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In brief

The field has been lacking an unbiased
approach for large-scale endogenous
v-secretase substrate identification. Hou
et al. report a G-SECSI method and
demonstrate that the y-secretase
substrate proteome is intimately
connected to the intracellular signaling in
microglia. y-Secretase deficiency has
profound effects on microglia in response
to amyloid pathology.
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SUMMARY

v-Secretases mediate the regulated intramembrane proteolysis (RIP) of more than 150 integral membrane
proteins. We developed an unbiased y-secretase substrate identification (G-SECSI) method to study to
what extent these proteins are processed in parallel. We demonstrate here parallel processing of at least
85 membrane proteins in human microglia in steady-state cell culture conditions. Pharmacological inhibition
of y-secretase caused substantial changes of human microglial transcriptomes, including the expression of
genes related to the disease-associated microglia (DAM) response described in Alzheimer disease (AD).
While the overall effects of y-secretase deficiency on transcriptomic cell states remained limited in control
conditions, exposure of mouse microglia to AD-inducing amyloid plaques strongly blocked their capacity
to mount this putatively protective DAM cell state. We conclude that y-secretase serves as a critical signaling

hub integrating the effects of multiple extracellular stimuli into the overall transcriptome of the cell.

INTRODUCTION

v-Secretase activity is mediated by a family of four intramem-
branous tetrameric proteases,’? which cleaves a wide range
of integral membrane proteins, for instance, the amyloid pre-
cursor protein (APP) in Alzheimer disease (AD)® and Notch in
development and cancer.*® During this process, the intracel-
lular domains of the substrates are released. Many of these
appear to regulate cell signaling.® Similar signaling is per-
formed by other intramembranous proteases such as the
rhomboids or S2P and was baptized “regulated intramem-
brane proteolysis (RIP)”.” Most importantly, signaling medi-
ated by RIP is irreversible, in contrast to other signaling mech-
anisms like phosphorylation.®

Despite evidence for the role of y-secretases in intracellular
signaling, clearing membrane-bound protein stubs generated
by ectodomain shedding is the other main task of y-secretase
function.® y-Secretases have the property to trim their sub-
strates in the membrane, removing hydrophobic amino acids, re-
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sulting ultimately in the release of small peptides into the extra-
cellular milieu.° The function of many of these peptides
remains unknown, but one peptide of note is the AB peptide
cleaved from APP.® A has important pathological relevance in
the context of AD.

Most studies on the biology and pharmacology of y-secre-
tases focus on analyzing the intracellular signaling of one
specific substrate at a time.'® For example, y-secretase limits
the inflammatory response through the processing of LRP1,""
whereas y-secretase cleavage of SIRPa enhances inflammatory
signaling.’? These studies have led to important insights into the
function of different substrates, but they do not really tackle the
question of the physiological function of the protease itself. This
would require the determination of the total substrate proteome
in each experimental condition. However, mass spectrometry
(MS) cannot discriminate full-length (FL) unprocessed precur-
sors from accumulating substrates, hampering the development
of an unbiased approach. Studies of y-secretase substrates
therefore have been largely limited to known proteins for which
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antibodies are available or in which epitope tags were
engineered.

Progress in other fields of intramembrane proteolysis illus-
trates the importance of unbiased approaches to understand
the role(s) of these proteases. An elegant method directly links
serine or cysteine proteases to their substrates by introducing
a 2,3-diaminopropionic acid (Dap) substitution into the catalytic
site, enabling the formation of a hydrolysis-resistant substrate-
enzyme intermediate through a stable amide bond.'®'* The
enzyme-substrate complexes can be recovered and analyzed
by MS. Substrates of the intramembrane cleaving rhomboid
RHBDL4 were identified, demonstrating its role in non-canonical
secretion of endoplasmic reticulum-resident chaperones.'®
However, aspartyl proteases use their catalytic aspartate resi-
dues to interact with water, and the carbonyl oxygen of the
scissile amide bond does not involve the formation of an acyl-
enzyme intermediate.'® Therefore, this approach is not appli-
cable for the identification of y-secretase substrates.

In silico approaches are another way to unbiasedly identify
substrates for intramembrane cleaving proteases, illustrated by
a study of the signal peptidase complex (SPC)."” SPC is a family
of membrane-integral serine proteases whose canonical role is
to cleave off N-terminal signal peptides.'® Surveying the human
proteome for the presence of a specific Ala-X-Ala motif charac-
teristic for the cleavage sites of SPC,'® candidate cleavage sites
were found in 1,297 membrane proteins but in regions outside of
the canonical site at the N terminus.’”*° Subsequent validation
experiments showed that SPC can cleave those sites when
they become exposed because of protein misfolding.'” Thus,
this study revealed an unexpected degradation function of
SPC in addition to its well-known signaling function.'® Unlike
SPC, y-secretase substrates do not share such easily identifi-
able consensus cleavage sequences,'®?"?? making prediction
of their substrates unreliable. Artificial intelligence methods link-
ing sequence features with predicted conformational structures
might provide a solution,?® but direct experimental identification
of substrates using unbiased screening approaches will be
important to support such analysis.

We selected microglial cells as a relevant and intriguing model
system to study the role of y-secretases in a systemic way. Mi-
croglia are resident macrophages of the central nervous system
(CNS), which constantly survey the brain parenchyma.?*?° They
play a protective role in maintaining brain homeostasis but may
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act in a detrimental way in AD and other brain disorders.?¢>°

Several genes involved in microglial cell fate determination
encode y-secretase substrates, for instance, CSF1R is vital for
microglial survival®® and is highly expressed in “homeostatic”
(HM) microglia, while AXL is responsible for microglial phagocy-
tosis of AB plaques®' and is highly expressed in disease-associ-
ated microglia (DAM). Another known substrate of y-secretase in
microglia is TREM2,°? which carries major genetic risk of AD.>-4
TREM2 is of pivotal importance in the DAM response of microglia
to amyloid plaques, and deleting Trem2 causes a blockage of
this putatively protective microglial response.®*’

We analyzed the y-secretase substrate proteome in human H9
ESC-derived microglia-like cells (HOMG) by developing an unbi-
ased y-secretase substrate identification (G-SECSI) method. We
used the phase I clinical trial for semagacestat compound®®
and assayed the accumulation of substrate C-terminal frag-
ments (CTFs). We identified 85 substrates, with 59 not known
before to be cleaved by y-secretases. Many of the identified
substrates (e.g., CSF2RA, TNFRSF1B, TGFBR1, FCGR2A, and
PILRA) are encoded by genes defining distinct microglial cell
states.®*™*" We therefore used single-cell RNA sequencing to
evaluate the cell states of the microglia in cell culture conditions,
and in vivo, we used a microglia-specific y-secretase conditional
knockout (KO) mouse model. The results show that y-secretases
maintain a “low-level activated” basal state in the context of mi-
croglial cell culture and a HM basal state in microglia in vivo.
Moreover, y-secretase is crucial for the transition of HM to reac-
tive cell states in the context of AD.

RESULTS

G-SECSI to identify substrates of y-secretase

We developed the G-SECSI method to identify substrates in mi-
croglia (Figure 1A). HOMG (Figure S1) expresses the full spec-
trum of y-secretase enzymes similar to primary human and
mouse microglia (Figure S2). We prepared the membrane frac-
tions (Step 2. Membrane protein purification under method de-
tails) that were fractionated on a Gel-eluted liquid fraction
entrapment electrophoresis***® system to separate FL proteins
from their CTFs that accumulate when y-secretase inhibitors are
used. The different fragments of LRP1, a known substrate of
y-secretase, distributed nicely over the different fractions (Fig-
ure 1B). The LRP1 80-kDa fragment (generated by furin cleavage

Figure 1. y-Secretase substrate identification using G-SECSI

(A) Schematic representation of G-SECSI procedure. Proteins are fractioned according to relative molecular weight (MW). MS on the different fractions allows for
assigning identified peptides to either the C-terminal fragments (CTFs) or to the full-length (FL) protein.

(B) Western blot analysis of LRP1, a known y-secretase substrate. Equal volume of each fraction was loaded, and the resulting blot was probed with the LRP1
C-terminal specific antibody (EPR3724). The lane at the left side displays the unfractionated lysate.

(C) Faceted bar plot showing the relative abundance of each detected peptide of LRP1 in the corresponding fraction as identified by MS analysis. On the right
side, the position of the first aa of each specific peptide in LRP1-FL is indicated. The green horizontal line shows the start of the LRP1-CTF (in silico determination
of carboxyterminal fragment under method details section). The blue double horizontal lines indicate the borders of the transmembrane domain (TMD) based on
UniprotkKB.“> The green verticle line separates the fractions in which LRP1-CTF-derived peptides (left side) and LRP1 80-kDa fragment-derived peptides
distribute. Q3 is quadrant 3 region defined by the horizontal and vertical green lines, where LRP1-CTF-derived peptides should be detected.

(D) Reference plot showing the mean and the 95% confidence interval of the protein size in each fraction. This plot is generated using MW and distribution of the
fragments of known substrates detected in the different fractions.

(E) Faceted bar plot of y-secretase substrate candidate SEMA4C. The faceted bar plots were derived from four independent experiments. Control (left) and
semagacestat-treated (right) samples are indicated. The green horizontal line and blue double horizontal lines are as above. Q3 defines the area where SEMA4C-
CTF-derived peptides should distribute.
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of the 600-kDa protein)** distributes in fractions 10-12 and re-
mains unchanged in treated and control conditions. In fractions
3-4 of the semagacestat-treated sample a clear accumulation of
LRP1-CTF is seen, in contrast to the faint bands in the control
condition. Thus, the fractionation method allowed us to separate
efficiently the CTF that accumulates after y-secretase inhibition
from the FL protein.

We next analyzed each fraction by MS and obtained a visual
representation of the peptide distribution over the different frac-
tions in faceted bar plots, exemplified in Figure 1C. The plots
show the relative abundance of all the tryptic peptides per frac-
tion identified for a particular protein, ranked according to their
position in the FL protein (Step 5. Spectral pattern visualization
of target protein under method details section). These plots
thus provide a semi-quantitative overview of all identified pep-
tides and their localization in the protein. The peptides generated
from the LRP1-CTF migrate in quadrant 3 (Q3), whereas the
same peptides when generated from the LRP1-80-kDa protein
migrate in Q4. Notice that the C-terminal peptides of LRP1
mainly detected in Q4 in the untreated condition accumulate af-
ter semagacestat treatment in Q3. These Q3 peptides are
confirmed to be derived from the 14-kDa LRP1-CTF by y-secre-
tase cleavage (Figure 1B). Thus, by analyzing the tryptic peptides
in each fraction and quantifying their distribution in Q3, we can
assess whether a membrane-bound protein is a candidate
y-secretase substrate or not.

Identification of y-secretase substrates in HOMG

We repeated fourindependent G-SECSI experiments using HOMG
(Figure S3A). We loaded 600 png membrane protein and collected
12 fractions per run. We identified and quantified 60,044 + 5,417
(mean + SD) peptides per experiment and assigned them to
6,009 + 86 (mean + SD) proteins, of which about 50% were mem-
brane proteins (Figure S3B). Eventually, we extracted the single-
pass type | and type Ill membrane protein subset covered by
4,285 + 734 (mean + SD) peptides assigned to 343 + 10 (mean =
SD) specific proteins per experiment for further analysis.

