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1 | INTRODUCTION

Abstract

Although pathogenic variants in PSEN1 leading to autosomal-dominant Alzheimer
disease (ADAD) are highly penetrant, substantial interindividual variability in the
rates of cognitive decline and biomarker change are observed in ADAD. We hypoth-
esized that this interindividual variability may be associated with the location of the
pathogenic variant within PSEN1. PSEN1 pathogenic variant carriers participating
in the Dominantly Inherited Alzheimer Network (DIAN) observational study were
grouped based on whether the underlying variant affects a transmembrane (TM)
or cytoplasmic (CY) protein domain within PSEN1. CY and TM carriers and variant
non-carriers (NC) who completed clinical evaluation, multimodal neuroimaging, and
lumbar puncture for collection of cerebrospinal fluid (CSF) as part of their participa-
tion in DIAN were included in this study. Linear mixed effects models were used to
determine differences in clinical, cognitive, and biomarker measures between the NC,
TM, and CY groups. While both the CY and TM groups were found to have similarly
elevated Ap compared to NC, TM carriers had greater cognitive impairment, smaller
hippocampal volume, and elevated phosphorylated tau levels across the spectrum of
pre-symptomatic and symptomatic phases of disease as compared to CY, using both
cross-sectional and longitudinal data. As distinct portions of PSEN1 are differentially
involved in APP processing by y-secretase and the generation of toxic p-amyloid spe-
cies, these results have important implications for understanding the pathobiology of
ADAD and accounting for a substantial portion of the interindividual heterogeneity in
ongoing ADAD clinical trials.

KEYWORDS
Autosomal dominant Alzheimer disease (ADAD), heterogeneity, neurodegeneration,
Presenilin-1, PSEN1

changes that precede AD dementia (Hall & Roberson, 2012; Hsu
et al, 2018). The majority of ADAD disease-causing mutations

The study of autosomal-dominant Alzheimer's disease (ADAD) is a occur in presenilin 1 (PSEN1), in which over 300 distinct patho-

cornerstone for understanding AD pathobio

logy, underpinning most genic variations have been identified (Psen-1|Alzforum, n.d.).

animal models of AD and providing a window into the biomarker Though ADAD-causing PSEN1 variants are highly penetrant, there
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is striking heterogeneity in the observed age of symptom onset
(Lippa et al., 2000; Ryan et al., 2016; Ryman et al., 2014; Wegiel
etal., 1998), biomarker trajectories (Klunk et al., 2007), and cognitive
decline (Ryan et al., 2016; Ryan & Rossor, 2010; Tang et al., 2016)
across individuals with different PSEN1 variants. Particularly when
used as outcome measures in clinical research, this heterogeneity in
biomarker and cognitive measures presents a major challenge for on-
going clinical trials (Buckley & Knopman, 2021; Jutten et al., 2021).

AD biomarkers are playing an increasingly integral role in AD
therapeutic development, as shown by the profound influence that
monitoring reductions in p-amyloid PET signal have had in recent
anti-amyloid, disease modifying therapeutic trials for AD. However,
reductions in p-amyloid burden are not necessarily accompanied by
corresponding improvements in rates of cognitive and functional
decline (Doody et al., 2013; Henley et al., 2019; Honig et al., 2018;
Salloway et al., 2021; Sevigny et al., 2016). Accounting for the inter-
individual variability in rates of cognitive and neurodegenerative
progression could improve the detection of drug effects in clinical
trials. This is especially true in clinical trials with relatively small
sample sizes, including ADAD clinical trials (Bateman et al., 2017,
Salloway et al., 2021).

