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ABSTRACT 43 
Background:  44 
Genetic variants that cause autosomal dominant Alzheimer’s disease are highly 45 
penetrant but vary substantially with respect to age at symptom onset (AAO; ranging 46 
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from ages <30 to >70), rates of cognitive decline, and biomarker changes. Most 47 
pathogenic variants that cause autosomal dominant Alzheimer’s disease are in PSEN1, 48 
which encodes the catalytic core of γ-secretase, an enzyme complex critical to the 49 
production of β-amyloid. We investigated whether the heterogeneity seen in AAO and 50 
biomarker trajectories in PSEN1 pathogenic variant carriers can be predicted based on 51 
the effects of individual PSEN1 variants on γ-secretase activity and β-amyloid 52 
production.  53 
 54 
Methods: -secretase activity was measured in 161 PSEN1 variants using genetically-55 
modified HEK293T cells. A summary measure of -secretase activity (GSC; 56 
short Aβ37+38+40

long Aβ42+43
  ) was calculated for each variant and compared to clinical history-57 

derived AAO. Further, using cross-sectional and longitudinal data from 190 pathogenic 58 
variant carriers participating in the Dominantly Inherited Alzheimer’s Network 59 
Observational Study (DIAN-Obs; sites across the United States, Europe, South 60 
America, and Asia; data collected between Feb 29, 2008 and July 1, 2020) we 61 
assessed relationships between variant-level γ-secretase activity and in vivo clinical, 62 
cognitive, cerebrospinal fluid, and neuroimaging measures.  63 
 64 
Findings: Variations in -secretase activity across the 161 PSEN1 mutations examined 65 
were highly predictive of AAO (r[159] = 0.58, p < 0.0001). Variations in -secretase 66 
activity were also strongly correlated with all examined clinical (CDR-SB: B[SE] = -67 
0.05[0.02], p = 0.003), cognitive (including MMSE: B[SE] = 0.08[.03], p = 0.004), and in 68 
vivo biomarker measures (including cortical Aβ PET burden: (B[SE] = -0.03[0.01], p < 69 
0.0001, MRI-based hippocampal volume: B[SE] = 37.35[6.3], p < 0.0001, and CSF 70 
pT217: B[SE] = -0.009[0.002], p =0.0007) in human PSEN1 carriers.  71 
 72 
Interpretation: Our findings suggest that clinical heterogeneity in autosomal dominant 73 
Alzheimer’s disease can be at least partly explained by different effects of PSEN1 74 
variants on -secretase activity and downstream β-amyloid production. In addition to 75 
supporting a critical link between β-amyloid production and Alzheimer’s disease 76 
progression, these results support targeting the -secretase complex as a therapeutic 77 
approach and the incorporation of -secretase activity measures into autosomal 78 
dominant Alzheimer’s disease clinical trials. Lastly, these results suggest cell-based 79 
models such as those used here may represent a powerful and clinically relevant tool to 80 
assess Alzheimer’s disease genetic variants of unknown significance or to predict 81 
symptom onset in cases with limited family history.  82 
 83 
Funding: The National Institute on Aging, the Alzheimer’s Association, the German 84 
Center for Neurodegenerative Diseases, and the Japan Agency for Medical Research 85 
and Development.86 
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INTRODUCTION 87 
Although only ~1% of all people who have Alzheimer’s disease have autosomal 88 
dominant forms,1 autosomal dominant Alzheimer’s disease plays a disproportionately 89 
large role in our understanding of the biological basis of both late-onset, sporadic forms 90 
of Alzheimer’s disease and genetically-driven forms of Alzheimer’s disease. All known 91 
autosomal dominant Alzheimer’s disease-causing mutations appear to impact either the 92 
expression level or metabolism of Amyloid Precursor Protein (APP) or by affecting 93 
activity of the γ-secretase complex. The study of autosomal dominant Alzheimer’s 94 
disease mutations has broadly influenced the field, including the development of many 95 
transgenic animal models of Alzheimer’s disease and in the development Alzheimer’s 96 
disease therapeutics.  97 
 98 
Despite the nearly complete penetrance of autosomal dominant Alzheimer’s disease -99 
causing pathogenic variants, the age at which patients develop symptoms of cognitive 100 
impairment (AAO) and the rate at which Alzheimer’s disease progresses varies 101 
substantially across the many known autosomal dominant Alzheimer’s disease variants. 102 
Indeed, AAO for autosomal dominant Alzheimer’s disease mutations can vary from the 103 
20s to the 70s,1,2 suggesting that, while all variants appear to be penetrant, different 104 
mutations may be more or less potent in driving Alzheimer’s disease progression. 105 
 106 
An increase in production of longer, aggregation-prone Aβ fragments (e.g., Aβ 42 and 107 
43) relative to shorter, non-aggregating fragments (e.g., Aβ 37 and 38) by neurons is a 108 
critical initiating pathogenic event in both late onset3 and autosomal dominant4,5 109 
Alzheimer’s disease. The relative balance between production of aggregating and non-110 
aggregating forms of Aβ influences neurotoxicity6 and is a direct result of the efficiency 111 
and kinetics with which the γ-secretase proteolytic complex cleaves APP7–11. Subtle 112 
alterations in γ-secretase activity can lead to profound neurodegenerative and cognitive 113 
consequences, while modulation of γ-secretase has therapeutic potential.6,10,12–15 Over 114 
200 pathogenic variants in Presenilin-1 (PSEN1), the key catalytic subunit in the γ-115 
secretase complex, have been identified and are the most common causes of 116 
autosomal dominant Alzheimer’s disease16. Similar to heterogeneity in clinical and 117 
Alzheimer’s disease biomarker progression seen in late onset Alzheimer’s disease, 118 
there is striking heterogeneity in AAO and rates of cognitive and biomarker change17–20 119 
across carriers of PSEN1 pathogenic variants.  120 
 121 
Intriguingly, prior work suggests some pathogenic PSEN1 variants might not 122 
significantly alter the absolute amounts of Aβ42 production21,22, indicating that more 123 
thorough investigation is needed to understand how these pathogenic variants lead to 124 
autosomal dominant Alzheimer’s disease and the mechanisms that cause earlier versus 125 
later disease onset and progression. Findings from our group23 and others15,24 suggest 126 
that probing the ratios of short-to-long Aβ peptide production across autosomal 127 
dominant Alzheimer’s disease pathogenic variants may help us understand the 128 
observed heterogeneity in these populations. Petit and colleagues24 investigated the 129 
utility of examining ratios of short-to-long Aβ peptide production by γ-secretase for 130 
predicting estimated AAO by performing an analysis of 25 autosomal dominant 131 
Alzheimer’s disease-causing PSEN1 variants and generating Aβ profiles in vitro; they 132 
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showed that a ratio of short-to-long Aβ peptide production by the γ-secretase complex 133 
may be predictive of AAO.  134 
 135 
Here, we examine a large set of PSEN1 pathogenic variants with AAO ranging from the 136 
20s to the 70s and functionally characterize APP processing by the γ-secretase 137 
complex for each variant. We then compare this mutation-level characterization of γ-138 
secretase function to cross-sectional and longitudinal clinical, cognitive, biofluid, and 139 
neuroimaging data from people affected by autosomal dominant Alzheimer’s disease, 140 
and thereby test whether the heterogeneity seen in by autosomal dominant Alzheimer’s 141 
disease can be partly explained by mutation-level variations in the enzymatic activity of 142 
the γ-secretase complex. 143 

