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A “multi-omics” analysis of blood-brain barrier and
synaptic dysfunction in APOE4 mice
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Apolipoprotein E4 (APOE4), the main susceptibility gene for Alzheimer’s disease, leads to blood-brain barrier (BBB)
breakdown in humans and mice. Remarkably, BBB dysfunction predicts cognitive decline and precedes synaptic deficits in
APOE4 human carriers. How APOE4 affects BBB and synaptic function at a molecular level, however, remains elusive. Using
single-nucleus RNA-sequencing and phosphoproteome and proteome analysis, we show that APOE4 compared with APOE3
leads to an early disruption of the BBB transcriptome in 2-3-mo-old APOE4 knock-in mice, followed by dysregulation in protein
signaling networks controlling cell junctions, cytoskeleton, clathrin-mediated transport, and translation in brain
endothelium, as well as transcription and RNA splicing suggestive of DNA damage in pericytes. Changes in BBB signaling
mechanisms paralleled an early, progressive BBB breakdown and loss of pericytes, which preceded postsynaptic interactome
disruption and behavioral deficits that developed 2-5 mo later. Thus, dysregulated signaling mechanisms in endothelium and
pericytes in APOE4 mice reflect a molecular signature of a progressive BBB failure preceding changes in synaptic function and

behavior.

Introduction
Apolipoprotein E4 (APOE4), the main susceptibility gene for
Alzheimer’s disease (AD; Corder et al., 1993; Farrer et al., 1997,
Roses, 1996; Genin et al., 2011; Yamazaki et al., 2019), exerts
cerebrovascular toxicity and leads to blood-brain barrier (BBB)
breakdown in humans (Montagne et al., 2020; Halliday et al.,
2016; Moon et al., 2021) and APOE4 transgenic mice (Bell et al.,
2012; Nishitsuji et al., 2011; Alata et al., 2015; Cacciottolo
et al., 2016). Moreover, BBB dysfunction has recently been
shown to be an early biomarker of human cognitive dysfunc-
tion (Nation et al., 2019). Additionally, it has been reported that
BBB dysfunction can predict cognitive decline and synaptic
deficits in APOE4 human carriers at an early disease stage, in-
dependently of changes in classic AD biomarkers including
amyloid-B (AB) and tau in the cerebrospinal fluid and brain
(Montagne et al., 2020).

How APOE4 affects BBB and synaptic function at a molecular
level, however, still remains elusive. Furthermore, a compre-
hensive large-scale analysis of cell-specific mechanisms

underlying APOE4 cerebrovascular disorder and how it relates to
synaptic dysfunction and neuronal disorder is lacking. To ad-
dress these questions, here we used multi-omics analysis of the
BBB in APOE4 and APOE3 knock-in (KI) mice (Huynh et al., 2019),
with a goal to study molecular changes at the BBB in relation to
functional changes in BBB integrity studied by magnetic reso-
nance imaging (MRI) and tissue analysis, as well as changes in
synaptic and neuronal function studied by proteome analysis of
postsynaptic densities (PSDs) and behavioral tests.