Figure 1E shows the results obtained for the y-secretase sub-
strate candidate human semaphorin-4C (SEMA4C). Sema4c be-
comes upregulated in microglia after spinal cord injury and might
play a role in microglial-mediated wound recovery.“® The double
blue horizontal lines indicate that the transmembrane domain
(TMD) of SEMA4C is between amino acid (aa) 664 and aa 684.
The single green horizontal line indicates the position of aa
604, which is the putative start of the CTF (in silico determination
of carboxyterminal fragment under method details section). The
predicted size of SEMA4C-FL (based on the number of aa) is
91.6 kDa and therefore should distribute in fractions 11-12,
and the predicted SEMA4C-CTF of 25.3 kDa should distribute
in fractions 3-6 (Figures 1D and 1E). The green vertical dotted
line between fractions 6 and 7 separates the peptides in Q4
derived from SEMA4C-FL and the peptides in Q3 derived from
SEMAA4C-CTF. The peptides accumulate in Q3 when semagace-
stat is used, indicating that the SEMA4C-CTF in the control con-
ditions is cleaved by y-secretase.

We performed this analysis for the 359 detected specific single-
pass type | and type lll membrane proteins from HOMG. The
faceted bar plots are accessible on our website https://data.
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bdslab.org. We compared the relative abundance of the CTF-
derived peptides in semagacestat vs. control conditions and iden-
tified in total 85 y-secretase substrate candidates, of which 59 pro-
teins (69%) were not known to be cleaved by vy-secretase
(Table S1). The identified substrates are indicated in the volcano
plot (Figure 2A, threshold: p.adj < 0.05 and fold change [FC] >
1.2), and the relative abundance of their potential CTF-derived
peptides across the four biological replicates are indicated in the
heatmap (Figure 2B), which also demonstrates the high reproduc-
ibility of this method over the four independent experiments.

Validation of the identified y-secretase substrate
candidate

We selected three substrate candidates from the list, i.e.,
TNFRSF1B (FC = 1.66, p.adj = 0.0234), CD300A (FC = 1.67,
p.adj = 0.0001), and MILR1 (FC = 1.32, p.adj = 0.0017), which
are slightly above the threshold for assigning them as y-secre-
tase substrates (Figure 2A). We cloned the cDNA of these candi-
dates and inserted a FLAG epitope into their C termini. We trans-
fected the plasmids in HEK293T cells, treated the cells with
semagacestat or DMSO for 16 h, and analyzed the cell lysates
by western blot (Figure 2C). Probing the membrane with the
FLAG antibody revealed a 29-kDa band from TNFRSF1B, a
20-kDa band from CD300A, and a 20-kDa band from MILR1,
which accumulate upon semagacestat treatment. These results
show that even the candidates that were identified at the lower
threshold of the assay are reliable y-secretase substrates.

v-Secretase substrates are central in intracellular
microglial signaling

Gene ontology (GO) analysis suggests that the identified y-secre-
tase substrates are involved in various microglial biological pro-
cesses, including proliferation, phagocytosis, cytokines produc-
tion, axon guidance, and migration (Table S2). “Transmembrane
receptor protein kinase activity” (p.adj = 1.36E—09) and “cytokine
binding” (p.adj = 1.36E—09) are the most significantly enriched
molecular function GO terms (Table S2). Accordingly, six receptor
tyrosine kinases (AXL, CSF1R, EPHA2, EPHB2, EPHB3, and
MERTK) were identified (Table S1). Furthermore, four interleukin
receptors (IL10RB, IL18R1, IL1RAP, and IL6ST), three tumor
necrosis factor receptors (TNFRSF1A, TNFRSF1B, and
TNFRSF21), and two colony-stimulating factor receptors (CSF1R
and CSF2RA) are in the “cytokine-cytokine receptor interaction”
pathway (Table S3). Interestingly, 53 out of 85 (62%) substrates
are encoded by genes that are part of the transcriptional changes
defining specific microglial states in AD models (Figure 3).5%4%47
Half of these substrates (26/53) are encoded by HM genes. Sixteen
substrates are encoded by typical “disease-associated microglia”
orDAM genes (e.g., GPNMB and GYPC), human leukocyte antigen
(HLA) microglial genes (e.g., HLA-A and PILRA) and “interferon
response microglia” or IRM genes (e.g., TLR2 and CD163). Pro-
teins harboring the immunoreceptor tyrosine-based activation
motif (ITAM: GPNMB, FCGR2A, and TYROBP) or the immunore-
ceptor tyrosine-based inhibitory motif (ITIM: CD300A, CD300LF,
MILR1, LAIR1, and PILRA) are also identified as y-secretase sub-
strates (Table S1). ITAM- and ITIM-bearing receptors are known to
play distinctroles in activating and inhibitory signaling transduction
in microglia.*®*° Hence, our findings suggest a role of y-secretase
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Figure 2. Overview of y-secretase substrates in HOMG human microglia-like cells.

(A) Volcano plot showing the relative increase of CTF peptides in the presence of semagacestat vs. control. Proteins accumulating CTF only after treatment with
semagacestat are indicated by purple dots in the insert at the top right. Every substrate has been confirmed in at least three out of four independent experiments
and with fold change > 1.2 and p.adj < 0.05, using Student’s t test followed by Benjamini-Hochberg false discovery rate correction.

(B) Heatmap of the relative abundance of CTF proteins identified as y-secretase substrates over four experiments. Substrate candidates that were not discussed
before in the literature are indicated with green squares (left side of protein names).

(C) Validation of identified y-secretase substrate candidates. TNFRSF1B, CD300A, and MILR1 cDNA tagged with FLAG were expressed in HEK293T cells, and
extracts were analyzed by western blots using FLAG M2 mAb. Empty vector expressing GFP was used as negative and endogeneous APP-CTF accumulation as

positive control. Ponceau staining is shown as loading control.

in maintaining a dynamic equilibrium between different cellular sig-
nals via cleaving distinct substrates in microglia. We reasoned that
investigating the overall profile of the transcriptomes of the micro-
glia would provide a good integrated readout for the overall
context-dependent effect of blocking the processing of >85 y-sec-
retase substrates.

v-Secretase inhibition causes substantial changes of
microglial transcriptomes but does not affect the strong
cell-state response to lipopolysaccharide (LPS) in vitro
We analyzed the single-cell transcriptomes of HOMG before and
after semagacestat treatment under in vitro cell culture condi-

4110 Molecular Cell 83, 4106-4122, November 16, 2023

tions. We performed a second experiment in parallel, treating
cell cultures with LPS, asking whether a strong y-secretase-in-
dependent signal could overcome the transcriptional changes
induced by semagacestat. The LPS response is largely mediated
by the specific receptor TLR4,°° which is not cleaved by y-sec-
retase (Figure S4).

We obtained a total of 17,006 single transcriptomes across the
4 different conditions: normal cell culture (Ctrl), semagacestat
treated (Sema), LPS treated (LPS), and semagacestat/LPS
treated (SemalLPS) (Figures 4A, 4B, and S5). As expected, LPS
treatment induced a strong response®' (Figure 4B). Semagace-
stat treatment did not alter LPS-induced gene expression
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Figure 3. y-Secretase substrates are highly involved in microglial
cell-state regulation

Combined plots showing substrates encoded by human microglial cell-state-
defining genes organized per cell state as defined by Mancuso et al.*° Cell-
state-defining genes are the most significantly upregulated or downregulated
genes in a particular microglial cell state vs. cells in the other states. |av-
g_log2FC| > 0.1 using Bonferroni correction (p.adj < 0.05). The black bars
represent the log2FC of the CTF relative abundance of the substrates in
semagacestat condition vs. control condition. The heatmap summarizes the
differential expression (log2FC, color scale) of the corresponding genes in the
particular cell states (each cluster compared with all others). HM, homeostatic;
()CRM, (transitioning) cytokine response; RM, ribosomal; DAM, disease
associated; HLA, HLA response; IRM, interferon response.

(Figure 4C). Thus, LPS drives the cell state independently of
y-secretase activity.

We separated the 8,611 and 8,395 single HOMG transcriptomes
in the normal and the LPS-stimulated conditions, respectively, and
analyzed those individually. Using unbiased clustering, we identi-
fied cell clusters CC1, CC2, and CC3 in the normal culture condi-
tion (Figure 4D) and LPS1, LPS2, and LPS3 in the LPS-stimulated
condition (Figure 4l). Semagacestat treatment mildly shifted the
distribution of cells between clusters CC1 and CC2 (Figures 4E
and 4F) and between clusters LPS1 and LPS2 (Figures 4J and
4K). We analyzed the top expressed genes in these clusters
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(Figures S6A, S6B, S6D, and S6E). Cells in clusters CC2 and
LPS2 expressed higher typical HM genes (such as C1QA, MAF,
and NAIP) and HLA genes (such as MS4A6A, HLA-DMB, and
HLA-DRB1), compared with their counterparts CC1 and LPS1 ex-
pressing higher typical DAM genes (such as CD9, SPP1, and
ORL1). Trajectory analysis with Monocle 3, aligning cells along
the trajectories from CC2 to CC1 and from LPS2 to LPS1,
confirmed rather mild effects on cell states caused by semagace-
stat treatment (Figures 4G and 4L).

The impact of semagacestat treatment on gene expression
however becomes evident in gene differential expression (DE)
and gene set enrichment (GSEA) analyses. These analyses
demonstrate that 350 genes are significantly (p.adj < 0.05) upre-
gulated or downregulated in Sema cells, compared with control
cells (Figures 4H and S6C), whereas 267 genes are significantly
upregulated or downregulated in the SemalLPS vs. LPS condi-
tions (Figures 4M and S6F). Notably, in both control and LPS
conditions, semagecestat induces upregulation of HM genes
(e.g., C1QA, MAF, NAIP, etc.) and downregulation of DAM genes
(e.g., CD9, SPP1, OLR1, etc.)***° (Figures S6C and S6F). Thus,
y-secretase seemingly regulates the expression levels of a
similar set of genes in control and under LPS stress.

v-Secretase deficiency alters cell signaling in microglia
in vivo

We crossed the Cx3cr1CeERT2WT mice®? with the Aph 1a™ b/~
mice®® to generate the microglia-specific y-secretase conditional
KO mice (GSM€, Figure 5A). We induced the KO at 1 month of age
by treating the mice for 5 consecutive days with tamoxifen. We
analyzed the single-cell transcriptomes of 7,285 microglia from
3-month-old mice and obtained 4 microglia clusters (Figures 5B
and 5C). While a very small cluster 3 marked by the relatively
high expression of DAM genes was significantly enriched with
GS™“ME& microglia (Figures 5D and 5E), the overall effect of y-sec-
retase deficiency on cell states is limited as it was in the cell culture
experiments.

In contrast, DE and GSEA analyses revealed that 919 genes
were significantly differentially regulated (p.adj < 0.05, abs(av-
g_Log2FC) > 0.1) by y-secretase deficiency. Those genes that
were upregulated had a stronger DAM profile, while those that
were downregulated were more HM (Figures 5F-5H). DE anal-
ysis between GS#"C and GSY" microglia on a per-cluster basis
showed that representative DAM genes (e.g., Ctsl, Cd9, Timp2,
H2-D1, Ctsb, and Lyz2) were consistently upregulated in the
GS™“ME condition across all clusters (Figure 5I). This suggests
that disrupting y-secretase modulates the global gene expres-
sion of a cluster of genes associated with microglial activa-
tion,®”*”* without changing overall cell states as determined
by the Louvain clustering algorithm.

v-Secretase deficiency impedes the formation of

activated microglial cell states in App™-"¢-F mice

Given the preponderance of the y-secretase substrates involved
in AD-related microglial cell states (Figure 3) and the altered HM
and DAM genes expression in the in vitro (Figure 4) and in vivo
(Figure 5) experiments, we decided to investigate the effects of
v-secretase deficiency on microglia exposed to amyloid plaques.
We further crossed the GS#M@ mice with the App™-%F model for
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Figure 4. y-Secretase inhibition alters microglial steady-state signaling in vitro
(A) HOMG cells were collected for single-cell RNA sequencing from four conditions: Ctrl (vehicle), Sema (semagacestat), LPS (vehicle treatment for 22 h with last
6 h exposure to LPS), and SemalPS (semagacestat treatment for 22 h with last 6 h exposure to LPS). n = 3 independent differentiations per condition.

