held constant for 2 min. Last, the
gradient was changed from 85% buffer B to 98% buffer A (100% water and 0.1% formic
acid) over 1 min, and then held constant at 98% buffer A for five more minutes. The
application of a 2.0-kV distal voltage electrosprayed the eluting peptides directly into the
Thermo Fusion Tribrid mass spectrometer equipped with an EASY-Spray source (Thermo
Scientific). Mass spectrometer-scanning functions and HPLC (high-performance LC)
gradients were controlled by the Xcalibur data system (Thermo Fisher Scientific). MS data
were acquired in the Orbitrap Fourier Transform (FT) at 120,000 resolutions from m/z
(mass/charge ratio) 400 to 1600. Collision-induced dissociation MS/MS was acquired in the
ion trap on 2* and higher charge state ions for 3-s duty cycles.

Database search and interpretation of MS/MS data

The Proteome Discoverer application extracts relevant tandem mass spectra from the raw file
and determines the precursor charge state and the quality of the fragmentation spectrum. The
Proteome Discoverer probability-based scoring system rates the relevance of the best
matches found by the SEQUEST algorithm. The human protein database was downloaded as
FASTA-formatted sequences from UniProt protein database (released on July 2017). The
peptide mass search tolerance was set to 10 ppm (parts per million). A minimum sequence
length of seven amino acid residues was required. Only fully tryptic peptides were
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considered. To calculate confidence levels and false discovery rates (FDRs), the Proteome
Discoverer generates a decoy database containing reverse sequences of the nondecoy protein
database and performs the search against this concatenated database (hondecoy and decoy).
FDR (1%) was used to generate the quantitative list for statistical analysis. Total amount of
peptides was used to normalize among samples. A total of 1505 mouse proteins were
detected and included in the final dataset. For each protein, quantification was determined by
averaging the peak area of the three most abundant and distinct peptides (if available) and
normalized to the total area. Qlucore Omics Explorer and Minitab 17 Software were used by
the Proteomics Core to perform correlation and statistical analyses. Spearman correlations
identified one outlier per genotype, removed before downstream analysis. Proteomics data
have been deposited and accepted by the MassIVE public repository site and can be
accessed by ftp://MSV000085709@massive.ucsd.edu (username for FTP access:
MSV000085709; password: a).

Antibodies and other reagents for mouse studies

The following antibodies were used for immunoblot: VPS35 (1:1000; ab57632, mouse,
Abcam), actin (1:10,000; NB600-535, mouse, Novus Biologicals), albumin (1:1000;
NB600-41532, goat, Novus Biologicals), albumin (1:10,000; ab19194, goat, Abcam), CHL1
(1:500; AF2147-SP, goat, Novus Biologicals), CHL1 (1:1000; 25250-1-AP, rabbit,
ProteinTech), APLP1 (1:500; AF3179-SP, rabbit, R&D Systems), Tau (1:500; ab80579,
mouse, Abcam), beta-111 tubulin (1:5000; ab107216, chicken, Abcam), PSD95 (1:1000;
MAB1596, mouse, Millipore), synaptophysin (1:30,000; MAB5258, mouse, Millipore),
anti-mouse horseradish peroxidase (HRP) (170-6516, Bio-Rad), anti-goat HRP (1:3000;
172-1034, rabbit, Bio-Rad), anti-rabbit HRP (1706515, goat, Bio-Rad), anti-chicken
800CW (1:20,000; 925-32218, donkey, LI-COR), anti-mouse 680LT (1:20,000; 925-68022,
donkey, LI-COR), anti-rabbit 800CW (1:20,000; 925-32211, goat, LI-COR), protein G-HRP
(1:10,000; 18-161, Sigma-Aldrich), and protein A-HRP (1:10,000; 101023, Thermo Fisher).
The following antibodies were used for immunohistochemistry: NeuN (1:200; ABN78,
rabbit, Millipore) and VPS35 (1:300; ab10099, goat, Abcam). The following ELISA kit was
used: Hemoglobin Mouse ELISA Kit (ab157715, Abcam). Roche Lumi-Light substrate
(12015200001, Sigma-Aldrich) was used for chemiluminescence.