 144 
METHODS 145 
Study design  146 
We performed cross-sectional and longitudinal analyses of data from participants who 147 
were enrolled in the Dominantly Inherited Alzheimer Network observational study 148 
(DIAN-Obs). Data from DIAN-Obs data freeze version 15 (last data from June 30, 2020) 149 
were utilized. We included individuals with PSEN1 pathogenic variants and relevant 150 
genetic, clinical, imaging, and cerebrospinal fluid (CSF) data. Participants in DIAN-Obs 151 
provided informed consent prior to the completion of any study procedures in 152 
accordance with the local institutional review boards of each participating site. DIAN-153 
Obs study procedures have received ethics approval at Washington University (MO, 154 
USA) and all participating sites. 155 
 156 
Participants 157 
Data were included from 190 people carrying PSEN1 pathogenic variants.  Within this 158 
sample, 56 unique PSEN1 pathogenic variants were represented.  These 56 variants 159 
were characterized via cell-based methods (see Figure 1A, Table 1, and appendix pg 160 
10). Detailed protocols for DIAN-Obs have previously been published and are described 161 
in supplemental methods.  162 
 163 
Clinical evaluators were blind to the mutation status of participants. As part of their 164 
enrollment in DIAN-Obs, participants undergo comprehensive clinical and cognitive 165 
evaluations. Clinical Dementia Rating (CDR®) Sum of Boxes (SB) was assessed for 166 
each participant using structured interviews, as previously described25. Mini-Mental 167 
State Examination (MMSE) and Wechsler Memory Scale-Revised Logical Memory 168 
Delayed Recall26 are sensitive global cognition and memory performance and were 169 
selected a priori as our cognitive measures of interest.  170 
 171 
Procedures 172 
Functional assays of γ-secretase activity were performed for 161 unique PSEN1 173 
variants, including 56 unique variants represented in DIAN-Obs and data from the 174 
remaining, non-overlapping, 105 unique variants previously characterized by our 175 
group,23 and wild-type PSEN1. Using methods detailed appendix pg 1-2 and a prior 176 
report using this model system, each PSEN1 variant or normal PSEN1 was sub-cloned 177 
and placed into the PcDNA 3.1 expression vector23. Subsequently, each variant was co-178 
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transfected with a plasmid encoding wild-type human APP-C99 (99 amino acid fragment 179 
of the APP C-terminus) into HEK293T cells genetically depleted of PSEN1 and 180 
PSEN223. Creation of this cell line and transient transfection procedures are described 181 
in appendix pg 1 and 22. Conditioned media from transfected HEK cells was harvested 182 
and diluted with 1% BSA in wash buffer (TBS supplemented with 0.05% Tween). Aβ37, 183 
38, 40, 42, and 43 immunoassays were performed in triplicate and averaged as 184 
previously described23 (see appendix pg 2). As the wildtype or variant PSEN1 were 185 
transiently expressed in the cells, to normalize the amount of secreted Aβ peptides from 186 
different transfectants, we further used a ratio between a specific secreted Aβ and the 187 
total secreted Aβ C-terminal variants (37+38+40+42+43) as has been done 188 
previously23,24. We leveraged prior literature3,23,24,27 suggesting a measure of the 189 
efficiency of successive cleavage (-processivity) of A fragments can be used to 190 
summarize -secretase activity. Building on the work of Petit and colleagues24, -191 

secretase activity composite was summarized as a ratio of 
short Aβ37+38+40

long Aβ42+43
. To aid in the 192 

interpretability of the ratio, we used this ratio as a percent relative to the production 193 
seen in the same model system following transfection with wildtype PSEN1 (Gamma 194 
Secretase Composite; GSC = variant PSEN1 -secretase activity composite / wildtype 195 
PSEN1 -secretase activity composite * 100). 196 
 197 
For DIAN-Obs study participants, AAO was determined through structured interviews to 198 
determine the age at onset of progressive cognitive decline for the participant and their 199 
first degree relative(s)25. For the remaining 105 unique variants previously characterized 200 
by our group23 (but not represented in DIAN-Obs) the previously reported AAO (derived 201 
from literature review)23 was used for the current analyses. 202 