(B) Uniform manifold approximation and projection (UMAP) showing 17,006 single HOMG passing quality control after removal of the proliferative subpopulation.
Cells are colored according to the four different conditions.
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AD®® to generate the App-"6F-GS“ME mice. We reasoned that

the transcriptomic alterations we recorded previously in healthy
conditions might be more easily picked up as cell-state transi-
tions in a disease model.*”*"°* The tamoxifen-induced KO
mice (App"L"6F-GS“MC), the vehicle-treated control mice
(App™-CF.GS™T), as well as the mice for tamoxifen-induced arti-
fact controls (App™-"¢*F-TAM_QC and App"-"®F-Ctrl_QC) are
indicated in Figure 6A. We induced the KO at 1 month of age
with tamoxifen and analyzed the single-cell transcriptomes of
37,884 microglia (Figure S7) from 3-month-old mice and from
6- to 7-month-old mice, which showed mild and advanced amy-
loid pathology, respectively. Unbiased clustering using Seurat
resulted in six main clusters (Figures 6B and 6C), named homeo-
static (HM), cytokine response (CRM), transitioning cytokine
response (tCRM), interferon response (IRM), transition response
(TRM), and disease-associated microglia (DAM), referring to pre-
vious work®"3%4147:54 (Figures S8A-S8C). A small “pre-DAM”
cluster whose partially overlapping HM and DAM signature repre-
sents an intermediate cell state (Figures 6B and 6C) is of particular
interest, because it is only seen in the App™-GF-GS“MC mice
(Figure S8D). Moreover, pre-DAM cells highly express the subset
of DAM genes (e.g., Ctsl, Cd9, Timp2, Ctsb, and Lyz2) that repre-
sents the disrupted microglial signaling shown in the GS“V¢
mice in Figure 5, whereas the expression levels of other known
DAM signature genes (e.g., B2M, Axl, Cst7, Lpl, and Lilrb4a) are
not as pronounced (Figure S8E).

We compared the single microglial transcriptomes in the six indi-
cated conditions (n = 4 animals per condition). The shifts in micro-
glial distribution across different cell states caused by y-secretase
deficiency were mild at 3 months but obvious at 7 months
(Figures 6D and 6E). The relative proportions of DAM, CRM, and
TRM were significantly reduced in App™-CF-GS“ME mice,
compared with App™- -GS mice, at 7 months, whereas HM
and tCRM were significantly increased (Figure 6G). Interestingly,
the pre-DAM cluster was significantly enriched in both 3- and
7-month-old App™-6F-GS“ME mice, compared with their age-
matched App-"F-GS""mice (Figure 6G). DE analysis between
microglia of App™-"CF-GS“ME mice and microglia of App™t-G-F-
GS"™" mice at 7 months echoed that the reduced proportion of
the DAM cluster revealed the upregulation of HM genes and the
downregulation of DAM genes (Figure 6l). A DE analysis of micro-
glial transcriptomes between the two y-secretase conditions on a
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per-cluster basis confirmed that the same group of genes (e.g.,
Ctsl, Cd9, Timp2, Ctsb, and Lyz2) was consistently upregulated
in the App™-"CF-GS“ME groups at both 3 and 7 months across
the main clusters (Figures 6K and 6L). Thus, disrupting y-secretase
has a general effect on all the y-secretase-deficient microglia, asin
the cell cultures and the control mice, next to its blocking effect on
cell-state transitions driven by the amyloid plaques.

Tamoxifen treatment alone, comparing App™-"¢F-TAM_QC
and App™-CF-Ctrl_QC samples, showed only mild effects,
with a small decrease in the DAM cluster but no effects in other
clusters (Figures 6F and 6G). DE analysis also confirmed that the
tamoxifen-induced artifact was limited (Figure 6J) and did not
affect the expression of genes regulated by y-secretase (e.g.,
Ctsl, Cd9, Timp2, Ctsb, and Lyz2; Figure 6M).

To exclude the potential effect of the genetic modification
(floxed Aphta/c alleles and Aph1b KO)** on microglial cell
states in the AD context, we compared the tamoxifen-untreated
AppN-CF  x Aph1Floxed mice (App"-CF-GS"T) and the
App™-EF mice at 12 months of age. We analyzed 5,999 single mi-
croglial transcriptomes from the App™-"%F x Aph1Floxed mice and
7,185 transcriptomes from the App™-"%* mice. All the typical mi-
croglial transcriptomic cell states (HM, DAM, CRM, IRM, and
TRM) as previously described”” were identified and annotated in
the uniform manifold approximation and projection (UMAP)
(Figures S9A-S9C). The genetic modification in the App™-"GF x
Aph1Floxed mice did not significantly change the distribution of
microglia across the different cell states, compared with the age-
matched App™-"%F mice (Figures S9A-S9D). This confirms that
the alterations observed in the experiments above can be attrib-
uted to y-secretase deficiency induced by tamoxifen treatment
and not to the genetic construct as such.

Taken together, the results indicate that y-secretase defi-
ciency alters the expression of a series of specific genes in mi-
croglia in different cell environments and majorly impedes the
formation of in vivo activated microglial cell states induced by
amyloid plague exposure (DAM, TRM, and CRM), as evidenced
in 7- vs. 3-month-old animals.

v-Secretase deficiency blocks in vivo microglia in a pre-
DAM state in response to amyloid pathology

Using Monocle 3 and assuming a transition from the HM to other
cell states (Figure 7A), two major pseudotime trajectories from

(C) Quadrant plot showing the similarity of the LPS response in the vehicle (y axis) and in the semagacestat condition (x axis). Wilcoxon rank-sum test, p values
adjusted with Bonferroni correction (p.adj < 0.05).

(D-F) UMAPs showing 8,611 single HOMG transcriptomes from Ctrl and Sema-treated conditions retrieved from (B). Two main clusters (CC1 and CC2) and a small
cluster (CC3) are identified (D). Density plots showing the distribution of HOMG cells across the three clusters in Ctrl (E) and Sema (F) conditions.

(G) Plots showing the delayed phenotypic trajectory of HOMG cells caused by y-secretase inhibition (pseudotime ordering with Monocle 3 and colored by the cell
states shown in D).

(H) Volcano plot showing the gene differential expression in non-proliferative HOMG cells in Sema vs. Ctrl. Wilcoxon rank-sum test, p values adjusted with
Bonferroni correction (p.adj < 0.05). The genes upregulated and downregulated by semagacestat in both the non-LPS condition (H) and the LPS condition (M) are
colored in green and red, respectively.

(I-K) UMAPSs showing 8,395 single HOMG transcriptomes from LPS and SemaLPS conditions retrieved from (B). Two main clusters (LPS1 and LPS2) and a small
cluster (LPS3) are identified (I). Density plots showing the distribution of HOMG cells across the three clusters in LPS (J) and SemaLPS (K) conditions.

(L) Plots showing delayed phenotypic trajectory of HOMG cells caused by y-secretase inhibition (pseudotime ordering with Monocle 3 and colored by the cell
states shown in |).

(M) Volcano plot showing the gene differential expression in SemalLPS vs. LPS. Wilcoxon rank-sum test, p values adjusted with Bonferroni correction
(p.adj < 0.05). The genes upregulated and downregulated by semagacestat in both the non-LPS condition (H) and the LPS condition (M) are colored in green and
red, respectively.
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Figure 5. y-Secretase deficiency alters microglial signaling in vivo

Gs"T

(A) Mice were treated with tamoxifen or vehicle at 1 month of age and sacrificed at 3 months.

(B and C) UMAP showing 4,376 single mouse microglia from 4 GS*" mice (B) and 2,909 single mouse microglia from 3 G.

s

GS'  GS®TS  GSWT  GSeMS  GSWT  GSer

S'4MG mice (C).

(D) Top 10 differentially expressed genes per cluster. The size of each dot represents the percentage of cells expressing the indicated gene within the cluster, and
the color represents the scaled and normalized average expression of the indicated gene.
(E) Boxplots showing proportion of cells across the clusters. Multiple unpaired Student’s t test corrected by Bonferroni method. n = 3-4 biological replicates per

condition. *p < 0.05; ns, not significant.

(F) Volcano plots showing the gene differential expression in mouse microglia of GSME ys, GS"T. Wilcoxon rank-sum test, p values adjusted with Bonferroni

correction (p.adj < 0.05).
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HM toward DAM and CRM emerge (Figures 7B and 7C). These
align with previously reported human microglial responses in a
chimeric AD model.* A third trajectory toward IRM (gray dotted
line) was not further considered, as the IRM cell state was not
affected by y-secretase deficiency (Figure 6G). Particularly at
7 months, microglial distributions along the HM-tCRM-CRM
and the HM-TRM-DAM axes are shifted toward higher pseudo-
time values in App "6 -GS mice, while in Appt-6F-GS4MG
mice, they reside mostly in HM, tCRM, and pre-DAM states
(Figures 7D-7F). Regression analysis comparing the transcrip-
tomic profiles of microglia in 7- vs. 3-month-old brains in the defi-
cient or control y-secretase condition (Figure 7G) confirms a
significantly attenuated age-dependent microglial activation in
the App™-4F-GS™“ME mice. Of note, age here reflects increased
amyloid plaque accumulation.

TREM2 is cleaved by y-secretase,® important for TREM2
downstream signaling.”® TREM2 KO blocks microglia in a so-
called DAM1 state in TgAD mice.®” DAM1 expresses only a subset
of the DAM program and lacks the Trem2-dependent lipid meta-
bolism (Lp/ and Ccl6) and phagocytic pathway genes (Ax/, Clec7a,
and Ctsl) characteristic of a full DAM response.®’ pre-DAM micro-
glia accumulate when DAM is abolished in App"Nt-&F-GS4MG
mice, leading us to wonder if pre-DAM is a DAM1-like state. Inter-
estingly, while the low expression of Ax/, Cst7, Lpl, and Lilrb4a in
pre-DAM aligns with what has been described in DAM1, the high
expression of Cd9, Ctsl, Spp1, and Timp2 in pre-DAM conflicts
with the reported DAM1 features (Figure S8E). We next performed
a Pearson’s correlation analysis between the FCs of genes in
pre-DAM vs. DAM identified in this study and DAM1 vs. DAM2
identified previously by Keren-Shaul et al. but find only a weak
correlation (Figure S8F, R = 0.35). Therefore, the perturbation of
microglial states caused by y-secretase deficiency is distinct
from that previously reported in the Trem2 KO condition.®”

We finally compared morphological microglial phenotypes
and amyloid pathologies in 7-month-old App™-¢*-GS™“MC and
App™-6F-GS"T mice using immunofluorescent staining. The to-
tal area covered by microglia (EYFP™) is similar between the two
genotypes (Figures 7H and 7I). However, while the y-secretase
potent microglia formed large clusters around the plaques,
v-secretase-deficient microglia remained nicely distributed in a
tilted fashion in the presence of amyloid plaques (Figures 7H,
7J, and 7K). There was no clear difference in amyloid plaque
load (Figure 7L). Taken together, consistent with the single-cell
transcriptomic analysis, y-secretase deficiency blocks micro-
glial response to A plaques.

DISCUSSION

Using the G-SECSI method to survey the membrane proteomes
of HOMG cells in the presence or absence of the y-secretase in-
hibitor semagacestat, we identify a remarkable large number of
substrates (85) processed by y-secretase in steady-state cell
culture conditions. The only precedent study that tried to unbias-
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edly identify substrates by separating the CTF and FL proteins
using conventional SDS-PAGE yielded 13 y-secretase sub-
strates in Hela cells.?> Our method seems more precise and
sensitive and brings home the message that even under normal
cell culture conditions, y-secretase cleaves many substrates in
parallel. Most are important signaling molecules, including tyro-
sine receptor kinases (AXL, CSF1R, EPHA2, EPHB2, EPHB3,
and MERTK), interleukin receptors (IL10RB, IL18R1, IL1RAP,
and IL6ST), tumor necrosis factor receptors (TNFRSF1A,
TNFRSF1B, and TNFRSF21), ITAM receptors (GPNMB,
FCGR2A, and TYROBP), ITIM receptors (CD300A, CD300IF,
MILR1, LAIR1, and PILRA), and so on (see Tables S1, S2, and
S3). y-Secretase activity thus appears in the center of a variety
of crucial signaling pathways in microglia.