Immunoblotting

Samples were prepared in LDS sample buffer (NPO007, Thermo Fisher) and reducing agent
(161-0792, Bio-Rad), boiled for 5 min at 90°C, and run via electrophoresis in 4 to 12% bis-
tris gels (NP0336 or NP0335, Thermo Fisher) using MES buffer (NP0002-02, Thermo
Fisher). For CSF and media experiments, equal volumes (5 to 15 pl) were loaded in each
lane; for lysate, equal masses were loaded in each lane. Proteins were then transferred to
nitrocellulose membranes (IB3010-31, Invitrogen) via iBlot (P3; 7:40) and blocked for 1
hour in 3 to 5% bovine serum albumin (A30075-100gm, Research Products International) or
Odyssey blocking buffer (927-40000, LI-COR) diluted 1:1 in phosphate-buffered saline
with Tween 20 (PBS-T). Membranes were then probed with primary antibodies overnight at
4°C, washed in PBS-T, and probed with secondary antibodies (HRP conjugated or infrared
conjugated) for 1 hour at room temperature. Membranes were again washed in PBS-T and
imaged in Roche substrate (12015196001, Sigma-Aldrich) for enhanced chemiluminescence
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(ECL) or alone with the LI-COR Odyssey system. Densitometric values for all proteins were
calculated using Image Studio Lite software; reported values are normalized to albumin and
[B-actin.

Immunohistochemistry and histological analysis

For immunohistochemistry studies, mice (females and males) were anesthetized, rinsed by
cardiac perfusion with 0.9% saline buffer, and further fixed with 4% paraformaldehyde
(PFA). Whole brains were harvested and postfixed in 4% PFA overnight, followed by
cryoprotection treatment in 30% sucrose (w/v) in PBS for 16 hours. Tissue blocks were then
embedded in optimal cutting temperature (OCT) compound and stored at —80°C. Briefly,
30-um free-floating horizontal sections were washed three times with PBS and incubated at
4°C overnight on a rotator in 1 ml of primary antibody (VPS35 or NeuN) diluted in PBS
containing 0.3% Triton X-100 (v/v) and 5% normal serum (v/v). After three washes with
PBS-T (0.1% Triton X-100), the sections were incubated for 30 min with secondary
antibodies (Molecular Probes). After three washes with PBS-T and one wash with PBS,
sections were mounted on slides. Fluorescent images were collected using a Zeiss LSM 700
META confocal microscope equipped with a 63% Plan-Apochromat objective and HeNE1,
HeNe2, and argon lasers. A semiquantitative count of NeuN-positive neurons in the CA1
hippocampal region was performed in six Vps35cKO mice and six control littermates. Four
to five spaced NeuN-stained horizontal sections, starting from bregma —-2.28 to bregma
-3.60, were analyzed per animal using an automated cell counting plugin (http://imagej.net/
Particle_Analysis) on ImageJ software (version 1.48, U.S. National Institutes of Health).
Briefly, evaluation of cell density was made on z projections of 10 consecutive confocal
scans (total thickness, 10 um). A fixed threshold value was applied to all sections to identify
the NeuN-positive neurons. Number of cells was counted in the CAL region manually
delineated on each individual section, and area of analysis was measured. The density of
immunolabeled neurons was expressed as the mean number of positive cells per square
millimeter (number/mm?2). All analyses were performed by a scientist blinded to the
genotype status of the animal.

Histological Nissl stainings were performed according to the manufacturer’s instructions
(IW-3007, NovaUltra Nissl Staining kit, IHC WORLD). Quantification of the neuronal
density was performed on four to five sections per animal (/7= 6 mice per group) starting
from bregma -2.28 mm to bregma -3.60 mm. As for the NeuN quantification, the
hippocampal cell layer CA1 was delineated on each cresyl violet-stained sections. Slides
were scanned using an MPSR Leica SCN400 slide scanner (40x objective) and further
analyzed using the built-in “Multi-point Tool” on ImageJ to manually count the stained cells.
Briefly, cell density values were obtained by dividing the number of immunoreactive
neurons by the total area of the corresponding hippocampal CA1 region (number/mm?).