There is an increasing understanding of the phenotypic diver-
sity of ADAD clinical and pathophysiological presentations associ-
ated with mutations in amyloid precursor protein (APP), PSEN1, and
PSEN2. Most previous studies (Chhatwal et al., 2022; Larner, 2013;
Mann et al., 2001; Pavisic et al., 2020; Ringman et al., 2014; Ryan
et al., 2016; Ryan & Rossor, 2010; Shea et al., 2016; Willumsen
etal., 2021) have implemented broad genotype categories to investi-
gate heterogeneity in ADAD, commonly focusing on differences be-
tween PSEN1, PSEN2, and APP variants or separating PSEN1 variants
based on whether the pathogenic variant occurs prior to codon 200.
More recently, our group applied a more granular approach to cate-
gorizing APP, PSEN1, and PSEN2 pathogenic variant carriers based on
individual protein domains affected. While this approach accounted
for substantial inter-individual heterogeneity in p-amyloid PET, this
categorization was not predictive of individual rates of clinical pro-
gression. In addition, the granularity of this categorization presents
practical challenges in terms of implementation in clinical trials with
relatively small sample sizes. In this context, we examine a simple,
alternative approach to categorizing the many PSEN1 variants in
the Dominantly Inherited Alzheimer's Network observational study
(DIAN-Obs) in a manner that accounts for significant heterogeneity
in ADAD progression while also providing a tool that can be used to
improve the design and analysis of ADAD clinical trial data.

PSEN-1/2 forms the catalytic core of the y-secretase com-
plex and consistent with the complexity of y-secretase function
and its unusual intramembrane proteolytic activity, different do-
mains within PSEN-1/2 likely play unique roles in the endopepti-
dase activity of y-secretase, docking of APP and other substrates,
and in determining the efficiency of processive y-cleavage of Af
peptides. Furthermore, the within membrane cleavage of APP
by y-secretase (endopeptidase activity) is critical for y-secretase
function, and the nature of this enzymatic activity requires the
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direct participation of transmembrane (TM) domains of PSEN1. In
addition, the cytoplasmic portions (CY) of PSEN1, broadly speak-
ing, are important for recruiting APP substrate into the y-secretase
complex, and potentially also for retaining the APP substrate in
the y-secretase complex to allow for successive y-cleavage of
APP (processivity). Therefore, we hypothesized that ADAD may
progress differently in PSEN1 TM versus CY pathogenic variant
carriers. We test this hypothesis using clinical, cognitive, and bio-
marker data from DIAN-Obs.

2 | METHODS
2.1 | Participants

DIAN-Obs enrolls individuals from families carrying a pathogenic
variant in PSEN1, PSEN2, or APP leading to ADAD. We included
individuals carrying PSEN1 pathogenic variants who had com-
pleted B-amyloid positron emission tomography (PET), magnetic
resonance imaging (MRI), clinical and cognitive (Clinical Dementia
Rating® SumBox (Morris, 1993) [CDR®-SB] and Mini-Mental
State Examination (Folstein et al., 1975) [MMSE], respectively) as-
sessment as part of their participation in DIAN-Obs (Figure S1).
Individuals were grouped based on location of the affected protein
domain, namely transmembrane (TM; N=135) or cytoplasmic (CY;
N=65) domains, using annotation available in UniProt (The UniProt
Consortium et al., 2021; Figure 1). DIAN-Obs sibling non-carriers
(NC) were included as a control group (N=202). CY and TM path-
ogenic variant carriers (N=119; mean [SD] follow-up time inter-
val=3.2 [2.1] years) with available data at baseline and at least one

follow-up visit were included in longitudinal analyses.

2.2 | Imaging analyses
2.21 | MRland Ap PET

MRI and PET data acquisition and processing have been described in
detailinprevious studies (Batemanetal.,2012; Benzingeretal.,2013).
DIAN-Obs imaging data were screened for protocol compliance and
artifacts. All sites used a 3T scanner that was qualified for use at
study initiation and was required to pass regular quality control as-
sessments. Accelerated magnetization-prepared rapid acquisition
with gradient echo (MPRAGE) was acquired with repetition time/
echo time =2300/52.95ms and resolution=1.0x1.0x1.2mm>.
Volumetric T1-weighted images were processed using FreeSurfer
5.3 (Fischl, 2012; Fischl et al., 2004) and the Desikan-Killany atlas
to produce regional estimates of grey matter volume within brain re-
gions. Our primary volumetric analyses focused on the hippocampus
(HV) as the a priori region of interest (ROI). In addition to HV, used
for primary analyses, regional exploratory analyses examined the
remaining cortical and subcortical regions (see Figure 3) for which
FreeSurfer data were available. Volumetric measures were averaged
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FIGURE 1 Location of included pathogenic PSEN1 variants included in this study.