Results

To begin unravelling the effects of APOE4 gene at a molecular
level, first we performed single-nucleus RNA sequencing
(snRNA-seq) of the cortex in APOE3 and APOE4 KIflox/flox mice
(Huynh et al., 2019), i.e., E3F and E4F, respectively (Fig. 1 A; and
Fig. S1, A and B). Using a cell-based analysis and approach
as described in several recent papers (Zhou et al., 2020;
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Figure 1. APOE4 disrupts the endothelial BBB transcriptome. (A) Schematic of nuclei isolation and sampling workflow from mouse cortex for snRNA-seq.
See Materials and methods for details. (B) UMAP space representing six distinct clusters obtained via unsupervised clustering analysis and subsequent
definition of each cluster based on cell type-specific cell markers. OPC, oligodendrocyte precursor cells. (C) Dot plot reporting average expression of the cell-
specific markers of ECs and PCs in the vascular cluster by in silico sorting (see Fig. S1 D). (D) Volcano plot showing DEGs in ECs in 2-3-mo-old (red) and 9-12-
mo-old (cyan) E4F compared with E3F mice. (E) Plot comparing the average log, fold-change of DEGs in ECs in 2-3-mo-old (y axis) and 9-12-mo-old (x axis) E4F
compared with E3F mice (n = 140 DEGs with known function according to the UniProt Knowledgebase of 158 total). (F-H) Bar charts reporting the number of
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DEGs in EC-encoding proteins with known function in each functional class in 2-3-mo-old (F) and 9-12-mo-old (G) E4F compared with E3F mice, and the DEGs
found in common in both age groups of E4F compared with E3F mice (H). All data in B-H are from four mice per group. (I) Log, fold-change of 140 DEGs in ECs
common to both 2-3- and 9-12-mo-old E4F compared with E3F mice. Box-and-whisker plots indicating median (dark horizonal line) and interquartile range
(IQR; box representing 25th to 75th percentiles), and whiskers representing IQR upper and lower limits +1.5 IQR; significance by Wilcoxon two-tailed paired
test. () and K) BBB permeability Ki,qns maps in the cortex of 2-mo-old E3F and E4F mice by DCE-MRI (J) and Ki,ans values in the cortex (Ctx; K) of 2-3-, 4-6-, and
9-12-mo-old E3F and E4F mice. (L and M) Fibrinogen (red) and lectin* endothelial profiles (white) in the cortex of 6-mo-old E3F and E4F mice (L; bar = 25 pm)
and quantification of fibrinogen perivascular deposits in 2-3-, 4-6-, and 9-12-mo-old E3F and E4F mice (M). Mean + SEM; in K, n = 8 mice per group; in M, n =5
mice per group. Significance by one-way ANOVA (K and M) with Bonferroni post hoc test. (N) Heatmap showing overlap between DEGs in ECs from 9-12-mo-
old E4F compared with E3F mice (columns of the heatmap) and DEGs in ECs from the published mouse models of acute, subacute, and chronic EAE, epilepsy,
stroke, and TBI (Munji et al,, 2019; rows of the heatmap). Color scale represents -log;, P value. Significance by Fisher’s exact test. *, P < 0.05; **, P < 0.01; ***,

P < 0.00L; ****, P < 0.0001.

Vanlandewijck et al., 2018; Wang. et al., 2021a; Kalucka et al.,
2020; Sabbagh et al., 2018; Yousef et al., 2019; Tabula Muris
Consortium et al., 2018; Heng et al., 2019; van den Brink et al.,
2017), we identified cell clusters of excitatory and inhibitory
neurons, oligodendrocytes, astrocytes, microglia, and vascular
cells (Figs. 1 B and S1 C). While we focused on endothelial cells
(ECs), which form a tightly sealed continuous BBB monolayer
in vivo (Sweeney et al., 2019), and pericytes (PCs), the BBB-
associated mural cells that critically maintain BBB integrity
(Armulik et al., 2010; Daneman et al., 2010; Bell et al., 2010;
Nikolakopoulou et al., 2019), we recognize that these cells are
part of the broader neurovascular unit composed of endothelial,
mural, glial, and neuronal cell types that interact and influence
each other. Therefore we also include snRNA-seq data for other
cell types (e.g., excitatory and inhibitory neurons, astrocytes,
microglia) in APOE3 and APOE4 mice. Our raw snRNA-seq data
generated are publicly accessible via Gene Expression Omnibus
(GEO) accession no. GSE185063.