It is unexpected that so many substrates are processed by
y-secretase in parallel under, assumed, steady-state conditions
in cell culture. Indeed, y-secretase cleavage is a highly regulated
activity. Only a few substrates with natural short ectodomains
can be cleaved directly,”’ > while most need an activation
step by another type of membrane-anchored protease, for
instance, members of the “a disintegrin and metalloprotease”
(ADAM) family.®° This cleavage, which is also regulated, shortens
the ectodomain of the candidate substrates so that they can be
accommodated in the y-secretase complex.”’ In addition, other
proteins and lipids, for instance, tetraspanin-enriched microdo-
mains, regulate y-secretase activity.®’ A more recent study
demonstrated that interferon-induced transmembrane protein
3 (IFITM3) activates y-secretase in the presence of inflammatory
cytokines, which positively regulate Ap generation.®® Therefore,
we hypothesize that y-secretase serves as the converging point
of many different upstream regulatory events, while the available
v-secretase substrate proteome reflects a series of cues present
in the cell culture.

We analyzed the transcriptome of in vitro microglia in the pres-
ence and absence of the y-secretase inhibitor semagacestat to
see how the inhibition of the processing of these proteins affects
gene expression. The expression of 350 genes was altered (Fig-
ure 4H). We propose to extend the concept of “tonic signaling”
to describe this effect on the expression of multiple genes in the
absence of specific stimuli. The concept of tonic signaling was
originally proposed in the field of lymphocyte biology and has
been used to indicate the low-level constitutive signaling in
resting B lymphocytes and T lymphocytes as a result of a dy-
namic equilibrium between positive and negative signals.®*°°

We were surprised that the alteration in tonic signaling caused
by y-secretase inhibition did not initiate a dramatic shift in cell
states, i.e., that the cells with y-secretase deficiency do not clus-
ter drastically differently in the UMAP plots (Figures 4E, 4F, 4J,
and 4K). Nevertheless, the tonic signaling defined as the change
in gene expression brought on by blockage of y-secretase is
robust and remains discernible even in the background of a
strong LPS-induced response (Figures 4H and 4M). Like the
in vitro observations, genetic KO of y-secretase induced mild

(G and H) Gene set enrichment analysis (GSEA) enrichment score curves. GSEA for the gene differential expression in mouse microglia of GSV€ vs. GS"T was
performed using HM and DAM gene sets®"**” as reference. The DAM gene set is significantly enriched in genes that are upregulated (G), and the HM gene set is
significantly enriched in genes that are downregulated (H) in y-secretase-deficient cells.

() Heatmap showing the relative expression of the representative genes (identified in F) in GS“MC vs. GS"" across all the identified clusters.
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changes to the transcriptomic cell states of microglia in control
mice (Figure 5). Nevertheless, we observed that y-secretase
inactivation affected differential gene expression of >900 genes,
confirming that the enzyme broadly regulates gene expression in
atonic way. The observed lack of shift in cell states is somewhat
puzzling. One possible explanation is that the differential gene
expression induced by y-secretase inhibition, despite encom-
passing hundreds of genes, may be not strong enough to drive
affected cells into separate clusters. In agreement with this inter-
pretation, the microglia showed a consistent upregulation of a
group of genes (e.g., Ctsl, Cd9, Timp2, Ctsb, and Lyz2) indepen-
dent of their assigned cell states (Figure 5I). Interestingly, these
genes are a subset of previously described DAM signatures.®”*’
Thus, our results suggest that normal y-secretase activity pro-
motes activating gene expression in vitro and HM gene expres-
sion in vivo—the natural states of microglia in these two condi-
tions.®®%” We suggest that the main function of y-secretase is
the integration of a diverse array of extracellular signals provided
by the cell’s environment, resulting in a basal signaling state onto
which additional signals (via y-secretase or other signaling
mechanism) can be superimposed.

The altered expression of HM and DAM genes induced by
y-secretase deficiency in the in vitro (Figure 4) and in vivo (Fig-
ure 5) experiments made us wondering whether y-secretase
was involved in the regulation of microglial responses to am-
yloid pathology in AD. We therefore generated a specific mi-
croglial y-secretase KO in the App™-"¢F mouse model. This
experiment, in line with what we concluded above, demon-
strated that y-secretase deficiency mildly altered the micro-
glial states in 3-month-old App™-"6F-GS“ME mice, when am-
yloid pathology is mild, all the while inducing the same gene
set that reflects dysregulated tonic signaling by y-secretase
as seen in the wild-type condition (Cts/, Cd9, Timp2, Ctsb,
Lyz2, etc.). At 7 months however, the DAM response in
AppN--GF.GSAMCE mice was severely attenuated, compared
with the control situation. Accordingly, y-secretase-deficient
microglia showed abnormal phenotypic responses to the AB
plaques in the brains of AppN-"G-F-GS“ME mice (Figure 7H).
Thus, y-secretase has a crucial role in the microglial transition
from the HM to the full DAM phenotype in AD. Apparently, in
the context of the amyloid pathology, this effect is strong
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enough to affect the clustering of single cells into cell states.
Using transcriptomic analyses, we show that this blockage
induced by y-secretase deficiency is not equivalent to the
blockage previously observed in Trem2~~ TgAD mice re-
ported by Keren-Shaul et al.®” So, while it is likely that the
blockage of y-secretase cleavage on Trem2 contributes to
the overall disturbance in the microglia, it is clear that other
substrates also play a role in this phenomenon. The DAM
phenotype is considered by some as a protective mechanism
in AD.°®%9 Thus, indiscriminate inhibition of y-secretase to
lower AB production in AD will not only cause Notch signaling
disturbances® but is also predicted to cause microglial
dysfunction as demonstrated in this study. These may ulti-
mately have contributed to the failure of the semagacestat
phase Il clinical trial in 2013.3%:7°

Taken together, we investigate here in a systemic way the mi-
croglia-specific y-secretase substrate proteome and provide ev-
idence that y-secretase regulates what we propose to call tonic
signaling in microglia. The subset of proteins cleaved by y-sec-
retase activity at any moment reflects the cell state (which genes
are expressed) and the cell environment (in this study: in vitro
culture conditions or in vivo brain environment). This view sub-
stantially modifies the hypothesis that y-secretase is merely
responsible for clearing membranes from TMDs of proteins
(as proposed by the “proteasome of the membrane” hypothe-
sis)® and puts y-secretase, at least in parallel to its degradation
role, firmly as a central integrator of external cues into a consis-
tent intracellular cell signal.

Limitations of the study

An important part of the y-secretase cleavage occurring at any
moment in time is regulated by the alpha, beta, and potentially
other proteolytic activities that process the ectodomains of the
substrates.”’ These ectodomain-shedding proteases contribute
to the available protein substrate spectrum for y-secretase pro-
cessing, depending on biological conditions or cell types, and
are an important part of the RIP cascade. This aspect was not
investigated here. Although our study provides a powerful tool
and a conceptual framework to investigate the role of y-secre-
tase herein, further studies are required to investigate the down-
stream signaling functions and how dysfunction in different cell

Figure 6. y-Secretase deficiency perturbs microglial cell states in AD mouse brains

(A) Mouse microglia for single-cell RNA sequencing were isolated from mice with two genotypes (Cx3cr1CERT2WT x Aph1a™b~'~c™ x AppN-6F and
Cx3er’V""T x Aph1a™b~"'~c™" x App™-"GF).Mice were treated with tamoxifen or vehicle at 1 month of age before Ap plaques are formed and were sacrificed at
one of the three indicated time points (3, 6, and 7 months).

(B) UMAP of the 37,884 single mouse microglia from 24 mice (6 conditions x 4 biological replicates per condition) passing quality control and after removal of non-
microglial subpopulations. Eight clusters are indicated: homeostatic microglia (HM), cytokine response microglia (CRM), transitioning cytokine response (tCRM),
interferon response microglia (IRM), disease-associated microglia (DAM/ARM), immature DAM (pre-DAM), transitioning response microglia (TRM), and antigen-
presenting response microglia (MHC). Annotation is based on previous studies®®*"*’ (see Figures S8A-S8C).

(C) Top 10 differentially expressed genes in each identified cluster.

(D-F) Density plots showing the distribution of mouse microglia across the eight clusters in App
7 months (E), and App™-"6F-Ctri_QC and App™-6F-TAM_QC at 6 months (F).

(G) Boxplots showing proportion of cells across all clusters in the different conditions, two-way ANOVA followed by Tukey’s multiple comparison test. n = 4
biological replicates per condition. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

(H-J) Volcano plots showing the gene differential expression in mouse microglia of App™t-6F-GS“ME vs. AppN--6F-GS™T at 3 months (H) and 7 months (I), and
also App™-"CF-TAM_QC vs. App-6F-Ctrl_QC at 6 months (J). Wilcoxon rank-sum test, p values adjusted with Bonferroni correction (p.adj < 0.05). The genes
above the threshold and belonging to the previously described DAM/ARM and HM®"*" are colored in red and blue, respectively.

(K-M) Heatmaps showing the relative expression of the representative genes (identified in GS“MS, Figure 5l) across the main clusters in mouse microglia of
AppC -GS AME v, AppNE-GF.GSWT at 3 months (K) and 7 months (L), and also App-"SF-TAM_QC vs. App-"SF-Ctrl_QC at 6 months (M).

NL-G-F_GSWT NL-G-F_GS/‘AMG

and App mice at 3 months (D) and

Molecular Cell 83, 4106-4122, November 16, 2023 4117



¢ CellPress Molecular Cell

OPEN ACCESS

A N UMAP_1 App-G-F-GSWT C App"L-G-F-GSiaMG
Q.I 2
<
=
=1
Cluster Cluster
HM HM
® DAM ® DAM
® RM ® RM
CRM CRM
® tCRM © tCRM
® TRM ® TRM
pre-DAM pre-DAM
MHC MHC
Pseudotime: HM - tCRM - CRM Pseudotime: HM - pre-DAM
-G8’ 1 ° e °
b 3 5
Appot @ 3 Apphat 8
w6 * Cluster L Custer " gm o
% @ nm [ 3 o 3 E) @ S 5 o 13 el
- - - @
3@ cru 7mo 5 @ 7mo |3 °
g 8 5 @ prooam
pucr 5@ crm par 5 @ oam pLGF &
o “ e : s :
Appas 2 P ¥ Ao ¥
-GS ? el 5 G5 &
3 I % % &
monocle3 pseudotime monocle3 pseudotime
Regression analysis
4 e i
y = 1.41x - 0.006 -
p = 9.47e-0.6 %
[ /i y=x o
e / T
2 74 w
3 /| o
| N
o =
3 Q
< Q
5 2 =
0
©
]
c
£
- Zoop in
@
] ©
% 5
g Gene set I
s ® DAM marker U]
€ © A marker T
S wither (not sig) &
g © neither (39) &
~ SQ
Q
<
H i
7 month GS© vs. 3 month GS*° (avg_Log2FC)

= ApplCF. ST = AppGF ST = AppMGF.GSWT = AppCF G
" AppGF.GgiaME " AppNGF GgiaME » ApphOF.GgiaMe » AppNGFGSAMG
87  P=o04s72 87 P<0.0001 § 47 p=00006 129 P=0.3338
-
. _ . £5 _ .
g o 5 € o g 8 307 € 3
&3 & 2 -
g HIT 2 | = &8 g | & O
& e S 2 H oo &
« 4 Ll & 8 < 4 < 20+ ] 6
= 2 € o o
o 2.3 o ® ®
£ S8 = 55 10 c
S 2 2 o 8 104 34
A = g2 <
" x o
o
- o-— - E 00— T -— -

Figure 7. y-Secretase deficiency blocks microglia in a pre-DAM state in response to amyloid pathology

(A) UMAP showing the phenotypic trajectory of in vivo microglia in response to amyloid pathology obtained by an unbiased pseudotime ordering with Monocle 3.
(B and C) UMAPs showing 13,694 single mouse microglia from 3- and 7-month App":"%-F-GS"T mice (B), and 11,835 single mouse microglia from 3- and 7-month
App--CF.GS“ME mice (C). Arrows indicate the potential microglial activation routes determined by pseudotime analysis in (D)(F), based on Mancuso et al.*°
(D-F) Distribution of cells from App™-"CF-GSW" and App™-"6F-GS“MC mice along the three indicated transcriptional trajectories: HM — tCRM — CRM (D),
HM - TRM - DAM (E), and HM - pre-DAM (F), colored by clusters (shown in B and C).