TABLE 1 Cross-sectional background characteristics.

Characteristic NCN=202 CYN=65 TMN=135
Female, % 58.5 56.5 62.4
Education, years 15.0(2.8) 14.5 (2.8) 14.6 (3.2)
APOE ¢4 +, % 30.1 41.9 24.0°

Age at visit, years  37.4(11.2) 34.6(10.0°  38.5(10.6)°
AAO, years 48.8(6.3) 467 (7.2) 46.4(7.8)
EYO, years -10.6(11.7)  -10.5(11.7)  -6.8(10.3)*"

Note: Mean (SD) presented unless otherwise specified. Chi-square
and t tests evaluated between-group differences on background
characteristics. Characteristics identified as significantly different
between groups were included as covariates in primary analyses.

Abbreviations: AAO, expected age at symptom onset; CY, cytoplasmic;
EYO, expected years to symptom onset; TM, transmembrane.

“Indicates significant difference from the NC group (p <0.05).
bIndicates significant difference from the CY group (p <0.05).

across left and right hemispheres and adjusted for total intracranial
volume prior to statistical analysis.

PET imaging was performed after a bolus injection of e
Pittsburgh compound B (PiB). p-Amyloid PET acquisition consisted
of a 70-min scan starting at injection or a 30-min scan beginning
40min postinjection. Data in the 40-70min postinjection window
were converted to regional standardized uptake value ratios (SUVRs)
relative to the cerebellar grey matter using FreeSurfer-derived ROIs
(PET Unified Pipeline, https://github.com/ysu001/PUP). Partial vol-
ume correction using a regional spread function technique was em-
ployed (Su et al., 2015). Scanner-specific spatial filters were applied
to achieve a common resolution (8 mm) across PET scanners. A com-
posite SUVR for mean cortical Ap deposition measure was gener-
ated using the average across the left and right lateral orbitofrontal,

medial orbitofrontal, rostral middle frontal, superior frontal, superior
temporal, middle temporal, and precuneus regions (Su et al., 2013,
2016). A composite partial volume-corrected SUVRs for mean corti-

cal Ap deposition measure was generated.

2.3 | CSF analyses

Cerebrospinal fluid (CSF) was obtained using procedures consistent
with the biofluid protocol of the Alzheimer's Disease Neuroimaging
Initiative. CSF assays for AB40, and AB42 and phospho-tau 181 were
performed using an automated immunoassay system (LUMIPULSE
G1200; Fujirebio). CSF samples were additionally analyzed by nano
liguid chromatography coupled to high-resolution tandem mass
spectrometry using parallel reaction monitoring and higher energy C-
trap dissociation fragmentation as previously described (Barthélemy

et al., 2020). Further detail can be found in Supplementary Methods.

2.4 | Statistical analyses

Primary analyses examined potential cross-sectional differences
in clinical and core biomarker measures between the NC, TM, and
CY groups. To evaluate group differences in clinical and cognitive
functioning, HV volume, Ap burden, and phospho-tau levels across
the disease course, we used a series of multi-variate linear mixed
effects models (LMEM; Ime4 package (Bates et al., 2015) in R; see
Supplementary Methods for more details). LMEMs included years
of education (for clinical and cognitive outcomes), age at visit, sex,
APOE ¢4 status, expected years from symptom onset (EYO), Group
(NC, CY, or TM), and an EYO by Group interaction as fixed effects.
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TABLE 2 Differences between the PSEN1 cytoplasmic (CY) carrier, transmembrane (TM) carrier, and non-carrier (NC) groups on
neurodegeneration, amyloid, and clinical outcomes across the disease.