md-Tau quantification in murine CSF

In Fig. 4B (left), postmortem CSF tau was quantified by Simoa Technology using the mouse
“total-tau assay” (102209, Quanterix), which is directed against the mid-protein epitope of
the tau holo-protein. Individual CSF samples (5 ul) were diluted 1:80 in sample buffer and
then split into technical duplicates. Standards and samples were run according to the
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manufacturer’s instructions and read on the HD-1 analyzer (Quanterix). Replication of CSF
tau elevation in 3- and 6-month-old mice shown in Fig. 4B (right) was performed using
antemortem CSF samples collected from two different cohorts (22 females and 20 males) of
anesthetized animals in accordance with Columbia University IACUC guidelines. For the
latter, individual CSF samples (2 ul) were diluted 1:100 in sample buffer and then split into
technical duplicates and read on the SR-X analyzer (Quanterix). CSF samples from Tau KO
mice were used as negative controls.

n-APLP1 and n-CHL1 quantification in human CSF Assay development

The following eight APLP1 antibodies were screened for compatibility: 1 = #354008
(Thermo Fisher), 2 = AF3129 (Novus Biologicals), 3 = AF3179 (Novus Biologicals), 4 =
MAB3908 (Novus Biologicals), 5 = 12305-2-AP (ProteinTech), 6 = MAB3129
(ProteinTech), 7 = ab210557 (Abcam), and 10 = ab192481 (Abcam) using extracellular
domain APLP1 recombinant protein #AG2951 (ProteinTech). The following six CHL1
antibodies were screened for compatibility: 8 = MABN229 (Millipore), 9 = AF2147 (Novus
Biologicals), 11 = MAB2126 (Novus Biologicals), 12 = 25250-1-AP (ProteinTech), 13 =
MAB2147 (Novus Biologicals), and 14 = LS-C485419 (LSBio) using membrane proximal
extracellular domain CHL1 recombinant protein #AG19263 (ProteinTech) using Simoa
homebrew kit (catalog no. 101354, Quanterix) and standard assay definitions. The top six
assays for each analyte (most sensitive with recombinant protein) were used to measure
titrations of low tau (HC) CSF pool to confirm recognition of endogenous signal and
dilution linearity. The top two assays for each analyte from the CSF screen were then
optimized to improve sensitivity. The final assay chosen for each analyte (APLP1:2x10 and
CHL1:12x9) were used for subsequent clinical cohort measurements. CSF was diluted to
1:80 for n-APLP1 measurement, and 1:50 for n-CHL1 measurement.

Human CSF studies

CSF from HCs and MCI subjects were requested from the Columbia University Alzheimer’s
Disease Research Center (ADRC) CSF bank. This CSF bank includes CSF obtained by
lumbar puncture and banked for research according to protocols approved by the Columbia
University Institutional Review Board. CSF was stored frozen in 400 pl of aliquots in
polypropylene tubes, at -80°C. Frozen CSF aliquots were later thawed and analyzed for
AB42 and total tau by the ADRC Clinical Core using a multiplex fluorimetric microsphere
XMAP bead-based sandwich immunoassay consisting of monoclonal antibodies covalently
coupled to spectrally specific fluorescent beads. This assay (INNO-BIA AlzBio3, Fujirebio
US Inc.) was performed on a Luminex 100 machine. Thresholds implemented to confirm
amyloid positivity in patients with AD were CSF total tau/Ap42 = 0.15. CSF from subjects
with mild to moderate dementia was obtained from Janssen clinical trial ELN115727-
301/302. These lumbar puncture samples, obtained with informed consent for use in AD
biomarker research, were stored in 500 pl of aliquots in polypropylene tubes at —80°C until
use. All measurements shown (INNOTEST AB42: plaque positivity, Ap42 = 600 pg/ml) and
in-house Simoa n-APLP1, n-CHL1, md-Tau, and p-tau217 that were performed at Janssen
R&D are described in (57).
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Statistical methods

Formal boxplot analysis was applied to each dataset to exclude outliers. Student’s #test was
used for all biochemical experiments with a two-tailed distribution with equal variance (P <
0.05) or as stated in the figure legend. GraphPad Prism version 7.00 for Windows (GraphPad
Software) was used for all graph representation and the statistical analysis, except those
shown in Figs. 5 to 8. ANOVA was used for parametric analysis of CSF proteomics, and
Benjamini and Hochberg FDR-corrected Pand g values are reported. Nonparametric
analysis identified proteins that were present in at least four technical replicates from one
genotype and absent from all replicates of the other genotype. Significance is indicated as *P
<0.05, **P<0.01, and ***P< 0.005. The SPSS Statistics software was used for human
correlation studies. All data are shown as means = SEM or SD. “7” for each experimental
design is indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Proteomic CSF screen in VVps35-depleted mice.
(A) Neuronal-selective Vps35KO mice were generated by crossing mice expressing loxP-