(G) Quadrant plot showing age-dependent microglial gene differential expression in App™-"¢F-GS"T mice (y axis) and in App"-6F-GS™“ME mice (x axis). Linear
regression analysis was performed on the log2FC of differentially expressed genes in the App-"%F-GSYT mice 7- vs. 3-month and the App"-CF-GS“ME mice
7- vs. 3-month comparisons (Im(App-"%F-GSY 7 vs. 3 months ~ App™-"6F-GS4MC 7 vs. 3 months)). To determine if the obtained slope was different fromy = x,
the t statistic was calculated by taking the absolute value of 1 (the slope of y = x) minus the calculated slope and dividing it by the standard error. The p value was
obtained from this test statistic.

(H) Representative images of immunofluorescent staining of brain sections from 7-month App-"¢*-GSY" and App™-"CF-GS“MC mice. EYFP: microglia (green);
82E1: AB plagues (red).

(legend continued on next page)
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types affects disease conditions. For our in vitro experiments, we
have used microglia derived from human embryonic stem cells.
Microglia are very sensitive to culture conditions and therefore
might only reflect partially in vivo microglia. In the in vivo studies,
we have focused on mouse microglia. Their response to amyloid
plaques is different from the response of human microglia.
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(I-K) Quantitative analysis of microgliosis in the brain sections shown in (H). Coverage of microglia (EYFP*) area (I) and density of microglial puncta (J, EYFP*
puncta with diameter > 30 pm) per mm?, and the ratio of overlapped microglia and plaque (EYFP*82E1") area vs. total plaque (82E1) area (K) were quantified.
(L) Quantitative analysis of A plaques in the brain sections shown in (H). Ratio of AB plaques area per mm? was quantified. Data are shown as mean = SEM. n =5
animals in each condition. Each dot represents the average measurement value of two sections from an individual animal. p Values are determined by two-tailed

unpaired Student’s t test in ()-(L).
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Anti-PSEN1-NTF (B19) De Strooper’s lab,”® KU Leuven N/A
Anti-APH1A-CTF (B80.3) De Strooper’s lab,”® KU Leuven N/A
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David Walsh University College Dublin
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Bio-Rad

Bio-Rad
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Jackson Immunolabs
Miltenyi
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BD Biosciences
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BioLegend
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BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend
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BioLegend

BioLegend

Cat#9979; RRID:AB_10829910
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N/A
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Car#5G4-6C5; RRID:AB_1616722
Cat#A5441; RRID:AB_476744
Cat#NB300-146; RRID:AB_2060979
Cat#F3165; RRID:AB_259529
Cat#Ab13970; RRID:AB_300798
Cat#10323; RRID:AB_1630806
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Chemicals, Peptides, and Recombinant Proteins

Semagacestat Jassen Pharmaceuticals LY-450139
Tamoxifen Sigma Cat#T15648-1G
Rock inhibitor Sigma Cat#Y-27632
L-Glutamine Sigma Cat#G7513
N-acetyl-L-cysteine Sigma Cat#A7250
Human insulin Sigma Cat#19278
Apo-transferrin Sigma Cat#T1147
Sodium selenite Sigma Cat#S9133
Cholesterol Sigma Cat#C4951
Heparin sulfate Ams bio UK Cat#GAG-HS01
Recombinant Human BMP4 Peprotech Cat#120-05
Recombinant Human SCF Peprotech Cat#300-07
Recombinant Human VEGF Peprotech Cat#100-20
Recombinant Human M-CSF Peprotech Cat#300-25
Recombinant Human IL-3 Peprotech Cat#200-03
Recombinant Human IL34 Peprotech Cat#200-34
TGFB1 Peprotech Cat#100-21
CX3CL1 Peprotech Cat#300-31
SuperScript™ Il Reverse Transcriptase Invitrogen Cat#18064
Oligo(dT)12-18 Invitrogen Cat#18418012
RNaseOUT™ Invitrogen Cat#10777-019
dNTP Mix Invitrogen Cat#18427089
DTT Sigma Cat#3483-12-3
SensiFAST Sybr No Rox Mix 2x Meridian Cat#BI0-98005
Percoll GE Healthcare Cat#17-5445-02
Red Blood Cell Lysis Buffer Biolegend Cat#420301
Fixable Viability Dye eFluor™ 506/780 eBioscience Cat#65-2860-40
Actinomycin D Sigma Cat#A1410
Protease inhibitor cocktail Roche Cat#11697498001
Critical Commercial Assays

Neural Tissue Dissociation Kit (P) Miltenyi Cat#130-092-628
RNeasy® Micro Kit QIAGEN Cat#74004
Bradford Protein Assay Bio-Rad Cat#5000001
TransIT®-LT1 Transfection Reagent Mirus Cat#MIR 2305
GELFREE 8100 10% Cartridge Kit Expedeon Cat#SKU 42105

Single-cell gene expression profiling kit

10X Genomics

Cat#CG000204_ChromiumNext
GEMSingleCell3_v3.1

Deposited Data

Original images and blots

Proteomics dataset
Single-cell dataset
Transcriptomics dataset

This paper

This paper
This paper
Mancuso et al.*’

Mendeley Data [https://doi.org/
10.17632/kgzzfrm272.1]

ProteomeXchange [PXD039238]
GEO [GSE245391]
GEO [GSE137444]

Transcriptomics dataset Sala Frigerio et al.*’ GEO [GSE127893]
Transcriptomics dataset Hasselman et al.*® GEO [GSE133433]
Transcriptomics dataset Keren-Shaul et al.*’ GEO [GSE98969]
Transcriptomics dataset Friedman et al.* GEO [GSE89482]
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SOURCE

IDENTIFIER

Experimental Models: Cell Lines

H9 stem cell line

De Strooper’s lab

WAe009-A; https://hpscreg.eu/
cellline/WAe009-A

HEK293T/17 ATCC Cat#CRL-11268
Experimental Models: Organisms/Strains
Mouse: C57BL/6J The Jackson Laboratory Cat#000664
Mouse: App"E-G-F Takaomi Saido,® RIKEN Center for N/A
Brain Science
Mouse: Cx3cr1CreERT2/WT The Jackson Laboratory®? Cat#021160
Mouse: Aph1a™ "¢ De Strooper’s lab®® Cat#030985
Mouse: Cx3cr1CeERT2WT y Aph1a™ b -c™" This paper N/A
Mouse: Cx3cr1CeERTZWT y Aph1a™p-c™ x This paper N/A
AppNL-G-F
Oligonucleotides
See Table S4 for Primer pairs of g°PCR This paper N/A
Recombinant DNA
pcDNA3.1+ hTNFRSF1B/C-(K)DYK GenScript Cat#OHU19055D
pcDNA3.1+ hCD300A/C-(K)DYK GenScript Cat#OHU05929D
pPcDNA3.1+ hMILR1/C-(K)DYK GenScript Cat#OHu15096D
pLKO.1-puro-CMV-TurboGFP™ Sigma Cat#SHC003
Software and Algorithms
ImageJ NIH https://imagej.nih.gov/ij/
Image Studio Lite Ver 5.2 LI-COR https://www.licor.com/bio/image-studio/
Prism 9 GraphPad https://www.graphpad.com/

FCS Express 7

NIS-Elements AR (5.41.01)

Inkscape (0.92.4)

GIMP (2.10.18)
BioRender
R (v4.1.0)

Cell Ranger (v6.0.1)

Seurat (v4.0)
MaxQuant (v 1.6.10.43)

De Novo Software
Nikon

"Inkscape’s Contributors" and
"The Inkscape Project"

GNU Image Manipulation Program
BioRender

R Core Team and the R Foundation
for Statistical Computing

10x Genomics

Satija lab”’
MaxQuant

scientificsoftware/prism/
https://denovosoftware.com/

https://www.microscope.
healthcare.nikon.com/en_AOM/
products/software/nis-elements

https://inkscape.org/

https://www.gimp.org/
https://www.biorender.com/

https://www.r-project.org/

https://support.10xgenomics.com/
single-cell-gene-expression/software/

https://satijalab.org/seurat/
https://www.maxquant.org/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bart De

Strooper (bart.destrooper@kuleuven.be).

Materials availability

Materials and reagents used in this study are listed in the key resources table. Reagents generated in this study are available upon

request.
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Data and code availability

® Mass spectrometry data files and MaxQuant analysis files generated in this study have been deposited at the
ProteomeXchange data repository and are publicly available as of the date of publication. The accession number is indicated
in the key resources table. Please notice that the fraction 2-13 in the raw data are referring to the fraction 1-12 in the figures in
this paper, since the first fraction generated from the GELFREE 8100 Fractionation System was not included for further analysis
according to the manufacturer’s recommendations. Single-cell RNA-seq data files generated in this study have been deposited
at Gene Expression Omnibus (GEO) database and are publicly available as of the date of publication. The accession number is
indicated in the key resources table. This paper analyzes existing, publicly available data. The accession numbers for the data-
sets are listed in the key resources table. Original western blot images and microscopy data have been deposited at Mendeley
Data and are publicly available as of the date of publication. The DOl is listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6J mice (JAX stock #000664), App~¢F mice (obtained from Dr. Takaomi Saido),”®> Cx3cr1<"*EA™2/" mice (JAX stock
#021160)°? and Aph1a™"b7-c™" mice (JAX stock #030985)°° were bred and maintained in local facilities. Cx3cr1CeERT2/wt mice
and Aph1a™ b7 -c™" mice were crossed to generate the tamoxifen-inducible microglia-specific y-secretase conditional KO mice
(Cx3cr1CreERT2ME y Aph1a™b™-c™™). This strain was further crossed with App™-"¢ mice to generate the mice with AD background
(Cx3cr1CreERT2mt  Aph1a™h-c™ x App™-G-F). 3-month-old Cx3cr1ERT2Wt x Aph1a™"b-c"" mice, 3-month-old and 7-month-
old Cx3cr1CeERT2ZMt y Aph1a™ b7 x APPN-GF mice were used for the single-cell RNA sequencing experiment. 6-Month-old
Cx3cr1™""t x Aph1a™"b7-c™ x APPN-4F mice were used for tamoxifen control. 5-month-old C57BL/6J mice were used for detec-
tion of y-secretase subunits in microglia. Both female and male animals were used in experiments. Littermates of the same sex were
randomly assigned to experimental groups. Mice were housed in groups of 2-4, under a 14 hlight (7 am to 9 pm) and 10 h dark cycle at
21°C, with food and water ad libitum. All experiments were conducted according to protocols approved by the local Ethical Com-
mittee of Laboratory Animals of the KU Leuven (government license LA1210579, ECD project number P177/2020) following local
and EU guidelines.