Model outcome Model term TMvs. NC
MMSE Linear EYO* group B [SE]=-0.29 [0.07]
p=2.86e-05
Cubic EYO* group B [SE]=-0.70[0.07]
p<2e-16
CDR-SB Linear EYO* group B [SE]=0.21 [0.04]
p=1.06e-08
Cubic EYO* group B [SE]=0.46 [0.04]
p<2e-16
HV Linear EYO* group B [SE]=-50.69 [20.1]
p=0.012
Cubic EYO* group B [SE]=-138.19 [22.19]
p=1.33e-09
PiB-PET Linear EYO* group B [SE]=0.0 [0.01]
p<2e-16

CY vs.NC TMvs. CY

ns B [SE]=-0.24 [0.08]
p=0.005

ns B [SE]=-0.51[0.11]
p=1.23e-06

ns B [SE] =0.15 [0.05]
p=7.66e-04

B [SE]=0.21 [0.05] B [SE]=0.26 [0.06]

p=1.07e-05 p=2.44e-06
ns ns
ns B [SE]=-86.2[31.7]
p=0.007
B [SE]=0.05 [0.01] ns
p=3.26e-10

Note: Unstandardized beta-weights (B), standard errors (SE), and p values for between group comparisons (TM vs. NC; CY vs. NC; TM vs. CY) for
estimated years to symptom onset (EYO) by group model terms for outcomes of interest. Each outcome measure was first modeled using both cubic
and linear terms for EYO. Cubic fit terms were retained if they significantly improved model fit (MMSE, CDR-SB, and HV) and dropped (PiB-PET)

if they did not significantly improve model fit for each cognitive or biomarker measures. See section 2 and Supplementary Methods for additional
details about the models. Comparisons with p>0.05 are listed as not significant (ns).

As done in previous studies in this cohort (Gordon et al., 2018;
Mishra et al., 2018; Preische et al., 2019), to improve model fit for
CDR-SB, MMSE, and MRI outcome measures, EYO was modeled
as a restricted cubic spline with knots at the 0.10, 0.50, and 0.90
quantiles to allow for assessment of non-linear effects. A random
effect for family membership was included to account for shared
variance that may exist among family members. The linear or cubic
EYO by Group interaction between the CY and TM groups is the
main term of interest and test statistics for this term are reported in
the main results. All other between-group comparisons (TM vs. CY,
TM vs. NC, and CY vs. NC) are reported in Table 2. The Benjamini-
Hochberg method was applied to CSF analyses to account for mul-
tiple comparisons.

3 | RESULTS
3.1 | Description of the cohort

Baseline demographic characteristics are reported in Table 1. The
CY group was younger (mean [SD] age =34.6 [10.0] years old) com-
pared to the TM group (mean [SD] age=38.5 [10.6] years old), had
a higher percentage of APOE ¢4 carriers, and earlier mean EYO
(see Supplementary Methods for calculation of EYO). EYO, chron-
ological age, and APOE ¢4 carrier status were therefore included
as covariates in primary analyses. Notably, chronological age and
EYO measures were statistically similar between the CY and TM
groups in the subset of individuals with available longitudinal data
(Table S2).

3.1.1 | Baseline clinical and cognitive measures vary
between the TM and CY groups across EYO

Both TM and CY groups demonstrated significantly lower MMSE
scores with increasing EYO compared to the NC group (Table 2). In
addition, the TM group had lower MMSE scores with increasing EYO
as compared to the CY group (cubic EYO*Group: B [SE]=-0.51[0.11]
and p=1.23e-06; Table 2). Divergence analyses revealed TM and CY
groups began to diverge on MMSE starting at an EYO=-3.8years
(Figure 2a and Figure S2A) with more rapid MMSE decline in the
TM group.

Similar to results with MMSE, the TM and CY groups exhibited
significantly greater CDR-SB with increasing EYO compared to NC
(Table 2). In addition, the TM group had significantly greater CDR-SB
with increasing EYO as compared to the CY group (cubic EYO*Group:
B [SE]=0.26 [0.06] and p=2.44e-06; Table 2). Divergence analyses
revealed TM and CY groups began to diverge on CDR-SB score start-
ing at an EYO=-0.9years (Figure 2b and Figure S2B), with signifi-
cantly greater increases in CDR-SB in the TM group.