flanked Vps35 (Vps35MT with mice expressing Cre recombinase under the Camk2a
promoter (upper left). Representative confocal images of 6-month-old mice brain sections
stained for VPS35. Immunofluorescent images of the hippocampus show depletion of Vps35
in the neuron-selective KO mice (top right). Scale bars, 200 um. Western blot analysis of
hippocampal tissue from Vps35cKO and control littermates (control) revealed for the
retromer core proteins, VPS35, VPS26a, and VPS29. n= 4 animals per genotype. Data are
shown as means + SEM (bottom). (B) The CSF proteomic workflow is illustrated. Individual
CSF samples (free of blood contamination) were pooled according to genotype, and the
pooled samples were then analyzed by LC-MS/MS in technical duplicates. All data
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processing and statistical analysis were conducted as described in Materials and Methods.
Significance is indicated as *P < 0.05, **£< 0.01, and ***P < 0.005.
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Fig. 2. Identifying alterations in CSF proteins in neuronal-selective Vps35 KO mice.

(A) Listed proteins are those that are significantly reduced or elevated in the CSF of Vps35

cKO mice compared with controls. The four BACE1 substrates are indicated in red. (B)
Scatterplots show the distribution of the four identified BACE1 substrates: APLP2, CHL1,
APLP1, and APP. Values are reported as label-free quantification (LFQ) intensity and
represent the mean of technical duplicates. Bars indicate the means + SD; Limma-calculated
g values are reported (1= 3 to 4 per genotype; ***g < 0.001 and **¢ < 0.05). (C) As
illustrated, these substrates are cleaved at the endosomal membrane by BACE1, liberating
N-terminal fragments into the endosomal lumen.

Sci Transl Med. Author manuscript; available in PMC 2021 February 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Simoes et al. Page 23
A B
Tau
Nonparametric hits - Mid-domain
N-ter [EININEI RAREREIRA T C-ter
Controls only Vps35 cKO only
c 0.06-
Abhd14b Adamts4
Aldh1l1 Adgrgé 8 >
©
Dnpep Basp1 ; 0.02-
Dsg1a Cdh1 0.00+ - T r .
1 201 401 601 801
Glud1 Cdh15 “Regulator” protein
Gsto1 Cep70 B
Rank “Regulator” P value
Me1 Fbin2
1 APP 754014
P01878 Fgfr1 2 MAPT 1.05 x 10712
Abhd14b Gm5591 3 HTT 8.30 x 107"
4 DHT 3.76 x 10710
MAPT
5 VCAN 1.03 x 107%°
Syn1 6 PSEN1 1.81 x 107

Fig. 3. Nonparametric and pathway analysis of CSF proteomic abnormalities caused by Vps35
depletion.

(A) Listed proteins are those detected only in the controls or in the Vps35cKO mice, with
microtubule-associated protein tau (MAPT) indicated in red. (B) Tau protein structural
features are shown in the linear diagram. Peptide region identified by MS/MS is indicated
with an arrow. (C) Scatterplot shows the P value distribution of over 800 proteins identified
by pathway analysis as “regulator” proteins. (D) Listed proteins are the top six regulators,
with lowest Pvalues.
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Fig. 4. Validating BACEL1 substrates and Tau accumulation in mouse CSF.
(A) Immunoblotting with antibodies directed against the N-terminal fragments of APLP1 (n-