To separate ECs from PCs within the vascular cluster, we
used single-cell RNA-seq-guided analysis from a molecular atlas
of the mouse brain vasculature (Vanlandewijck et al., 2018; Fig.
S1 D and Fig. 1 C; see Materials and methods) consistent with
methodology used recently for single-cell dissection of human
brain vasculature (Garcia et al., 2022). Mice were studied at ages
2-3 mo (young) and 9-12 mo (middle age) when BBB breakdown
develops and progresses in APOE4 lines, respectively (Bell et al.,
2012; Nishitsuji et al., 2011). At these time points, BBB remains
intact in APOES3 lines (Bell et al., 2012).

In ECs, we identified 208 and 435 differentially expressed
genes (DEGs) in 2-3- and 9-12-mo-old E4F compared with E3F
mice, respectively, of which 182 and 382 DEGs, respectively,
encoded proteins with known function according to the UniProt
Knowledgebase (Table S1, A and B). In both young and middle-
age E4F mice, almost all DEGs were upregulated, i.e., 178/182 and
380/382 (Fig. 1 D), and 140 DEGs were common to both age
groups (Fig. 1 E). This suggests that E4F mice develop a core EC
molecular signature at a young age that persists through middle
age (Fig. 1, F-H; and Table S1, A-C) but with significantly higher
overall expression of the upregulated genes, as indicated by
Wilcoxon two-tail paired statistics of log, fold-changes (Fig. 11).
The frequency of the identified gene classes is shown in Fig. 1,
F-H; log, fold-change for all DEGs is shown in Table S1, A-C.
Although APOE4-mediated BBB breakdown has been shown
previously in humans (Montagne et al., 2020; Halliday et al.,
2016; Moon et al., 2021) and mice (Bell et al., 2012; Nishitsuji
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et al.,, 2011; Alata et al., 2015; Cacciottolo et al., 2016), molecular
changes of failing BBB have not been studied in relation to
functional changes in BBB integrity as we detail below.

The common upregulated EC genes encoded adhesion pro-
teins such as cadherins and proto-cadherins (e.g., Cdhi3, Cdhis,
Pcdh?, Pcdh9, Pcdhis, and Pcdhi?), contactins (e.g., Cntnd, Cntns,
and Cntnap2), and catenins (e.g., Ctnna2 and Ctnna3; Sweeney
et al,, 2019), likely representing an endogenous EC response
counteracting progressive BBB breakdown that we observed by
dynamic contrast-enhanced (DCE) MRI (Montagne et al., 2018;
Fig. 1,] and K; and Fig. S1 E) and tissue analysis of pericapillary
fibrinogen deposits (Fig. 1, L and M; and Fig. S1 F). Other up-
regulated common DEGs encoded, for example, solute trans-
porters including calcium channel (e.g., Cacnalc, Cacna2d3, and
Cacnb2) and potassium channel (e.g., Kenj3, Kenmal, and Kengs)
subunits and ion exchangers (e.g., Nkain2 and Slc8al), probably
representing a compensatory EC response to stabilize ion
transport homeostasis disrupted by BBB breakdown, and genes
that regulate expression and/or dynamics of cytoskeletal actin
binding and anchoring proteins (e.g., Ank3, Ankslb, Phactrl, and
Tmsb4x), possibly to maintain BBB cytoarchitecture (Fig. 1 H and
Table S1 C).

In young E4F vs. E3F mice, we identified an additional 38/41
upregulated EC DEGs not found in middle-age mice (Fig. 1 F and
Table S1 A), including transferrin receptor (Tfrc), which controls
iron homeostasis, and ankyrin-binding cell adhesion gene neu-
rofascin (Nfasc). Interestingly, Nostrin, a gene that attenuates
endothelial nitric oxide (NO) synthase-dependent production of
the vasodilator NO (Zimmermann et al., 2002), was down-
regulated, possibly countering reduced cerebral blood flow re-
sponses reported in APOE4 mice (Bell et al., 2012; Koizumi et al.,
2018).