3.1.2 | Baseline regional brain volumes vary
between the TM and CY groups

We next examined whether differences in brain atrophy were pre-
sent across the CY and TM groups using HV. We observed that the
TM group had significantly lower HV with respect to EYO com-
pared to the NC group (Table 2) and CY group (cubic EYO*Group: B
[SE]=-86.22 [31.66] and p=0.007), suggesting greater HV loss for
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FIGURE 2 CY and TM groups differ on clinical, cognitive, and neurodegenerative measures, but not on measures of AD molecular
pathology. Cross-sectional (a) Mini-Mental State Examination (MMSE), (b) Clinical Dementia Rating-SumBox (CDR-SB), (c) hippocampal
volume (mm?), (d) CSF phospho-tau 181 (pg/mL), (e) Composite PiB-PET (SUVR), and (f) CSF Ap 42/40 (pg/mL) values for non-carriers (NC;
grey circles), PSEN1 Cytoplasmic (CY) pathogenic variant carriers (blue triangles), and PSEN1 transmembrane (TM) pathogenic variant carriers
(red squares), as compared to expected years to symptom onset (EYO). The solid line represents the median value of model estimates and
the shaded areas represent the 99% credible intervals around the model estimates derived by the Hamiltonian Markov chain Monte Carlo
analyses. The black dotted lines in panels a-e indicate the first EYO where the TM and CY groups began to significantly diverge on cross-
sectional measures and was determined to the first point where the 99% credible intervals around the difference distribution between the
TM and CY groups did not overlap O (See Figure S2). This corresponds to an EYO of -3.8 for MMSE (a), an EYO of -1.1 for CDR-SB (b), an
EYO of -10.9 for hippocampal volume (c), an EYO of 3.1 for CSF phospho-tau181 (d), and EYO of -8.4 for PiB-PET (e). The blue dot-dashed
line indicates the point of divergence between the CY and TM group curves on cross-sectional hippocampal volume after accounting for
concurrent levels of PiB-PET and CSF phospho-tau 181 in addition to demographic covariates (see section 2 and Supplementary Methods
for additional details). Note that the point of divergence in hippocampal volume is largely unchanged after adjusting for PiB-thePET signal
and CSF phospho-tau 181 levels. Each outcome measure was first modeled using both cubic and linear terms for EYO (see section 2,
Supplementary Methods, and Table 2). Cubic fit terms were retained if they significantly improved model fit (as in panels a-c) and dropped
(as in panels d-f) if they did not significantly improve model fit for each cognitive or biomarker measures (Table 2).

a given EYO in TM carriers compared to CY carriers, particularly as To examine the broader anatomy of neurodegenerative dif-
carriers approached their familial age of symptom onset. Divergence ferences between the TM and CY groups, we also conducted ex-
analyses revealed HV significantly diverged between the TM and CY ploratory volumetric analyses across a set of FreeSurfer-defined

groups starting at an EYO of -10.9 years (Figure 2c and Figure S2C) brain regions. The TM group had significantly smaller volumes in
with greater HV loss in the TM group. many cortical regions including the superior frontal, rostral anterior
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FIGURE 3 Hippocampus and several midline cortical and sub-cortical regions show greater neurodegeneration in TM carriers as
compared to CY carriers. Using FreeSurfer-defined cortical and sub-cortical regions of interest, we compared volumetric measures between
the PSEN1 cytoplasmic (CY) and transmembrane (TM) groups across the disease continuum. A number of midline cortical and subcortical
regions showed greater volume loss with respect to EYO in the TM group versus the CY group (colored regions). Colors depict the EYO at
which divergence between the TM and CY groups was observed. EYO =expected years to symptom onset.

cingulate, isthmus cingulate, precuneus, cuneus, superior parietal,
lateral occipital, fusiform, amygdala, and putamen compared to the
CY group. For the majority of these regions, divergence between
the CY and TM groups was observed at an EYO of approximately
-11vyears (Figure 3). Divergence between the CY and TM groups in
lateral ventricle volume (used here as a measure of central atrophy)
was similarly observed at an EYO of -10.9 years.

3.1.3 | Differences in neurodegeneration across the
CY and TM groups account for variations in cognition

As neurodegenerative and cognitive measures may be linked, we as-
sessed whether group-based differences in HV account for group
differences in cognition. Group differences in HV fully mediated
group differences on MMSE scores. Specifically, the direct effect
(f=-0.57, p=0.004) of PSEN1 grouping on MMSE was not sig-
nificant when HV was included as a mediator (mediator effect was
p=0.67, p<2e-16; residual direct effect was p=-0.12, p=0.460;
Figure S3).