Primary human microglia

For human microglia isolation, temporal neocortex tissues were obtained from a 2-year old male (Caucasian) and a 22-year old fe-
male (Caucasian) patient. Both patients were diagnosed with epilepsy and underwent a neurosurgical resection at UZ Leuven. Sam-
ples were collected at the time of surgery and transferred on ice to the laboratory for tissue processing within 10 min post-sampling.
All procedures were conducted in accordance with the protocols approved by the local Ethical Committee (protocol number
S61186).

HOMG

We used in vitro human microglia-like cells generated from H9 embryonic stem cells (WAQ9, purchased from WiCell) according to the
serum- and feeder-free protocol for hPSC-derived monocytes/macrophages.’® Bohlen et al. optimized microglia medium conditions
and developed TIC medium that mainly contains three astrocyte-derived key components TGF-B, IL-34 and cholesterol.”® We adapt-
ed these two protocols described above to generate HOMG (Figure S1).

Briefly, H9 embryonic stem cells were expanded in Essential 8 medium with its supplement (A1517001, Gibco) in matrigel-
coated 6-well plates. At day 0, H9 stem cells were dissociated with Accutase (A6964, Sigma-Aldrich) and suspended in
mTeSR-1 medium with its supplement (#85850, Stemcell Technologies). Then, ~1 million cells were seeded in a 96-well u-bottom
ultra-low adherence plate (#650979, Greiner Bio-one) and supplemented with Rock inhibitor (Y-27632, Sigma-Aldrich) and cyto-
kines (50 ng/mL BMP4, 20 ng/mL SCF and 50 ng/mL VEGF). We spun the plate at 100 g for 3 minutes to pellet cells on the bottom
of the wells. From day 1 to day 3, the medium was daily changed. At day 4, embryonic bodies (EBs) were collected from the plates
and transferred to a T175 flask. Each flask contained 192 EBs in 40 mL differentiation medium (X-VIVO15, 100 ng/mL M-CSF,
25 ng/mL IL3, 2 mM Glutamax, 100 U/mL Pen/Strep and 0.055 mM B-mercaptoethanol). The differentiation medium was changed
when it got yellow. From day 18 onward, the H9-derived monocyte-like cells (HOMC) were visible in the supernatant, and the non-
adherent HOIMC could be collected weekly. All the HOMC used in this study were collected from day 18, day 25 and day 32. The
harvested HOMC were then transferred to the microglia TIC medium (DMEM F12, 2 mM L-Glutamine, 5 pg/mL N-acetyl-L-
cysteine, 5 pg/mL human insulin, 100 pg/mL apo-transferrin, 100 ng/mL sodium selenite, 1.5 pg/mL cholesterol, 1 pg/mL heparin
sulfate, 50 ng/mL M-CSF, 50 ng/mL IL34, 25 ng/mL TGFB1, 10 ng/mL CX3CL1) for 7-day further maturation to HOMG. All cyto-
kines used in this study were purchased from Peprotech. Using this combined protocol, we were able to generate > 300 million
HIOMG in a T175 flask within 39 days.
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HEK293T cell line
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium/F-12 (Invitrogen), 10% fetal bovine serum (GIBCO). Cells were
maintained in a humidified incubator at 37°C with 5% CO2.

METHOD DETAILS

Mice

While Cx3cr1€mERT2/WT targets not only microglia but also other myeloid linage cells,° for instance circulating monocytes, the tamox-
ifen inducible recombinase activity>” allows us to induce the KO after embryo development (1 month old in this study) and analyse the
cells months later (2-6 month later in this study). Microglia originate from the yolk sac and self-renew in the brain,®':*?> while mono-
cytes derive from bone-marrow and undergo fast turnover. Several studies have shown that the Cre modified monocytes can be re-
placed within 1 month upon withdraw of tamoxifen but Cre modified microglia stay permanently in the brain.®>° Therefore, mice
were treated with tamoxifen (single dose of 2 mg /kg per day) or vehicle (corn oil) by i.p. injection for 5 consective days at 1 month
of age and sacrificed at the indicated time points. For mouse microglia isolation and histology, mice were terminally anesthetized with
an overdose of sodium pentobarbital and transcardially perfused with heparinized PBS.

Isolation of human and mouse primary microglia

The procedures of human and mouse primary microglia isolation are as previously described.*! Briefly, tissues were subjected to
dissociation using the Neural Tissue Dissociation Kit (P) (#130-092-628, Miltenyi) following the manufacturer’s specifications. The
cell suspension was filtered over a 70-um cell strainer (#542070, Greiner) with ice-cold FACS buffer (PBS, 2% FCS, 2 mM EDTA).
The filtered suspension was further centrifuged at 300g at 4 °C for 15 min. We suspended the cell pellet with 30% Percoll
(#17-5445-02, GE Healthcare) and spun the suspension at 300g at 4 °C for 15 min. Myelin layers were formed on top of the super-
natant and were removed with a Pasteur pipette.

For human microglia isolation, the cell pellets were first suspended in 1x Red Blood Cell Lysis Buffer (#420301, Biolegend) and
incubated for 5 min on ice with occasional shaking. Then, the reaction was stopped by diluting with sufficient ice-cold PBS. The
cell suspension was centrifuged at 300g at 4 °C for 15 min, and pellets were suspended in FACS buffer with anti-human CD11b
MicroBeads (1:10, #130-093-634, Miltenyi) at 4 °C for 15 min. Microglia were washed and sorted on a Miltenyi MACS Magnetic Sepa-
rator. CD11b positive fraction (microglia) and CD11b negative fraction (non-microglia cell types) were collected separately. Western
blot analysis was performed for the quality control of microglia purity (not shown). At the end, ~1.5 million human primary microglia
were collected from each tissue sample and lysed for detection of y-secretase subunits.

For mouse microglia isolation, the cell pellet was suspended in FACS buffer with anti-mouse CD11b-PE (1:50, REA592, Miltenyi),
anti-mouse CD45-BV421 (1:500, #563890, BD Biosciences) and the cell viability marker €780 (1:2000, #65-2860-40, eBioscience)
and incubated at 4 °C for 30 min. For the single-cell experiments, we added a specific hashtag antibody (A0301-A0304, Biolegend)
for each individual sample during the antibody incubation. Microglia were washed and sorted on a Miltenyi MACSQuant Tyto cell
sorter. Alive microglia expressing CD11b and medium level CD45 but €780 negative were sorted (not shown). At the end, ~2 million
microglia sorted from equally pooled brain cell suspension from three C57BL/6J mice were lysed for detection of yy-secretase sub-
units (WB). ~15,000 microglia from each GSX©, GS"7, TAM_QC or Ctrl_QC mouse were sorted for the single-cell mRNA library prep-
aration. FACS data were analyzed using FCS express software.

RNA isolation, reverse transcription and real-time qPCR

RNA from different stages of microglia-like cell differentiation was isolated using the RNeasy Micro Kit (#74004, QIAGEN) according
to the manufacturer’s instructions. Reverse transcription of 200 ng (MRNA) from each sample was performed using the Superscript Il
reverse transcriptase (#18064, Invitrogen) according to the manufacturer’s instructions. Real-time semi-quantitative PCR was per-
formed using the SensiFast Sybr No-Rox kit (BIO-98020, Bioline). All gPCR primers are indicated in Table S4. Mean expression of two
housekeeping genes (18S and GAPDH) was used for all normalizations. The expression level of the genes are shown in ACt.

Expression and validation of y-secretase substrate candidates

HEK293T cells were transiently transfected with the recombinant plasmids pcDNA3.1+ hTNFRSF1B/C-(K)DYK, pcDNA3.1+
hCD300A/C-(K)DYK, pcDNA3.1+ hMILR1/C-(K)DYK and the positive transfection control pLKO.1-puro-CMV-TurboGFP, separately,
using TransIT®-LT1 Transfection Reagent (Mirus). 36 hours after the transfection, cells were treated with 90 nM Semagacestat or
DMSO for 16 hours and then collected for immunoblotting analysis using a FLAG M2 antibody (Sigma).

Immunoblotting

Cells for western blotting were washed in ice-cold PBS and then lysed in STE buffer (250 mM sucrose, 5 mM Tris-HCL, 1 mM EGTA,
pH7.4) supplemented with protease inhibitor (Roche) and 1% Triton X-100 (Sigma) for 20 minutes in ice. Cell extract was centrifuged
at 14, 000 rpm for 20 min and supernatant was collected and subjected to protein concentration measurement. Equal amount of pro-
tein in each sample mixed with NUPAGE LDS Sample Buffer (Invitrogen) was loaded on 4 to 12% Bis-Tris gels for SDS-PAGE.
Resolved proteins were transferred on PVDF membranes. Membranes were blocked in 5% skimmed milk in TBS with 0.1% Tween
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20 at RT for 45 minutes. The following primary antibodies were used in the study: APP-c20 (B63.3), PSEN1-NTF (B19), APH1A-CTF
(B80.3), NCT (9C3), PEN2-NTF (B126) have been described.**"274 PSEN1-NTF (1:1,000, MKAD 3.5) was a gift from Marc Mercken;
PSEN2 (1:1,000, D30G3, Cell Signaling); APH1B (human) or APH1b/c (mouse) (1:1,000, L82) was generated in the laboratory by
immunizing rabbits with a QDKNFLLYNQRSR peptide’®; APLP2 (1:1,000, W2CT) was a gift from D. Walsh, and Syndecan3
(1:1,000, 2E9) was a gift from G. David; LRP1 (1:15,000, EPR3724, Epitomics), GAPDH (1:10,000, 5G4, HyTest); B-ACTIN
(1:10,000, A5441, Sigma). ATP1A1 (1:1,000, NB300-146, Novus Bio); FLAG M2 (1:1,000, F3165, Sigma). The membrane was incu-
bated with primary antibody solution at 4 °C overnight. Then we washed the membrane with TBST 3 times and incubated it with the
HRP-labeled secondary antibody at RT for 1h. Secondary antibodies are goat polyclonal anti-mouse IgG-HRP conjugate (1:10,000,
#170-6516, Bio-Rad), goat polyclonal anti-rabbit IgG-HRP conjugate (1:10,000, #170-6515, Bio-Rad). We washed the membrane
with TBST 3 times and TBS 2 times. Eventually, blots were imaged by using the ImageQuant LAS 4000 mini biomolecular imager
(GE Healthcare).

Immunofluorescence staining of brain sections

The PBS perfused mouse brain samples were fixed overnight with 4% PFA in PBS. Brains were then embedded in 4% Top
Vision low-meltingpoint agarose (Thermo Fisher Scientific) and cut into 35 pm thick coronal sections using a vibratome (Leica
VT1000S). The sections were blocked and permeabilized in a PBS based buffer supplemented with 5% donkey serum and 0.3%
triton x100 for 1.5 hours at room temperature. After blocking, the sections were incubated in the blocking buffer based primary
antibody solution (GFP (1:1,000, Ab13970, abcam); 82E1 (1:200, #10323, IBL)) gently agitated overnight at 4°C. The next day,
sections were washed three times for 5 minutes in PBST (0.3% triton x100 in PBS). The sections were incubated with the block-
ing buffer based secondary antibody solution (Donkey anti-mouse AF647 (1:500, A31571, Invitrogen) and Donkey anti-chicken
AF488 (1:500, 703-545-155, Jackson Immunolabs)) gently agitated for two hours at room temperature. The sections were then
stained with DAPI solution (1/5,000 in PBS) gently agitated for 15 minutes at room temperature. Finally, the sections were
washed three times for 5 minutes in PBST and mounted onto glass slides using the Glycergel mounting media and allowed
to dry at room temperature.

Gamma-secretase Substrate Identification (G-SECSI) workflow

Step 1. y-secretase Inhibition

Semagacestat was solubilized in DMSO and then diluted in the culture medium with final DMSO dilution by volume 1/1000. At day 6 in
TIC, HOMG were refreshed with 2 UM Semagacestat containing microglia TIC medium for 16 hours. HOMG cultured in TIC medium
containing 0.1% DMSO were used as control.