In middle-age E4F vs. E3F mice, an additional 239 DEGs were
upregulated that were not found in younger mice (Fig. 1 G and
Table S1 B). Importantly, some of these upregulated genes, such
as those that control subcellular vesicle trafficking, tethering,
and fusion (e.g., Dynclil, Kif2la, Myo5a, Bicdl, Snap25, and
Stxbpsl), could increase BBB transcellular transport and/or
leakage contributing to injurious response (see Table SI B).
Upregulated transcriptional activators such as Tcf20, which in-
creases matrix metalloproteinase 3 (MMP3) expression (Chung
et al., 2013), and tetraspanin 5 (Tspan5), a key regulator of
the a-secretase disintegrin metalloproteinase 10 (ADAMI0;
Sweeney et al., 2019) could both amplify enzymatic degradation
of BBB tight junction and basement membrane proteins. Genes
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that promote disruption of adherens junctions such as catenin §
2 (Ctnnd2; Lu et al., 1999) could also be part of a detrimental
injurious response amplifying BBB failure. Other upregulated
genes encoded the tight junction protein Cldn5 (Nitta et al.,
2003), additional adhesion proteins (e.g., Cdh8, Cdhio, CdhL2,
Cntnl, and Cntn3), solute transporters, cytoskeletal dynamics
proteins (e.g., Snap25, Stxbp5, Ank2, Nebl, Synel, Fhod3, Fnbpll, and
Sptbni), and microtubule-related proteins (e.g., Mapt, Mapib,
Map2, and Rmdni), likely contributing to a sustained compen-
satory response against loss of BBB integrity (Fig. 1, ] and K; and
Fig. S1 E). Changes in some EC-specific gene expression obtained
by snRNA-seq analysis were confirmed by fluorescence in situ
hybridization (FISH) and immunostaining for EC-specific lectin
and CDI13 marker for PCs (Fig. S2).

We next performed Fisher’s exact test to determine if there is
overlap between EC transcriptome in 9-12-mo-old E4F vs. E3F
mice and EC module defined by bulk RNA-seq in mouse models
of stroke, traumatic brain injury (TBI), epilepsy, and experi-
mental allergic encephalitis (EAE; Munji et al., 2019), all of
which exhibit a significant degree of BBB dysfunction (Fig. 1 N
and Table S1D). In contrast to what we expected, we found little
or no overlap between upregulated EC genes in E4F mice and EC
genes in models of stroke, TBI, and epilepsy, and only a modest
overlap with 42 upregulated genes in a chronic model of EAE,
including cell adhesion molecules, solute transporters, and cy-
toskeletal and extracellular matrix proteins. The EC tran-
scriptome in the other studied mouse models also identified
downregulated DEGs (Munji et al., 2019), which was not the case
in E4F mice. Thus, the majority of EC transcriptome changes in
E4F mice comprising compensatory or injurious responses are
likely specifically related to the APOE4 gene.

In PCs, 51/54 DEGs were upregulated in young E4F compared
with E3F mice, of which 45/47 were with a known function
(Fig. 2 A). In general, these genes seem to suggest a compensa-
tory response, similar to ECs from young mice, including up-
regulated cell adhesion genes (e.g., contactin 5 [Cntn5] and
contactin-associated gene, Cntnap2; cell and focal adhesions
genes Cadm2 and Sorbsl; extracellular matrix protein fibronec-
tin, Fnl) and genes involved in DNA binding and transcription
(e.g., Auts2, Rora), to support and maintain BBB integrity and
function (Fig. 2 B and Table S1 E). In contrast, of 180 PC DEGs
identified in 9-12-mo-old E4F compared with E3F mice, only 33/
150 PC DEGs with known function were upregulated (Fig. 2 A),
whereas most DEGs (117/150) were downregulated (Fig. 2, A and
C; and Table S1 F). The downregulated DEGs included the tight
junction protein 1 (Tjpl) gene encoding zonula occludens-1 that is
critical for BBB integrity (Sweeney et al., 2019), other cell ad-
hesion proteins (e.g., cadherin 8 [Cdh8]; contactins 4 and 5
[Cntn4 and Cntn5]; adaptor and focal adhesion genes TIn2, Sorbsl,
and Sorbs2), and solute transporters (e.g., potassium channel
subunits Kcnabl, Kcnip4, Kcenk2, and Kcng5; calcium channel
subunits Cacna2d3 and Cacnb2; Fig. 2 C and Table S1 F), sug-
gesting loss of compensatory response. In contrast, Cyrél, which
upregulates BBB-degrading enzymes MMP1 and MMP3 and
downregulates extracellular matrix protein collagen 1, was up-
regulated in middle-age APOE4 PCs, likely amplifying PC dys-
function and BBB failure. Some upregulated genes (e.g., Ebfl,
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Egrl, and Stl8) that transcriptionally control genes mediating
inflammatory response, DNA damage, and apoptosis likely
contributed to development of the injurious PC phenotype in
middle-age mice as described below.