 203 
Imaging and Fluid Biomarker Analyses 204 
Detailed protocols for A and brain metabolism positron emission tomography (PET), 205 
magnetic resonance imaging (MRI), and CSF studies are described in supplemental 206 
methods (appendix pg 3-5 and 23) and in previously published work20,25,28–30. Cerebral 207 
A load was measured using [11C]Pittsburgh Compound B (PiB) PET, and brain glucose 208 
metabolism was measured with [18F] Fluorodeoxyglucose (FDG)-PET. Partial volume 209 
corrected values were used in all analyses. FreeSurfer v 5.3 defined regional measures 210 
(appendix pg 23) were derived from MRI data. CSF A42, A40, and phosphorylated-211 
tau181 levels were measured using an automated immunoassay system (LUMIPULSE 212 
G1200, Fujirebio, Malvern, PA, USA). Phosphorylated-tau 217 (pT217/T217) values 213 
were derived from immunoprecipitation-mass spectrometry (IP-MS) as previously 214 
described28 (appendix pg 5).  215 
 216 
Statistical Analyses  217 
Individuals from DIAN-Obs were included in cross-sectional analyses if they had 218 
completed at least one Aβ PET scan, MRI scan, and at least one cognitive assessment 219 
(Figure 1A). A subset of individuals also had [18F] FDG-PET (n=162) and CSF (n=157) 220 
available for cross-sectional analyses. Longitudinal data were available from 154 DIAN-221 
Obs participants (appendix pg 10). 222 
 223 
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Statistical analyses were performed using R version 4.0.3. As described in more detail 224 
in the supplemental methods (appendix pg 6-8). Pearson correlations were used to 225 
assess associations of GSC with AAO. Next, in order to demonstrate the potential utility 226 
of using the GSC to predict an approximate AAO for novel pathogenic variants and/or 227 
when a clinical history is not available, we first generated a linear model that defined the 228 
linear relationship of γ-secretase activity to the literature-derived AAO in the 105 PSEN1 229 
variants characterized previously and not represented in DIAN-Obs (𝐴𝐴𝑂 ~ ̂  28.14 +230 
 0.27 ∗ GSC). We next used this equation to predict AAO for the 56 variants included in 231 
the DIAN-Obs (AAOgsc; appendix pg 11-15). 232 
 233 
Linear mixed effect models (LMM) including fixed effects for age, self-reported sex, and 234 
GSC were employed to assess associations between the cell-based γ-secretase activity 235 
and multi-modal biomarker and clinical data from DIAN-Obs. Similar to prior work from 236 
DIAN-Obs, a random effect for family membership was included in each linear mixed 237 
effects model. Separate models were used to assess associations with each clinical, 238 
cognitive, or biomarker outcome measure, focusing on PiB-PET, FDG-PET, CSF Aβ 239 
42/40, CSF log10(phosphorylated-tau 181), CSF log10(pT217/T217), hippocampal 240 
volume, CDR-SB, MMSE, and logical memory delayed (see supplemental methods; 241 
appendix pg 6-8). Years of education was included as an additional fixed effect term in 242 
models examining cognitive and clinical outcomes. The output of each LMM is reported 243 
as unstandardized beta coefficients (B), the corresponding standard error [SE], and p-244 
value. 245 
 246 
LMM were similarly constructed but made use of an annualized rate of change for each 247 
outcome of interest (appendix pg 6). Additional analyses made use of a tertile split of 248 
GSC scores to visualize how clinical, cognitive, and biomarker trajectories can be 249 
understood in the context of γ-secretase activity. Exploratory, regional analyses 250 
comparing PiB-PET standardized uptake value ratios (SUVRs), grey matter volumes, 251 
and FDG-PET SUVRs across PSEN1 carriers with variants in the lowest (most 252 
pathogenic; GSC ≥ 33.7% relative to wildtype) vs. highest (least pathogenic; GSC ≤ 253 
51.6% relative to wildtype) tertiles of GSC.  254 
 255 
Lastly, to visualize how variant differences in -secretase activity may lead to distinct 256 
patterns of autosomal dominant Alzheimer’s disease progression, we plotted the core 257 
clinical, cognitive, and biomarker measures across the lifespan after splitting PSEN1 258 
pathogenic variants into tertiles based on GSC using data from the DIAN-Obs study. To 259 
complement this group-level analysis and to model how cell-based -secretase activity 260 
scores may predict individual disease trajectories in clinical and clinical research 261 
settings, we also used all available data to visualize putative disease trajectories for 2 262 
hypothetical individuals carrying mutations with 25% and 75% GSC, respectively. 263 