3.1.4 | Differences in p-amyloid and phospho-tau
across the CY and TM groups

Next, we assessed cross-sectional differences between the TM and
CY groups in several available measures of Ap and CSF phospho-tau.
The CY and TM groups did not significantly differ on a cortical com-
posite PiB-PET measure across EYO (linear EYO*Group: B [SE]=0.02
[0.01] and p=0.056; Figure 2e; Table 2). Further exploration of group
differences in the precuneus, one of the earliest regions in ADAD
to accumulate amyloid (Benzinger et al., 2013), revealed there was
also no significant difference between the TM and CY groups in re-
gional amyloid burden across EYO (linear EYO*Group: B [SE]=0.01
[0.01] and p=0.059). Additionally, we examined immunoassay-based
measures of CSF Ap 42/40 ratio and observed no significant differ-
ences between the CY and TM groups (Table S3). This indicates that

despite differences across the CY and TM groups with respect to
CDR-SB, MMSE, and neurodegenerative measures, no clear group
differences were present in these commonly-used measures of -
amyloid burden.

In a subset of individuals with available data (N=225), we next
examined a series of immunoprecipitation mass spectrometry (IP-
MS) based measures of tau phosphorylated at residues 181, 202,
205, and 217. Prior work indicates that these phospho-tau species
change at different points in the course of the disease. As in prior
studies (Barthélemy et al., 2020), ratios of phosphorylated residues
to non-phosphorylated residues were used as the primary mea-
sure of tau phosphorylation at a specific site. While IP-MS pT217/
T217 was significantly different between CY and TM across EYO
(B [SE]=0.09 [0.03] and p=0.018), all other examined IP-MS CSF
phospho-tau proteoforms were statistically similar between the CY
and TM groups (Table S3; Figure S4). The CY and TM groups were
significantly different on immunoassay-based measures of phospho-
tau 181 (B [SE]=1.8 [0.6] and p=0.006; Table S3; Figure 2d).

We performed an additional sensitivity analysis to examine
whether controlling for these core measures of AD pathology im-
pacted the relationship between PSEN1 grouping and HV. Terms
for p-amyloid (PiB-PET composite SUVR) and phospho-tau (CSF
Lumipulse phospho-tau 181) were included as fixed effects in
LMEMs assessing the effects of group membership on HV. Results
remained unchanged. Divergence analyses revealed HV diverged be-
tween the TM and CY groups starting at an EYO of -10.1 (Figure 2c)
after these additional measures of AD pathology were included in

the model as covariates.

3.1.5 | Alternative variant grouping does not
account for neurodegenerative, clinical, or cognitive
heterogeneity

Several studies, have investigated the association between bio-
markers and ADAD genotype by grouping PSEN1 pathogenic vari-
ant carriers based on whether the pathogenic variant occurs before
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or after codon 200 (Chhatwal et al., 2022; Ryan et al., 2016; Tang
et al., 2016). As previously described (Chhatwal et al., 2022), our

group reported higher cortical and striatal Ap burden in individuals

with pre-codon 200 PSEN1 pathogenic variants compared to post-
codon 200. However, in this previous study, no significant differ-
ences between groups were observed in CDR-SB or CSF Ap42/40.
Therefore, to further examine the potential utility of the TM/CY
categorization compared to the pre-/post-codon 200 categorization,
we assessed several biomarker and cognitive outcomes not evalu-
ated in the previous report (i.e., MMSE, hippocampal volume, and
CSF phosph-tau181; term of interest: EYO*group) using the codon-
based categorization approach. We observed that individuals with
variants located pre-codon 200 did not significantly differ on any
of the outcomes of interest compared to the post-codon 200 carri-
ers (Figure S5), suggesting that the CY-TM categorization may have
greater utility compared to the codon-based approach for these
neurodegenerative, clinical, and cognitive measures.