Interestingly, we next found there is a core of 20 common PC
DEGs between the young and middle-age E4F compared with E3F
mice, of which 19 were upregulated in young E4F mice were
downregulated in middle-age E4F mice, including cell adhesion
and extracellular matrix genes (e.g., Cntn5, Cntnap2, Fnl, and
Sorbsl; Fig. 2 D and Table S1 G), confirming our observations that
PCs in young E4F mice can mount a moderate compensatory
response, which begins to fail in middle age, likely amplifying
PC dysfunction and/or loss. Indeed, tissue analysis confirmed a
progressive loss of PC coverage in E4F compared with E3F mice
(Fig. 2, E and F; and Fig. S1 G) like that shown in human APOE4
carriers (Halliday et al., 2016; Montagne et al., 2020). Consistent
with previous reports (Bell et al., 2010; Nikolakopoulou et al.,
2019; Montagne et al., 2018), there was a strong negative cor-
relation between loss of PC coverage and accumulation of
pericapillary fibrinogen deposits reflecting BBB breakdown
(Fig. 2 G).

To advance into the next step of understanding molecular
changes at the BBB in E4F mice, we performed a large-scale
analysis of protein phosphorylation in brain capillaries isolated
from E4F and E3F mice using a phosphopeptide-enrichment
method (Li et al., 2016) followed by liquid chromatography-
mass spectrometry (LC-MS) as described (Li et al., 2016; Li et al.,
2017; Wilkinson et al., 2017; Wilkinson et al., 2019; Fig. 3 A).
Isolated brain capillaries contained ECs, PCs, and astrocyte end
feet, but not arteriolar smooth muscle cells or neurons (Fig. 3,
B-F; and Fig. S3, A-D). Because a core component of the dysre-
gulated EC transcriptome in E4F mice was present at 2-3 mo and
persisted to 9-12 mo, we performed phosphoproteome analysis
in 7-mo-old mice in between young and middle-age mice used
for the snRNA-seq study. Raw phosphoproteomic data generated
are publicly accessible via ProteomeXchange with identifier
PXD029230. Our data show that 175 phosphosites of 1,212
identified phosphopeptides were dysregulated in brain capil-
laries of E4F vs. E3F mice (Fig. 3 G), showing mainly increased
phosphorylation (67%; Fig. S4 A and Table S1 H). A manual cu-
ration (Li et al., 2016; Wilkinson et al., 2017) indicated changes in
phosphosites distributed among 131 nonredundant proteins,
many of which were identified as regulating cytoskeletal dy-
namics, RNA binding, and DNA binding (Fig. 3 G). A lower
number of phosphorylation sites were found in proteins in-
volved in trafficking and GTP signaling molecules, solute
transport, protein degradation, and cell adhesion along with
protein kinases and phosphatases (Fig. 3 G). Gene Ontology (GO)
analysis confirmed dysregulation of related functional processes
with enrichment in Poly(A) RNA Binding, Cytoskeleton, and
Cell-Cell Adherens Junction (Fig. S4 B and Table S11). Together,
these data suggest that as observed with the transcriptomic
analysis, the core and compensatory cytoskeletal and cell ad-
hesion modules are also dysregulated at the protein phospho-
rylation level in brain capillaries.