 264 
Role of the funding source  265 
The funders of the study had no role in study design, data collection, data analysis, data 266 
interpretation, or writing of the report. 267 
 268 
RESULTS 269 
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 270 
Grouping together in vitro HEK293T cell-based Aβ production for all 161 variants 271 
(Figure 1B and appendix pg 11-17), median (sd) levels relative to wildtype PSEN1 for 272 
Aβ37, 38, and 40 were 46.49% (44.4), 51.49% (51.4), and 85.13% (64.2). This indicates 273 
that, as a group, PSEN1 pathogenic variants decrease the processive -cleavage of Aβ 274 
by -secretase (-processivity), leading to a decrease in these fully processed (shorter) 275 
Aβ peptides. Additionally, relative levels of Aβ42 and 43 across variants were higher 276 
compared to that observed with wildtype PSEN1 (median (sd) = 182.41% (221.1) and 277 
158.96% (1174.4), respectively; Figure 1B).  278 
 279 
Next, we assessed relationships between the relative concentrations of Aβ species, 280 
using the GSC, produced by each variant and AAO. Lower GSC values (Pearson’s 281 
correlation [degrees of freedom], p-value: r[159] = 0.58, p < 0.0001) were associated 282 
with earlier AAO (Figure 1C).  283 
 284 
We further examined the potential utility of using the GSC to predict an approximate 285 
AAO for novel pathogenic variants and/or when a clinical history is not available. There 286 
was high correlation between the history-derived AAO and the GSC-derived AAO 287 
(AAOgsc) in the subset of variants represented in DIAN-Obs (r [54] = 0.59, p < 0.0001; 288 
appendix pg 11-15). 289 
 290 
The location of the PSEN1 mutation with respect to the affected region within the 291 
PSEN1 protein (Figure 1D) did not directly map onto the history derived AAO 292 
determined for each DIAN-Obs participant (colored circles, Figure 1D). Furthermore, for 293 
sites within the protein for which multiple variants were present (e.g., Met146 for which 294 
there were 3 variants characterized) substantial variation in GSC was observed based 295 
on the substituted amino acid (Figure 1D and appendix pg 11-15).  296 
 297 
In the DIAN-Obs study sample (n = 190 people, representing 56 unique PSEN1 298 
variants), lower GSC (decreased -secretase activity relative to wildtype) was 299 
associated with higher levels of mean cortical Aβ burden (B[SE] = -0.03[0.01], p < 300 
0.0001; Figure 2A and appendix pg 18) as assessed by A PET, after controlling for 301 
demographic factors. Exploratory regional analyses revelated that the significant 302 
association between variant-level GSC and Aβ-PET signal was observed in many 303 
cortical regions, especially the precuneus and the cingulate regions (Figure 2D).  304 
 305 
We next examined associations between the variant-level GSC and commonly used 306 
imaging biomarkers of neurodegeneration. Both MRI-based hippocampal volume (B[SE] 307 
= 37.35[6.3], p < 0.0001; Figure 2B and appendix pg 18) and precuneus FDG-PET 308 
signal (B[SE] = 0.004[0.001], p = 0.001; Figure 2C and appendix pg 18) were highly 309 
associated with the GSC, after controlling for demographic factors. Exploratory regional 310 
analyses revealed that the cell-based GSC significantly was associated with widespread 311 
grey matter volume differences across PSEN1 variant carriers, most notably in the 312 
hippocampus, amygdala, temporal regions, precuneus, and posterior cingulate (Figure 313 
2E), as well as differences in glucose metabolism including the precuneus, parietal, and 314 
frontal regions (Figure 2F). 315 
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 316 
Using established CSF measures of Alzheimer’s disease pathology, we observed that 317 
variants with lower GSC were associated with lower CSF Aβ 42/40 (B[SE] = 5.32e-318 
04[1.4e-04], p = 0.0004; Figure 2G and appendix pg 19), higher CSF ELISA 319 
log10(phosphorylated-tauT181) levels (B[SE] = -0.007[0.002], p = 0.0003; Figure 2H and 320 
appendix pg 19), and higher CSF IP-MS log10(pT217/T217) levels (B[SE] = -321 
0.009[0.002], p =0.0007; Figure 2I and appendix pg 19). 322 