3.1.6 | Longitudinal analyses of clinical,
cognitive, and biomarker measures support cross-
sectional findings

Using longitudinal clinical, cognitive, and MRI data from PSEN1
pathogenic variant carriers (TM group N=75 and CY group N=44;
Figure 4a,d,g), we explored whether rates of change in MMSE,
CDR-SB, and HV differed between CY and TM pathogenic vari-
ant carriers (See Figure 4b,e,h). Similar to the results using cross-
sectional data, we observed that the TM group had significantly
greater annualized rates of change on MMSE after baseline EYO of
-3.4years (t [50]=2.57, p=0.013; Figure 4f) and HV atrophy after
baseline EYO of -10.7 years (t [57]=2.90, p=0.005; Figure 4i) com-
pared to the CY group. The TM and CY groups were similar on rates
of change in CDR-SB (t [41]=1.31, p=0.196; Figure 4c), however.

4 | DISCUSSION

In this observational study of individuals with ADAD, we investi-
gated whether cross-sectional and longitudinal clinical, cognitive,
and biomarker trajectories differed based on the portion of PSEN1
affected by the pathogenic variant. We observed that individuals
carrying a pathogenic variant affecting one of the nine transmem-
brane domains of PSEN1 had more rapid clinical, cognitive, and
neurodegenerative progression of disease compared to those with
variants affecting cytoplasmic domains. Differences in brain atrophy
between TM and CY carriers were observed across a wide set of
AD-relevant brain regions, including the hippocampus. While meas-
ures of tau pathology (including phospho-tau 181 and 217) differed
between the CY and TM groups as well, though to a lesser extent,
amyloid burden was not significantly different across the CY and TM
groups. This suggests that differences in brain atrophy and cognitive
trajectories may not be directly explained by core measures of AD

pathology. Taken together, these results suggest that accounting for
whether underlying pathogenic variants affect CY or TM domains
may be beneficial in the design and analysis of ADAD clinical trials.

Notably, group differences in HV, lateral ventricle size, and mid-
line cortical regions between the CY and TM groups were present
10years or more prior to the expected age of symptom onset. Many
of the regions of interest that varied between the CY and TM groups
have been previously implicated in AD progression, including the
precuneus, posterior cingulate, and isthmus cingulate. Observed
differences between the CY and TM groups on HV were indepen-
dent of concurrent levels of AR PET or CSF phospho-tau 181. In
line with these results, past studies have identified TM pathogenic
variants with impairments in intracellular calcium regulation (Psen-
1|Alzforum, n.d.), raising the possibility that dysregulation of calcium
homeostasis may contribute to downstream neurodegeneration in-
dependent of Ap and tau. Additionally, the y-secretase complex is
involved in the processing of many protein substrates beyond APP
(De Strooper et al., 1998; Wolfe et al., 1999), and it remains possi-
ble that dysregulation of non-APP-related signaling pathways (e.g.,
NOTCH signaling) may partially account for the effects seen here.
The wide anatomical distribution of these gray matter volume ef-
fects observed across the PSEN1 groups suggest that TM variants as
a group may alter APP processing in a manner that is fundamentally
more neurotoxic as compared to CY variants.

With respect to clinical and cognitive impairment, we observed
that on CDR-SB in both the CY and TM groups began to diverge from
NC at a similar EYO and that the CY and TM groups had similar age
of familial symptom onset. However, the findings here indicate that,
compared to CY carriers, TM carriers may have more rapid decline in
cognitive performance and functional status once the decline phase
of ADAD has begun. Consistent with prior literature that suggests
brain tissue loss is a proximal cause of cognitive decline and func-
tional impairment (Jack et al., 1992; Risacher et al., 2010), the TM
and CY group differences on clinical and cognitive measures were
fully statistically mediated by group differences in HV change across
EYO. Longitudinal analyses of HV, CDR-SB, and MMSE largely mir-
rored cross-sectional findings, and demonstrated that individuals
with a pathogenic variant in TM domains have greater rates of de-
cline on cognitive and neurodegenerative measures across the EYO
spectrum compared to CY carriers. These longitudinal observations
further support the potential importance of considering pathogenic
variant location in current and future ADAD clinical trials.