Step 2. Membrane protein purification

Cells were washed twice with ice-cold washing buffer (PBS supplemented with protease inhibitor cocktail (#11697498001, Roche)).
Then, cells were mechanically detached from the dishes or flasks with a cell scraper and collected in ice-cold washing buffer. Cells
were pelleted by centrifugation at 800g for 10 min and re-suspended with STE buffer (250 mM sucrose, 5 mM Tris-HCL, 1 mM EGTA,
pH7.4) supplemented with protease inhibitor without detergent. 10 uL STE buffer was used per mg pellet. Then, we used a cell
cracker with a bead of 8.010 mm diameter to homogenize the cells. Cell suspension was pushed through the cracker with syringes
(20 times) to achieve a complete homogenization. Cell homogenate was centrifuged at 800g for 10 min to remove nuclei, and sub-
sequently the supernatant was spun at 15,000g for 10 min to reduce the mitochondria content. Then, the remaining supernatant was
collected and spun at 100,000g for 1 h to pellet the membrane fraction. The membrane pellet was washed with 100 mM Na,CO3
(pH 11.3) for 10 min and was spun at 100,000g for 0.5 h to pellet the membranes again. All steps were done at 4°C or on ice.
Step 3. Molecular weight-based protein fractionation and quality control

Molecular weight-based protein fractionation. The membrane pellets were re-suspended in STE buffer without detergent, and the
protein concentrations were determined using a Bradford Protein Assay (Bio-Rad). To fractionate membrane proteins by their mo-
lecular weights, we used GELFREE 8100 Fractionation System with a GELFREE 8100 10% Cartridge Kit (SKU 42105, Expedeon)
following the manufacturer’s recommendations. Briefly, purified membrane proteins were mixed with Sample Buffer (from the kit)
supplemented with 1M DTT (#3483-12-3, Sigma) and heated at 95°C for 5 min for denaturation. Then, samples were cooled
down and loaded. 4 channels of the cartridge were used for each pair of samples (Semagacestat treated and control) from each
batch, with 300 ug membrane proteins loaded in each channel and 2 channels for each sample. Then, the cartridge was placed
on the instrument, and the fractionation programme as indicated in Table S5 was started. During each pause of the procedure, pro-
tein fractions in the collection chambers were transferred by using a multichannel pipette and collected in clean Eppendorf tubes on
ice. The collection chambers were washed twice by using Running Buffer (from the Kit). After the washing, 100 pL fresh Running
Buffer was added to the collection chamber, and the fractionation programme was continued. The first fraction collected during
the first pause of the programme was discarded as the manufacturer suggested, since it contains mainly small debris. Finally, twelve
fractions from each sample were collected and stored at -80°C.

Ponceau staining and Western blotting. Membrane protein (1 ug) from the whole purified membrane protein lysate as well from each
fraction generated by GELFREE 8100 fractionation system was loaded on a 4-12% NuPAGE Bis-Tris gel (NP0323BOX,
ThermoFisher) for SDS-PAGE. After transfer to a nitrocellulose membrane, we performed Ponceau staining. After 1 min staining,
the membrane was washed 3 times with distilled water and was then imaged. The membrane was incubated in blocking buffer
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(5% skimmed milk powder in TBS with 0.1% Tween 20) at RT for 45 min. We first probed the membrane with a primary C-terminal
specific antibody against LRP1 (EPR3724, Epitomics). The membrane was incubated with primary antibody solution at 4 °C over-
night. Then we washed the membrane with TBST 3 times and incubated it with the HRP-labeled secondary antibody at RT for 1h.
We washed the membrane with TBST 3 times and TBS 2 times. Eventually, blots were imaged by using the ImageQuant LAS
4000 mini biomolecular imager (GE Healthcare).

Step 4. MS and CTF identification

Sample preparation for mass spectrometry. HOMG fractionated membrane samples were prepared for mass spectrometry using
s-trap mini columns (Protifi). Membrane pellets were solubilized in 5% SDS, 10mM TCEP (tris (2-carboxyethyl) phosphine) and
50mM TEAB (triethylammonium bicarbonate). Samples were alkylated with 20 mM iodoacetamide for 1 hour. Samples were loaded
onto s-trap columns following the manufacturer’s instructions and columns were washed 5 times with 100mM TEAB pH 7.1 in 90%
methanol. Proteins were digested with trypsin (1:20 enzyme to protein) in 100 mM ammonium bicarbonate at 47 °C for 2 hours. Pep-
tides were eluted from the mini column by sequential washes with 80ul 100mM ammonium bicarbonate followed by 80ul 0.2% formic
acid and lastly with 80ul 0.2% formic acid in 50% acetonitrile. Peptides were dried and suspended in 45pl of 1% formic acid for anal-
ysis by mass spectrometry.

Liquid chromatography mass spectrometry analysis. H9MG membrane derived peptides were analyzed using an Exploris 480
(Thermo Scientific) mass spectrometer coupled with a Dionex Ultimate 3000 RS (Thermo Scientific). LC buffers were the following:
buffer A (0.1% formic acid in Milli-Q water (v/v)) and buffer B (80% acetonitrile and 0.08% formic acid in Milli-Q water (v/v). For all
samples 15 puL of the suspended peptides was loaded at 10 ul/min onto a trap column (100 um X 2 cm, PepMap nanoViper C18
column, 5 um, 100 A, Thermo Scientific) equilibrated in 2% buffer B. The trap column was washed for 5 min at the same flow rate
and then the trap column was switched in-line with a Thermo Scientific, resolving C18 column (75 um x 50 cm, PepMap RSLC
C18 column, 2 um, 100 A). Peptides were eluted from the column at a constant flow rate of 300 nl/min with a linear gradient from
5% buffer B to 35% buffer B in 125 min and then to 98% buffer B by 127 min. The column was then washed with 98% buffer B
for 20 min. The data was acquired using an easy spray source operated in positive mode with spray voltage at 2.6 kV, and the
ion transfer tube temperature at 250°C. The MS was operated in DDA mode. A scan cycle comprised a full MS scan (m/z range
from 335-1800), orbitrap resolution set to 60000, AGC target set to custom, normalised AGC target at 300%, maximum injection
time mode set to custom, maximum injection time at 25 ms, microscan set to 1 and source fragmentation disabled. Data of full
MS scan were acquired in profile mode. MS survey scan was followed by 20 MS/MS scan events using the following parameters:
multiplex ions set to false, isolation window set to 1.4, collision energy mode set to fixed, collision energy type set to normalized,
HCD collision energies set to 30%, orbitrap resolution 15000, first mass 110, AGC target set to standard, maximum injection time
mode set to custom, maximum injection time set to 40, microscan set to 1. Data for MS/MS DDA scan event were acquired in profile
mode. Two blanks were run between each sample to reduce peptide carry-over.

Processing and analysis of proteomics data. Raw mass spectrometry data files were searched and quantified with the MaxQuant
software package (version 1.6.10.43). Proteins and peptides were identified using Uniprot canonical databases. The following search
parameters were set: oxidation of methionine and N terminal acetylation were set as variable modifications, carbamidomethylation of
cysteine was set as a fixed modification, protein and peptide false discovery rate of 0.01.

In silico determination of carboxyterminal fragment. Single-pass membrane proteins can be categorized into 4 sub-types (www.
uniprot.org), including single-pass type | and type Ill membrane proteins which both have a N-terminus located at the extracel-
lular side and a C-terminus located at the cytosolic side, and single-pass type Il and type IV membrane proteins which have
reversed topology. Among all previously identified single-pass membrane y-secretase substrates (result not shown), 152 out
of 156, are single-pass type | membrane proteins. From the four remaining substrates, BCMA,>” NRADD®* and SYT7°® are sin-
gle-pass type lll membrane proteins containing natural short ectodomains. Thus the preferred topology of y-secretase sub-
strates seems to be N-terminus outside. The fourth one is B 1,6 N-acetylglucosaminyltransferase V (GnT-V)®° that is the only
reported single-pass type Il membrane protein to be cleaved by y-secretase. Only two multi-pass membrane proteins, Gluta-
mate Receptor Subunit 3 (GIuR3) and Polycystin-1 (PC1), have been reported to be cleaved by y-secretase.®®®” It remains
unclear whether these multi-pass proteins become only substrates after cleavage by other enzymes which then generate a
single-pass membrane protein fragment, or what exactly is further required to make such proteins a substrate for y-secretase.
Given the complexity of single-pass type Il membrane proteins and multi-pass membrane proteins, we focus here only on
single-pass type | and Ill membrane proteins.

The extracellular domain of the CTF that are substrates of yy-secretase are in general less than 50 amino acids (aa) long, while pro-
teins with an extracellular domain larger than 200 aa are not processed by y-secretase.”’ We used therefore a conservative threshold
of 60 aa for the predicted length of the extracellular domain of the y-secretase substrates, meaning that we considered the part start-
ing from the carboxyl-terminus up to 60 aa beyond the transmembrane domain of the single-pass type I/lll membrane protein as
theoretical threshold for the determination of the length of the CTF.

Step 5. Spectral pattern visualization of target protein

Data normalization. We processed the raw intensity values from the proteomics data by a two-step normalization method. Firstly,
we normalized every raw intensity value by the sum of raw intensities from the same fraction to rule out the differences possibly
caused by loading error of the injection to MS. Then, each value out from the first step normalization was multiplied by the mean frac-
tion weight between two conditions.
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Faceted bar plot. We show the relative abundance of each detected tryptic peptide in a faceted bar plot for each protein separately.
The relative abundance of peptides in the 12 fractions were aligned in a row, while the relative abundance of different peptides in the
same fraction were aligned in a column. These different rows which show the unique tryptic peptides for each protein are sorted by
the location of their first aa residue along the full-length protein. The location of the first aa residue is indicated at the right side of the
rows, and are ordered from the amino-terminus down to the carboxyl terminus. The different columns are reflecting the 12 elution
batches from left (small) to right (large) molecular weight fractions. We indicate with a double blue line the transmembrane domain
(TMD) according to www.uniprot.org, and with a single green line the 60 aa above the double green line which indicates the predicted
start of CTF (see in silico determination of carboxyterminal fragment under method details section).

Preparation of HOMG single-cell samples

We seeded HOMC collected from D25 as described above in 12-well plates (500,000 cells/well). We grow them in TIC medium for
7 days, TIC medium was refreshed every two days. At Day 7, we pre-treated HOMG with 2 uM Semagacestat or DMSO for 22 h.
We added 200 ng/mL LPS or PBS during the last 6 hours of the experiment. For the collection, we added 500 uL Accutase
(#07922, Stemcell) with 5 uM Actinomycin D (A1410, Sigma) in each well and incubated the plate at 37 °C for 6 min. We rinsed
the cells with cold PBS with 5 uM ActD and collected cells in a clean Eppendorf tube on ice. We spun the cell suspension at
300g for 5min and suspended the cells with cold FACS buffer. We spun down the cell pellets and incubated each of the 12 samples
with a specific hashtag antibody (A0251-A0260, A0262 and A0263, Biolegend) at 4 °C. After 30 min, we washed the cells in cold FACS
buffer. We spun down the cell pellets again and suspended cells in FACS buffer.

Single-cell mRNA libraries preparation and sequencing

HOMG libraries

We measured the concentration of the cell suspensions on a LUNA cell counter and eventually pooled ~2,000 cells from each of the
12 samples together (4 conditions: n = 3 samples per condition). We equally divided the pool into 2 and prepared them into 2 cDNA
libraries using the 10X Genomics single-cell gene expression profiling kit following the manufacturer’s protocol (CG000204_Chro-
miumNextGEMSingleCell3_v3.1). All cDNA libraries were then sequenced on a DNBSEQ PE100 sequencing platform.