 323 
 324 
The cell-derived GSC levels were associated with MMSE (B[SE] = 0.08[.03], p = 0.004; 325 
Figure 2J and appendix pg 20), CDR-SB (B[SE] = -0.05[0.02], p = 0.003; Figure 2K and 326 
appendix pg 20), and logical memory-delayed scores (B[SE] = 0.09[.02], p = 0.0006; 327 
Figure 2L and appendix pg 20).  328 
 329 
We next assessed how longitudinal rates of change in core biomarker, clinical, and 330 
cognitive measures of interest (Figure 3A, C, E, and G) may be related to cell-based 331 
measures of -secretase activity, summarized using the GSC. Variants with lower (more 332 
pathogenic) GSCs were associated with faster increase in β-amyloid PET signal (B[SE] 333 
= -7.5e-04[3e-04], p = 0.005; Figure 3B and appendix pg 21), as well as more rapid 334 
decreases in hippocampal volume (B[SE] = 4.19[0.8], p < 0.0001; Figure 3D and 335 
appendix pg 21), MMSE (B[SE] = 0.02[0.01], p = 0.002; Figure 3F and appendix pg 21), 336 
and logical memory-delayed (B[SE] = 0.004[0.001], p = 0.0003; Figure 3H and appendix 337 
pg 21). 338 
 339 
Visualization of the core clinical, cognitive, and biomarker measures across the lifespan 340 
depicted within low-, middle-, and high- GSC PSEN1 pathogenic variant in 341 
corresponding pathogenic variant carriers in DIAN-Obs (Figure 4A-C),as well as 342 
visualizations of the putative disease trajectories for 2 hypothetical individuals carrying 343 
mutations with 25% and 75% GSC, respectively (Figure 4D-I) demonstrate that variants 344 
with lower GSC (i.e., greater impairment in -secretase activity) exhibit an earlier shift in 345 
the age at which cognitive symptoms and biomarker changes become evident. Notably, 346 
a similar pattern was seen when using estimated years to symptom onset (EYO; 347 
calculated by subtracting history-derived AAO from the participant’s age) rather than 348 
age (appendix pg 24). This suggests that cell-based assessments of -secretase add to 349 
the prediction of disease trajectories even after history-derived information about AAO is 350 
included in statistical models.  351 
 352 
However, while a shift in the timing of symptom and biomarker changes was seen 353 
across a range of -secretase activity, it is notable that elevations in pathological A 354 
burden (higher A PET or lower CSF A42) and tau (higher CSF phosphorylated-355 
tau181) appear to be early events across all tertiles and precede changes in 356 
neurodegenerative markers (hippocampal volume, FDG PET) and clinical measures of 357 
impairment (CDR-SB). Together, these results suggest that, while mutation-level 358 
variations in -secretase activity may impact AAO and rate of autosomal dominant 359 
Alzheimer’s disease progression, the ordering of clinical, cognitive, and biomarker 360 
changes is not itself fundamentally altered by differences in -secretase activity.  361 
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 362 
 363 
DISCUSSION: 364 
Using a cell-based model system to assess the production of a broad set of Aβ 365 
peptides, we observed that mutation level differences in γ-secretase processing of APP 366 
strongly predicted the age at which progressive cognitive symptoms are manifest (AAO) 367 
for a given variant. In addition to predicting AAO, we observed that a summary measure 368 
of γ-secretase activity (GSC) was associated with the rates of functional and cognitive 369 
decline. GSC was also associated with all fluid and imaging biomarker measures we 370 
examined, including CSF measures of Alzheimer’s disease pathology, A PET, FDG-371 
PET, and MRI gray matter volumes. These results suggest that accounting for mutation-372 
level γ-secretase dysfunction may clarify treatment effects in autosomal dominant 373 
Alzheimer’s disease clinical trials and may also be useful in predicting approximate AAO 374 
and disease trajectories for PSEN1 pathogenic variant carriers that have novel variants 375 
or carry a pathogenic variant that lacks sufficient clinical history. Mechanistically, these 376 
results highlight the importance of γ-secretase activity on Alzheimer’s disease 377 
pathobiology and provide support for γ-secretase modulation as a potentially powerful 378 
Alzheimer’s disease therapeutic and preventative strategy31.  379 
 380 
These results here are concordant with recent findings from Petit and colleagues24, who 381 
used virally induced mouse embryonic fibroblasts to characterize 25 PSEN1 variants, 382 
finding correlations between variant-level Aβ production and AAO. Building on this prior 383 
work and using the same composite measure of variant level γ-secretase activity, we 384 
used a high-throughput human cell-based model system to characterize a large set of 385 
PSEN1 variants, including some with available cross-sectional and longitudinal data in 386 
corresponding PSEN1 variant carriers. Specifically, we observed that within two 387 
datasets – 105 PSEN1 variants with available AAO, and an additional 56 PSEN1 388 
variants with full clinical and biomarker data – that a composite measure of Aβ peptide 389 