We observed no group differences between the CY and TM
groups across several imaging and biofluid measures of Af pathol-
ogies and small differences on tau measures. Previous work examin-
ing variant-dependent heterogeneity in CSF and PET measures of Ap
found grouping individuals with pathogenic variants in PSEN1, PSEN2,
or APP based on the affected protein domain accounted for variability
in AB biomarkers (Chhatwal et al., 2022). However, in this previous
work, some TM groups were observed to have relatively high lev-
els of AB PET signal (e.g., TM domains 3 and 5) whereas others were
observed to have relatively low levels of Ap PET signal (e.g., TM do-
mains 6 and 8). This variation in Ap PET within individual TM domain
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FIGURE 4 TM carriers demonstrate more rapid longitudinal cognitive decline and neurodegeneration as compared to CY carriers.
Individual longitudinal trajectories, extracted annualized slopes, and group comparisons for CDR-SB (a-c), MMSE (d-f), and HV (g-i) for TM
(red) and CY pathogenic variant carriers (blue) are depicted. t tests were performed to compare CY versus TM annualized rates of change in
CDR-SB (c), MMSE (f), and HV (i) using the extracted slopes from individuals with a baseline EYO greater than or equal to the cross-sectional
EYO divergence point across the TM and CY groups (See Figure 2; EYO = -0.9 years for CDR-SB, EYO 2 -3.4years for MMSE, and EYO 2
-10.7 years for HV). CDR-SB, Clinical dementia rating-SumBox score; CY, cytoplasmic domain; EYO, expected years to symptom onset; HV,
hippocampal volume; MMSE, Mini-Mental State Examination; TM, transmembrane domain.

groupings may help explain the lack of an observed difference in
AP PET signal between the TM and CY groups observed here, as all
TM domains were grouped together. More importantly, a consistent
finding here and in this prior report is that levels of Ap burden do
not consistently mirror cognitive and neurodegenerative trajectories
in ADAD. It remains possible that the TM and CY group differences

observed here may be underpinned by toxic but as-yet unmeasured
Ap species. Indeed, less-commonly studied monomeric (especially
Ap 43, 38, and 37), membrane retained (Ap 45-49) and oligomeric
forms of Ap have been associated with AD diagnosis and progression
(Devkota et al., 2021; Liu, Kwak, et al., 2021; Liu, Lauro, et al., 2021).
In this context, future studies examining a broader set of Af species
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and potentially neurotoxic changes in the processing of non-APP y-

secretase substrates will be needed to identify the mechanisms that
underlie the observed differences between the CY and TM groups.

Consideration of the study population and several methodologic
limitations are important to the interpretation of the results pre-
sented. The TM and CY groups differed on APOE ¢4 carriage and
baseline EYO. Though these differences were addressed in statis-
tical models for cross-sectional analyses and were not observed
within the subset of individuals with longitudinal data, these dif-
ferences remain possible confounders. Similarly, there also may be
other unknown genetic, environmental, or ascertainment differ-
ences between groups. It is also notable that a consistent APOE ¢4
carrier state effect on disease progression has not been consistently
seen in ADAD. Additionally, while we employed a broad categoriza-
tion of genotypes that may be useful for clinical trials and analysis,
there remains substantial variability within the TM and CY groups.
Information at the level of individual pathogenic variants will be
needed to better identify endophenotypes within the CY and TM
groups and, more broadly, among the many known ADAD pathogenic
variants. On a related note, while this initial examination of variant-
dependent heterogeneity in clinical, cognitive, and biomarker mea-
sures made use of an a priori categorization of pathogenic variants
(based on whether the underlying variant affects CY or TM domains
in PSEN1), future work integrating biochemical information at the
individual mutation-level will likely be needed to better elucidate the
mechanisms that lead to the clinical and cognitive heterogeneity ob-
served across the TM and CY groups.

Despite these limitations, the results here support a distinction
between ADAD-causing pathogenic variants that impact CY versus
TM regions within PSEN1, whereby TM carriers have more rapid
neurodegeneration, clinical and functional decline as compared to
CY carriers. Looking forward, these results have implications both
for understanding the heterogeneity in ongoing ADAD clinical trials
(Rabinovici, 2021), especially those employing HV or other struc-
tural MRI measures as secondary outcome measures. More broadly,
these results suggest that understanding heterogeneity across the
large number of ADAD causing pathogenic variants may be import-
ant both to the success of ADAD clinical trials and, more fundamen-

tally, to our understanding of AD pathobiology.
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