Mouse microglia libraries

We suspended the cells in a final concentration of 1000 cells/pl. We pooled ~2,000 cells from each of the 3 - 4 samples (each labeled
with a specific hashtag antibody, Biolegend) for one cDNA library. For single cell encapsulation, custom microfluidics as described
previously®® was used instead of the standard 10x GEM generation chips. The custom HyDrop chip provided an improved encap-
sulation efficiency of >75% and better control of droplet formation due to the imaging capabilities of the platform. It helps in prevent-
ing the run failure due to chip clogging. The workflow of the HyDrop chip allowed combining two 10x reactions into a single run®®
which enabled us to target for 12000 cell recovery per experimental time point. After single-cell encapsulation, library preparation
followed the manufacturer’s protocol (CG000204_ChromiumNextGEMSingleCell3_v3.1). All cDNA libraries were then sequenced
on a DNBSEQ PE100 sequencing platform.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative analysis of the abundance of the CTFs

Reference plot for calculating molecular weight in the collected fractions

The mean and the 95% confidence interval (Cl) of the protein sizes in each fraction was calculated using the data (size and location)
from all detected known y-secretase substrates (See supplementary Table S6). We connected the 95% Cls across all 12 fractions
which is the red shadow overlaying part of the reference plot in Figure 1D. By using the reference plots and the predicted size of FL
and CTF of each protein, we can deduce the putative location of the FL and CTF of the protein amongst the different fractions, and
therefore deduce the location of the green vertical dotted line. For each protein, the peptides derived from the FL protein are in the
fractions beyond the vertical green dotted line and the peptides derived from putative CTF fragments are at the left side of that line
and below the green horizontal line, so called quadrant 3 or Q3 (see Figures 1C and 1E).

y-Secretase substrate identification

We quantified the relative total signal in Q3 of the each plot. We consider a protein a substrate of y-secretase if (1) the increase of CTF
upon Semagacestat treatment of the target protein was detected in at least 3 out of 4 independent experiments; (2) the value of Q3 in
the Semagacestat treated condition is at least 1.2 fold larger than the value of Q3 in the control condition; (3) P.adj < 0.05, using stu-
dent t test followed by Benjamini-Hochberg false discovery rate correction, n = 3 or 4.

Functional and Pathway Enrichment Analysis of Candidate Substrates

Candidate substrates identified in the HOMG cells were tested for enrichment of Gene Ontology (GO) Biological Process (BP) and
Molecular Function (MF) terms, as well as KEGG pathways, using the clusterProfiler package (v4.2.2). Enriched terms were identified
using the enrichGO() and enrichKEGG() functions, with the parameters gvalueCutoff = 0.05, minGSSize = 100, and pAdjustMethod =
"BH". Top GO enrichments were visualized by grouping the 50 most significant terms by semantic similarity, as calculated by the
calculateSimMatrix() and reduceSimMatrix() functions.
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Single-cell sequencing data analysis

Alignment, pre-processing, and clustering

HOMG. The 10x Genomics Cell Ranger software (version 6.0.1) was used to align reads to the GRCh38 human reference genome,
demultiplex cellular barcodes, and quantify unique molecular identifiers (UMI) and Hashtag oligos (HTO). The UMI and hashtag count
matrices for each of the libraries were loaded into the Seurat package (v4.1.1). Genes whose transcripts were identified in less than 3
cells were immediately removed from the expression matrices. Cell barcodes were filtered to include only those detected in both RNA
and HTO data. The HTO assays were normalized using the centered log-ratio (CLR) transformation. Seurat’s HTODemux() function
was run with default parameters on the hashtag-count matrices to demultiplex cells into their samples of origin. Cells that could not
be assigned to an HTO and cells that were positive for more than one HTO were deemed as negatives and inter-sample doublets,
respectively, and removed from further analysis. In the remaining 22,987 demultiplexed singlet, intra-sample doublets were identified
and removed using DoubletFinder (v2.0.3). Further quality filtering was performed such that only cells meeting the following cutoffs
were retained: < 20% mitochondrial reads, > 5,000 counts, < 65,000 counts, and > 2,000 unique genes. In total, n =21,851 cells were
used for further downstream analysis.

All HOMG single-cell transcriptomes were initially clustered jointly, using Seurat’s canonical correlation analysis (CCA) to integrate
the RNA transcript counts from the two libraries. In brief, gene counts from each of the libraries were log-normalized for library size
and the 2,000 most variable genes were identified using a variance-stabilizing transformation. The FindintegrationAnchors() function
was used to identify anchors for the joint dataset and the data was integrated using the IntegrateData() function. The integrated data
was scaled using ScaleData() and a principal component analysis (PCA) was performed with the RunPCA() function. Uniform Manifold
Approximation and Projection (UMAP) embeddings were created using the RunUMAP|) function, using the first 29 principal compo-
nents (PCs) as input for the non-treated cells and 30 PCs for the treated cells (as determined through the visual inspection of a Scree
plot). A shared nearest neighbor (SNN) graph was constructed using Seurat’s FindNeighbors() function, again using 29 and 30 PCs,
respectively. Seurat’s AddModuleScore() function was used to score cells according to their expression of the Friedman proliferating
gene set.”* Cells for which this score was greater than 0 were classified as proliferating. Proliferating cells were removed and the
remaining transcriptomes were re-clustered following the above procedure (Figure 4B).

Next, the non-proliferating HOMG transcriptomes were clustered separately depending on the presence or absence of LPS treat-

ment, using the same integration and dimensionality techniques as described in the joint clustering procedure. The UMAP of steady
state non-proliferating cells was created using the first 23 PCs and clustered using the same number of PCs, with a resolution of 0.12
(Figure 4D). The UMAP of LPS-treated non-proliferating cells was created and clustered using 15 PCs, with a resolution of 0.15
(Figure 4l).
In vivo microglia. The same alignment and cellular barcode demultiplexing procedures were followed for the in vivo microglia har-
vested from the C57BL/6J background (GSVE, GS™™) mice and App™-"¢F background (App-"6F-GS4ME AppNL-GF.GSWT,
App™-CF-Ctrl_QC, and App™-"F-TAM_QC) mice. In this instance, reads were aligned to the GRCm38 mouse reference genome.
The lincRNAs Gm42418 and AY036118 were removed from the expression matrices, as they overlap a locus that harbors an Rn45s
sequence repeat, and may thus obtain inflated expression counts from contaminating 18S rRNA. After demultiplexing cells into sam-
ples of origin based on the presence of Hashtag oligos, 9,556 and 46,730 cells were retained from the C57BL/6J background mice
(n = 8) and App™-"%F background mice (n = 24), respectively. The cells were further filtered to remove cells with either high/low num-
ber of read counts and expressed genes, cells with mitochondrial content > 10%, or intra-sample doublets as identified by
DoubletFinder.

For the C57BL/6J background mice, the remaining 7,922 single microglia transcriptomes were integrated by library using Seurat’s
anchor-based integration workflow (as described in the HOMG processing section). The first 20 PCs were used to generate a UMAP
and create a SNN graph. The cells were clustered with a resolution of 0.25. Clusters of cells determined to be non-microglial (based
on high expression of non-microglial cell-type markers and low expression of microglial markers) and a low-quality cluster (as deter-
mined by low UMI counts and high mitochondrial content) were removed. Furthermore, one GS“"¢ sample with a low number of
remaining microglial transcriptomes (n = 8) was removed from further analysis. Integration, scaling, and dimensionality reduction
was repeated on the remaining 7,285 microglial single cell transcriptomes. 20 dimensions were used for dimensionality reduction.
Unbiased clustering by the Louvain algorithm with a resolution of 0.15 identified 4 clusters (Figures 5B and 5C).

For the App™-"GF background mice, the remaining 41,856 RNA transcript counts (Figure S7A) from three libraries were similarly
integrated using integration anchors. The first 26 PCs and a resolution of 0.25 were used to generate a UMAP and cluster the cells
(Figure S7B). Non-microglial and low-quality clusters were removed (Figures S7C and S7E). Integration, scaling, and dimensionality
reduction was repeated on the remaining 37,884 microglial single cell transcriptomes. 15 dimensions were used for dimensionality
reduction. Unbiased clustering by the Louvain algorithm with a resolution of 0.35 identified 9 clusters (Figure S8A). Clusters 0 and 1
were merged, as their marker genes revealed similar homeostatic microglia state profiles (Figures S8B and 6B).

Gene module enrichment visualization

To calculate and visualize the enrichment of gene sets of interest (i.e. markers for microglial states and sets of differentially expressed
genes) for each cell, we used Seurat’s AddModuleScore() function. In brief, this function calculates the activity of a gene set in each
cell by comparing the mean abundance level of the genes of interest against the average abundance of sets of random control genes
which have a similar average expression level. The calculated scores were visualized on the UMAP. Density plots were created using
the Nebulosa package (v1.0.2).
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Differential Expression analysis

Differential expressions between clusters and between conditions were performed on the normalized counts using the FindMarkers()
and FindAlIMarkers() functions provided within the Seurat package. Min.pct values were set to 0.1. P-values were calculated using
the Wilcoxon rank-sum test and were corrected for multiple testing using the Bonferroni method. Seurat’s DotPlot() and DoHeatmap()
functions, as well as the ComplexHeatmap package (v1.10.2), were used to visualize the relative expression levels of marker genes
on either a per-cell or a per-cluster basis.

Pseudotime analysis

Count matrices and UMAP embeddings were loaded into Monocle 3 (v1.0.0, using SeuratWrappers’ as.cell_data_set() to convert the
Seurat object into a Monocle object. The learn_graph() and order_cells() functions were used to fit a principal graph, identify trajec-
tories of interest, and assign pseudotime values along the trajectories. Statistical significance of pseudotime values between each of
the two conditions being compared was determined using a t-test.

Gene Set Enrichment Analyses

Gene Set Enrichment Analysis (GSEA) was performed using the clusterProfiler package (v4.2.2). The outputs of differential expres-
sion analyses between conditions (as obtained by Seurat’s FindMarkers() function) were ranked according to each gene’s signed
log+o(p-value). clusterProfiler’s GSEA() function was used to calculated gene set enrichment scores based on the ranked list. The
following parameters were used: nPerm = 1000, minGSSize = 10, maxGSSize = 500, pvalueCutoff = 0.05, pAdjustMethod =
"BH". The enrichments scores of gene sets in the ranked list of differentially expressed genes were visualized using gseaplot() func-
tion from the enrichPlot package (v1.10.2) (Figures S6C and S6F).

Imaging and quantitative analysis of the Immunofluorescent images

Confocal images were obtained using a Nikon AX Confocal Microscope System driven by NIS-Elements AR (5.41.01) software. For
excitation, 405 nm, 488 nm, 561 nm, 640 nm laser lines were used. All the stained sections were imaged by a 4x or 20x objective.
Roughly, 8-12 Z-step sections within 15-25 pm thickness were obtained from each sample. All images used for a particular compar-
ative analysis were acquired using the same acquisition parameters. The representative images (in Figure 7H) were processed by
FlJl/Image J software using maximum intensity projections of the Z-stack images. The microglia (EYFP*) area, the density of micro-
glial puncta (EYFP* puncta with diameter > 30 um), the overlapped microglia and plaque (EYFP*82E1*) area and the total plaque
(82E17) area were quantified using NIS-Elements AR (5.41.01) software. The quantification were performed using a semi-automated
house-made macro in NIS-Elements AR software. Briefly, the maximum intensity projections of the Z-stack images were used, and
the number of counts and the positive area of either microglia or plaques were identified with threshold function and normalized by
the area of interest. All the quantification results were generated using the measurement of the whole cortical region of the brain cor-
onal sections. For all the quantitative analysis, two sections (one anterior section without hippocampus and one posterior section with
hippocampus) were randomly selected from each individual animal, stained and imaged as described above. 5 animals in each con-
dition were used for the quantification.

ADDITIONAL RESOURCES

We generated faceted bar-plots of the 359 detected specific single-pass type | and type Il membrane proteins from HIMG in this
study. The faceted bar-plots are accessible on our website https://data.bdslab.org.
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