production and -secretase activity (
Aβ37+38+40

Aβ42+43
 ) expressed as a percent relative to 390 

wildtype PSEN1 (GSC) was predictive of AAO. In contrast, initial work by Sun and 391 
colleagues32, using a cell-free assay, showed no clear relationship between variant-level 392 
Aβ 42/40 production and AAO. However, the cell-free assay used in this prior study 393 
destabilizes PSEN133, which may lead to more severe pathogenic variants not 394 
producing Aβ. Furthermore, an extended re-analyses of these data34, after removing an 395 
outlier, contradicted these initial results and support the current finding that -secretase 396 
activity and Aβ production ratios are associated with AAO.  397 
 398 
We observed a small number of pathogenic variants (Ala164Val, Thr147Pro, 399 
Glu318Gly, Val82Leu, Glu69Asp, and Asp40Del) with apparent GSC greater than 100% 400 
(i.e., greater than that observed with wildtype PSEN1 in our model system). Further 401 
work will be needed to understand this observation, especially as there is no cognitive, 402 
clinical, or biomarker data for these variants available from the DIAN-Obs study35–41. Of 403 
note, out of these six variants, three (Ala164Val, Thr147Pro, and Glu69Asp) are not 404 
classified as clearly pathogenic, one (Asp40Del) is considered of uncertain significance, 405 
one (Glu318Gly) has been re-classified as benign, and one (Val82Leu) is considered 406 
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likely pathogenic. Furthermore, our results for these variants are concordant with 407 
previous in vitro work24,32 suggesting low or uncertain pathogenicity.  408 
 409 
Previous reports investigating variant-dependent clinical and biomarker heterogeneity in 410 
PSEN1 pathogenic variant carriers have utilized location-dependent characteristics 411 
including whether a pathogenic variant is located prior-to or post-codon 200 of PSEN1 412 
19,20, within hydrophilic loop 1 of PSEN19, and whether the pathogenic mutation impacts 413 
a cytoplasmic vs transmembrane protein domain within PSEN142. We used a more 414 
direct approach to characterize individual variants beyond location or the part of the 415 
protein affected by the underlying mutation, focusing on the functional consequences of 416 
each variant on γ-secretase activity. In the current study, we observed GSC scores 417 
could differ even within a particular codon based on which amino acid substitution is 418 
present (e.g., Met146). This observation points out an important limitation of 419 
categorizing individual pathogenic variants based on location alone and underscores 420 
the need for further work to better characterize how different variants affecting the same 421 
codon can lead to putatively differential changes in protein structure and differential -422 
secretase activity. 423 
 424 
We found that the GSC measure explained substantial in vivo biomarker heterogeneity 425 
across PSEN1 pathogenic mutation carriers using available data from DIAN-Obs. 426 
Focusing on associations between the GSC and A PET, we observed that individuals 427 
who carried pathogenic variants in the lowest (most pathogenic) tertile had, on average, 428 
1.4 SUVR units greater A PET signal compared to those with variants in the highest 429 
(least pathogenic) tertile, after accounting for age and sex. Putting these differences in 430 
the context of the conventionally used threshold for A PET positivity in this cohort and 431 
with this A PET tracer (cortical PiB PET SUVR positive at >= 1.42 SUVR), carriers of 432 
pathogenic variants in the lowest (most pathogenic) tertile of the GSC would, on 433 
average, become amyloid positive ~15 years sooner than those carrying PSEN1 434 
variants in the highest (least pathogenic) tertile (estimated mean age of 23 and 37 years 435 
for low and high tertiles, respectively. Consistent with cross-sectional results, analysis of 436 
longitudinal data demonstrated that A PET signal increased more quickly in individuals 437 
carrying PSEN1 variants with lower (more pathogenic) GSC scores compared to those 438 
with higher (less pathogenic) composite scores. Though further work is needed to 439 
elucidate regional topology differences in A deposition trajectories, the results here 440 
also suggest that variants with low GSC may have greater striatal A PET signal 441 
compared to carriers of PSEN1 variants with high GSC values. 442 
 443 
CSF measures of Alzheimer’s disease pathology in PSEN1 carriers also had significant 444 
associations with the variant-level GSC, including CSF measures of Aβ42/40, 445 
phosphorylated-tau181, and phosphorylated-tau217. In addition to associations with 446 
core measures of Alzheimer’s disease pathobiology, GSC correlated with FDG PET and 447 
structural MRI, two commonly used neuroimaging measures of neurodegeneration. 448 
Together with the described associations with AAO and functional impairment 449 
measures, this broad pattern of association between γ-secretase activity and core 450 
Alzheimer’s disease and neurodegenerative markers further support the hypothesis that 451 
heterogeneity in autosomal dominant Alzheimer’s disease can broadly be understood in 452 
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the context of mutation-level differences in γ-secretase activity. Importantly, despite 453 
variations in AAO and biomarker trajectories across variants, the results here also 454 
support prior observations that pathologic changes in A and tau consistently precede 455 
neurodegenerative changes and clinical impairment across PSEN1 variants23,24,32. 456 
Additionally, it remains quite possible that different formulations of the GSC will be 457 
better optimized to predict particular biomarker trajectories in clinical trial settings.  458 
 459 
Complementary work is underway to translate these findings to fluid biomarkers of Aβ. 460 
Recent studies investigating CSF and blood-based Aβ monomers25,46, oligomers47,48 461 
and ratios of short-to-long Aβ monomers 49 (e.g., Aβ 37/4223), have highlighted the 462 
potential utility of evaluating Aβ peptides outside of Aβ40 and Aβ42 in CSF and blood. 463 
To this end, work from our group suggests that the Aβ 37/42 ratio in CSF better 464 
distinguishes cognitively normal individuals from those with Alzheimer’s disease as 465 
compared to the CSF Aβ42/40 ratio23. However, interpreting Aβ monomer levels in 466 
biofluids can be complex as Aβ production, clearance, and deposition are all processes 467 
affecting biofluid peptide concentrations in vivo. Notably, the cell-based model system 468 
used here allows us to focus on the extent to which each variant impacts the production 469 
of pathogenic Aβ species without the potentially confounding effects of Aβ clearance 470 
and deposition that may impact in vivo biofluid measures of Aβ.  471 
 472 
The results here need to be considered in the context of certain limitations. Though 473 
AAO information was available on all PSEN1 variants examined, only a subset had 474 
available clinical, cognitive, and biomarker data from the DIAN-Obs study. Accordingly, 475 
data from new pathogenic variants in DIAN-Obs and in the broader scientific literature 476 
will need to be considered. Similarly, tau PET data will need to be considered in future 477 
analyses as they become available. Additionally, it will be important to determine if 478 
processing of γ-secretase substrates besides APP, such as Notch43–45, add to the 479 
information derived from Aβ production as it relates to heterogeneity in biomarker, 480 
clinical, and cognitive progression of autosomal dominant Alzheimer’s disease. 481 
Furthermore, the model system used here cannot assess how changes in γ-secretase 482 
activity within individuals over time may impact disease progression, and further work 483 
will be needed to assess changes in γ-secretase activity over the lifespan of PSEN1 484 
mutation carriers. Lastly, it will be important to extend the cell-based model system to 485 
allow for the characterization of pathogenic variants in PSEN2 and APP, as ~20% of 486 
autosomal dominant Alzheimer’s disease-causing variants are found within these 487 
genes.  488 
 489 
Despite these limitations, these findings indicate that variant-level differences in γ-490 
secretase activity are highly associated with core measures of clinical, biomarker, and 491 
cognitive, progression of autosomal dominant Alzheimer’s disease, and suggest that 492 
these variant-level differences explain a large portion of the heterogeneity seen across 493 
PSEN1 pathogenic mutation carriers. As the biochemical measures of γ-secretase 494 
activity used here are derived outside the context of family polygenic factors, age, and 495 
estimated years to symptom onset, they offer a potentially unique channel of information 496 
with respect to disease progression compared to these other factors and may thus 497 
represent useful complements to these measures in autosomal dominant Alzheimer’s 498 
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disease clinical trials. Similarly, as these cell-based measures are divorced from family 499 
polygenic factors and age, they may prove to be valuable in gauging the impact of 500 
genetic and lifestyle factors that may confer resilience or risk for autosomal dominant 501 
Alzheimer’s disease onset and progression. Cell-based measures of γ-secretase activity 502 
may be particularly useful to assess pathogenicity, potential AAO, and predicted 503 
Alzheimer’s disease trajectories for newly discovered PSEN1 pathogenic variants or for 504 
variants lacking sufficient clinical history.  505 
 506 
Importantly, our results showing γ-secretase activity, derived from a cell-model system, 507 
is associated with pathogenicity of disease also supports the continued investigation of 508 
γ-secretase modulators as an Alzheimer’s disease therapeutic strategy. By 509 
demonstrating an association between the processing of APP by γ-secretase in a cell-510 
based model system and autosomal dominant Alzheimer’s disease trajectories in vivo, 511 
the results here provide support for the hypothesis that dysregulation of APP processing 512 
is central to Alzheimer’s disease pathogenesis. 513 
 514 
DIAN Data Accessibility: 515 
Due to the rarity of dominantly inherited Alzheimer's disease, individual-level data from 516 
DIAN cannot be shared publicly, as it would compromise participant anonymity. This 517 
limitation has been validated by the Institutional Review Board (IRB) and confirmed with 518 
the NIH. Nevertheless, this data remains accessible for qualified researchers upon 519 
request. Requests can be submitted through the following link: DIAN Biospecimen 520 
Request Form. 521 
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 558 