APLP1) and CHL1 (n-CHLZ1) in the CSF of a mixed sex cohort of Vps35cKO mice (red
circles) versus controls (black circles) (17= 6 to 8 per genotype; *P< 0.05). Representative
immunoblots are shown on the left. Data are shown as means £ SD (middle). Scatterplots
showing the relationship between n-APLP1 and n-CHL1 in the CSF of Vps35cKO mice
(red circles) and controls (black circles) (7= 14, g = 0.89, £< 0.0001; right). (B) Simoa
assay was used to measure md-Tau in postmortem CSF in a mixed sex cohort of Vps35cKO
mice (red circles) versus controls (black circles) (n7="5 to 9 per genotype; £< 0.00001).
Two-tailed unpaired Student’s ftest was used for the statistical analysis (left). Antemortem
CSF collected from females and males at 3 months (7= 11 to 13 per genotype, < 0.0001)
and 6 months (/7= 8 to 10 per genotype, £ < 0.0001) of age was analyzed using an md-Tau
Simoa assay. A two-way ANOVA Sidak’s multiple comparisons test was used for the
statistical analysis (right). Data are shown as means + SD. (C) Representative Nissl staining
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analysis in the hippocampus of 3-month-old Vps35cKO mice compared with their control
littermates. 7= 6 animals per genotype (£ = 0.8182, in a nonparametric Mann-Whitney test).
Hippocampal CAL region is shown at higher magnification. Scale bars, 200 um. (D) Western
blot analysis of hippocampal tissue from 3-month-old Vps35cKO and control littermates
(control) showing expression of neurotubulin (= 0.0001), presynaptic (PSD95, P=
0.8319), or postsynaptic (synaptophysin, 2= 0.3558) markers. Data are shown as means +
SEM. n7= 6 animals per genotype. Two-tailed unpaired Student’s #test was used for the
statistical analysis (*~ < 0.05). Significance is indicated as *£< 0.05, **P< 0.01, and ***p
< 0.005.
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Fig. 5. The relationship of n-APLP1, n-CHL1, and md-Tau is selectively correlated in the CSF of
patients with Alzheimer’s dementia.

(A) Scatterplots showing the correlations between n-APLP1 and n-CHL1 (left; 7= 316; p =
0.72, P=9.1 x 10748), n-APLP1 and md-Tau (middle; 7= 316; p = 0.6, P= 1.3 x 10730),
and n-CHL1 and md-Tau (right; 7= 316; p = 0.53, A= 1.7 x 10733) in the CSF of patients
with mild to moderate AD. (B) Scatterplots showing the relationships in amyloid-negative
(blue circles) and amyloid-positive (red circles) individuals.
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Fig. 6. The relationship of n-APLP1, n-CHL1, and md-Tau in the CSF of healthy controls and
patients with MCI.

(A) Scatterplots showing the relationship between n-APLP1 and n-CHLL1 (top; 7= 40; p =
0.97, P= 2.4 x 10724), n-APLP1 and md-Tau (middle; 7= 40; = 0.86, P= 1.7 x 10712),
and n-CHL1 and md-Tau (bottom; 7= 40; p = 0.87, P= 2.1 x 10717) in the CSF of healthy
controls. (B) Scatterplot showing the relationship between n-APLP1 and n-CHL1 (top; 7=
21; B =0.97, P=6.5 x 10713) in the CSF of patients with MCI. (C) Scatterplot showing
relationships between n-APLP1 and n-CHL1 (top: healthy control, blue circles; MCls, red
circles) after adjustment for CSF AB42. Scatterplot showing relationships between n-APLP1
and md-Tau (middle; n=21; p = 0.67, £=0.001) and n-CHL1 and md-Tau (bottom; n= 21,
B =0.79, P=0.00002) after adjustment for CSF Ap42.
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Fig. 7. n-APLP1, n-CHL1, and md-Tau in the CSF of healthy controls and patients with
prodromal AD.
A set of 39 healthy controls and 19 prodromal AD classified on the basis of Tau/Ap42 cutoff

for AD (=0.15) were analyzed using the n-APLP1, n-CHL1, and md-Tau assays. Shown is
an in-between group comparison analysis in the corrected concentrations of n-APLP1 (F=
84.2, P=9.4 x 10713) and n-CHL1 (F=78.2, P=3.2 x 10~12) in patients with prodromal
AD versus healthy controls.
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Fig. 8. n-APLP1 and n-CHL.1 are correlated with phosphorylated Tau in the CSF of healthy
controls and patients with AD.

(A) Scatterplots showing the relationship between n-APLP1 and p-tau217 in the CSF of
patients with mild to moderate AD (left; 7= 316; B = 0.36, P= 6.5 x 10711), healthy
controls (middle; 7= 37; p =0.72, P=5.1 x 10~'), and MCls adjusted for CSF Ap42 (right;
n=21;=0.63, P=0.002). (B) Scatterplots showing relationship between n-CHL1 and p-
tau217 in the CSF of patients with mild to moderate AD (left; 7= 316; p = 0.37, P=6.4 x
10711), healthy controls (middle; 7= 37; p = 0.62, P=5.0 x 1075), and MCls adjusted for
CSF Ap42 (right; n=21;  =0.71, P=0.0003).
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