RESEARCH IN CONTEXT 559 
Evidence before this study: We searched PubMed from September 1,1990 to 560 
September 1, 2023 for relevant articles in English relating to autosomal dominant 561 
Alzheimer’s disease pathogenic variants that affect γ-secretase processing of amyloid 562 
precursor protein (APP). Search terms included: “dominantly inherited Alzheimer’s 563 
disease”, “autosomal dominant Alzheimer’s disease”, “familial Alzheimer’s disease”, 564 
“gamma-secretase”, “amyloid precursor protein”, “presenilins”, “γ-secretase”, “amyloid”, 565 
“PSEN1”, “APP”, “Aβ42”, and “Aβ40”. Previous studies have suggested an increase in 566 
production of longer, aggregation-prone Aβ fragments (e.g., Aβ 42 and 43) relative to 567 
shorter, non-aggregating fragments (e.g., Aβ 37 and 38) is a critical initiating pathogenic 568 
event in both late-onset Alzheimer’s disease and autosomal dominant Alzheimer’s 569 
disease. Intriguingly, prior work suggests some pathogenic PSEN1 variants may not 570 
significantly alter the absolute amounts of Aβ42 production, indicating that more 571 
thorough investigation is needed to understand how these pathogenic variants lead to 572 
autosomal dominant Alzheimer’s disease and the mechanisms that cause earlier vs. 573 
later disease onset and progression. To this end, findings from our group and others 574 
suggest that probing the ratios of short-to-long Aβ peptide production across autosomal 575 
dominant Alzheimer’s disease pathogenic variants may help us understand the 576 
observed heterogeneity in these populations.  577 
 578 
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Added value of this study: Findings from the current study indicate that variant-level 579 
differences in γ-secretase activity are highly associated with core measures of clinical, 580 
biomarker, and cognitive, progression of autosomal dominant Alzheimer’s disease, and 581 
suggest that these variant-level differences explain a large portion of the heterogeneity 582 
seen across PSEN1 pathogenic mutation carriers. As the biochemical measures of γ-583 
secretase activity used here are derived outside the context of family polygenic factors, 584 
age, and estimated years to symptom onset, they offer a potentially unique channel of 585 
information with respect to disease progression compared to these other factors and 586 
may thus represent useful complements to these measures in autosomal dominant 587 
Alzheimer’s disease clinical trials. Cell-based measures of γ-secretase activity may be 588 
particularly useful to assess pathogenicity, potential AAO, and predicted Alzheimer’s 589 
disease trajectories for newly discovered PSEN1 pathogenic variants or for variants 590 
lacking sufficient clinical history. 591 
 592 
Implications of all of the available evidence: The cell-based methods used here 593 
represent a powerful tool to better understand the observed heterogeneity in 594 
Alzheimer’s disease progression in clinical and research settings, as well as a means of 595 
assessing autosomal dominant Alzheimer’s disease variants of unknown significance or 596 
in cases with limited family history. Our findings suggest that clinical heterogeneity in 597 
autosomal-dominant Alzheimer’s disease can be at least partly explained by varying 598 
effects of PSEN1 variants on -secretase activity. If these findings are confirmed in 599 
prospective longitudinal studies, assessing -secretase activity across PSEN1 variants 600 
or within individuals at risk for Alzheimer’s disease might eventually be useful for 601 
prognosis and identifying new therapeutic approaches. 602 
 603 
  604 
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TABLE AND FIGURE LEGENDS 719 
 720 

Table 1. Cross-sectional study sample characteristics for DIAN-Obs 
participants. 

Variable N = 1901 

Age (yrs) 39.0 (32.0, 48.0) 

Sex  

    Male 109 (57%) 

    Female 81 (43%) 

APOE4  

    Non-Carrier 55 (29%) 

    Carrier 135 (71%) 

Education (yrs) 14.0 (12.0, 16.0) 

EYO (yrs) -5.5 (-13.1, 1.4) 

AAO (yrs) 44.5 (40.6, 51.4) 

CDR Global  

    CDR 0 110 (58%) 

    CDR 0.5 44 (23%) 

    CDR 1+ 36 (19%) 

Race  

    white 163 (86%) 

1 Median (IQR); n (%) 

 721 
Median (IQR) values presented unless otherwise noted. 722 
 723 
EYO = Estimated years to symptom onset; AAO= Estimated age at symptom onset; 724 
CDR = Global Clinical Dementia Rating Scale 725 
 726 
  727 
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 728 
Figure 1. Cell-based measures of -secretase activity are associated with age of 729 
symptom onset across two cohorts representing 161 unique PSEN1 variants. (A) 730 
Schematic summarizing the characterization of variant-level A production and -731 
secretase activity, and correlations with age of symptom onset, cognitive, and biomarker 732 
data for each variant (created with BioRender.com). (B) Bar chart showing the individual 733 
A monomer levels (% relative to total A) for each of the 161 PSEN1 pathogenic 734 
variants examined as well as wildtype (WT) PSEN1. (C) 735 
-secretase activity was summarized as a ratio of short (fully -secretase processed) to 736 

long (incompletely -secretase processed) A fragments (
short Aβ37+38+40

long Aβ42+43
) . This -737 

secretase activity composite (% relative to wildtype PSEN1; GSC) correlated with age of 738 
symptom onset in 161 PSEN1 variants, including 105 PSEN1 variants not represented 739 
in DIAN-Obs (blue triangles) and 56 newly characterized PSEN1 variants represented in 740 
DIAN-Obs (red squares). Individual data points are jittered to maintain blinding. The 741 
shaded area around the solid black linear fit line represents one s.e.m. from a linear 742 
regression. (D) Visualization of GSC scores for each of the 161 PSEN1 variants 743 
characterized.  744 
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745 
Figure 2. Lower -secretase activity across variants is associated with more 746 
abnormal biomarker, clinical, and cognitive measures in autosomal dominant 747 
Alzheimer’s disease. Association between variant-level -secretase activity composite 748 
scores (% relative to wildtype PSEN1; GSC) and in vivo imaging biomarker data from 749 
carriers of corresponding PSEN1 pathogenic variants is shown for cross-sectional A 750 
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PET (N = 190, covariate-adjusted PiB-PET SUVR cortical composite, A), covariate-751 
adjusted bilateral hippocampal grey matter volume derived from structural MRI (N = 752 
190, B), and covariate-adjusted bilateral precuneus FDG-PET SUVR (N = 162, C) from 753 
PSEN1 pathogenic variant carriers (56 unique variants represented across 190 754 
mutation carriers). Exploratory, regional analyses comparing PiB-PET SUVRs (D), grey 755 
matter volumes (E), and FDG-PET SUVRs (F) across a range of GSC, with colors 756 
indicating t- and p-values derived from the comparison of neuroimaging data from 757 
PSEN1 carriers with variants in the lowest (most pathogenic; GSC < 33.7% relative to 758 
wildtype) vs. highest (least pathogenic; GSC > 51.6% relative to wildtype) tertiles of 759 
GSC. Individual data points are jittered to maintain blinding. Associations between -760 
secretase activity composite scores (GSC) for each PSEN1 variant and cross-sectional 761 
CSF Aβ 42/40 (N = 157, G), covariate-adjusted CSF log10 pT181 (N = 157, H), 762 
covariate-adjusted CSF log10 pT217/T217 (N = 99, I), covariate-adjusted MMSE (N = 763 
190, J), age-adjusted CDR-SB (N = 190, K), and covariate-adjusted logical memory-764 
delayed (N = 186, L) values from PSEN1 pathogenic variant carriers are shown. 765 
Individual data points are jittered to maintain blinding. The shaded area around the solid 766 
black linear fit line represents one s.e.m. from a linear regression. 767 
 768 
CSF = Cerebrospinal Fluid; pT = phosphorylated tau; MMSE = Mini Mental State 769 
Examination scores; CDR-SB = Clinical Dementia Rating Scale- Sum of Boxes.  770 
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771 
Figure 3. Lower -secretase activity across PSEN1 variants is associated with 772 
more rapid worsening in biomarker, clinical and cognitive measures in autosomal 773 
dominant Alzheimer’s disease. Individual longitudinal measures are plotted for PiB-774 
PET SUVR (N = 119, Aβ burden; A), hippocampal volume (N = 141, HV; mm3; C), Mini 775 
Mental Status Exam (N = 154, MMSE; E), and logical memory delayed (N = 152, Log. 776 
Mem.; G). Colors indicate whether an individual’s PSEN1 variant is in the low (red; most 777 
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pathogenic tertile; GSC < 33.7%), middle (black; intermediate pathogenicity; GSC of 778 
33.7% – 51.6%), or high (blue; least pathogenic, GSC > 51.6%) tertile for -secretase 779 
activity composite score (% relative to wildtype; GSC). To facilitate statistical 780 
comparison, covariate-adjusted, individual-level annualized rate of change slopes for 781 
each biomarker and cognitive outcomes of interest were extracted from linear mixed 782 
effects models and plotted against GSC (A PET – B; Hippocampal Volume – D; MMSE 783 
– F; Logical Memory – H). Individual data points are jittered to maintain blinding. The 784 
shaded area around the solid black linear fit line represents one s.e.m. from a linear 785 
regression. 786 
  787 
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788 
Figure 4. Variant-level variations in -secretase activity are broadly associated 789 
with the clinical and biomarker course and can be used to predict progression for 790 
novel PSEN1 pathogenic variants. To visualize how variant-level differences in -791 
secretase activity may broadly alter the clinical, cognitive, and biomarker course of 792 
autosomal dominant Alzheimer’s disease, we plotted the standardized differences in 793 
core clinical, cognitive, and biomarker measures across the lifespan for DIAN-Obs 794 
participants carrying PSEN1 pathogenic variants in the lowest (A, most pathogenic 795 
tertile; GSC < 33.7% relative to wild type), middle (B, intermediate pathogenicity; GSC = 796 
33.7% – 51.6% relative to wildtype), or highest (C; least pathogenic, GSC > 51.6% 797 
relative to wildtype) tertile for -secretase activity (GSC).  All values are shown as z-798 
scores relative to mutation non-carriers from DIAN-Obs. This group-level analysis was 799 
followed by an individual-level visualization of disease trajectories for pathogenic variant 800 
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carriers of 2 possible variants with 25% and 75% of wildtype -secretase activity (GSC), 801 
respectively (D-I). 802 