We then evaluated which families of protein kinases are
predicted to phosphorylate the dysregulated phosphorylation
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Figure 2. APOE4 disrupts the PC transcriptome. (A) Volcano plot showing DEGs in PCs of 2-3-mo-old (red) and 9-12-mo-old (cyan) E4F compared with E3F
mice. (B and C) Bar charts reporting the number of DEGs in PCs encoding proteins with known function in each functional class of 2-3-mo-old (B) and 9-12-
mo-old (C) E4F compared with E3F mice. (D) Plot comparing the average log, fold-change of DEGs in PCs of 2-3-mo-old (y axis) and 9-12-mo-old (x axis) E4F
compared with E3F mice (n = 25 DEGs). All data in A-D are from four mice per group. (E and F) CD13* PC coverage (magenta) of lectin* endothelial profiles
(blue) in the cortex (E; bar = 25 um), and quantification of PC coverage in 2-3-, 4-6-, and 9-12-mo-old E3F and E4F mice (F). (G) Correlation between PC
vascular coverage and extravascular fibrinogen deposits in cortex. n = 30 mice. In F, mean + SEM; significance by one-way ANOVA with Bonferroni post hoc

test; n = 5 mice per group. In G, significance by Pearson correlation. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001. ECM, extracellular matrix.

sites. For this purpose, we performed a NetPhorest (Miller et al.,
2008) analysis of protein phosphorylation motifs. This assay
revealed that a majority of phosphosites were regulated by
proline-directed kinases from the CMGC family (64%), followed
by basophilic kinases from the AGC family (31%; Fig. S4 C and
Table S1 H). AGC kinases preferentially regulated phosphoryl-
ation sites in structural components of the BBB, including pro-
teins involved in cytoskeletal dynamics and cell junctions (42%),
whereas CMGC kinases preferentially regulated phosphoryla-
tion sites of DNA- and RNA-binding proteins (80%; Fig. 3 H).
Because several protein kinases are activated by G protein-
coupled receptors and second messenger systems such as AKT,
PKC, PKA, and PKG families belonging to the AGC group (Pearce
et al., 2010), dysregulation of these protein kinases families
primarily affects cell adhesion and cytoskeletal machinery of
capillaries, which has been confirmed by subcellular location of
AGC kinase motifs at the cytoskeleton and cell junctions (Fig.
S4 D). In contrast, CMGC kinases preferentially regulated DNA-
and RNA-binding proteins located in the nucleus (Fig. S4 D).
These data suggest that APOE4 dysregulates protein functions in
brain capillaries by preferential phosphorylation driven by
CMGC and AGC protein kinase families.

Barisano et al.
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Next, we focused on the phosphorylation signatures in brain
capillary ECs and PCs using single-cell RNA-seq-guided analysis
from a mouse brain vasculature molecular atlas (Vanlandewijck
et al., 2018; Fig. 3 I). Proteins with a z-score of >0.7 within ECs
and PCs were considered to be enriched and were assigned to
their corresponding cell type (see Materials and methods). Hi-
erarchical clustering (Fig. 3 I) revealed 47 nonredundant pro-
teins with differential phosphorylation in ECs or PCs (Fig. 3] and
Table S1 J). Phosphosites in proteins regulating cytoskeletal
dynamics were preferentially dysregulated in ECs (32%),
whereas the most abundant functional group dysregulated in
PCs corresponded to RNA-binding proteins (22%; Fig. 3 ] and
Table S1]). DNA-binding proteins were distributed equally (14%)
between ECs and PCs (Fig. 3 J). GO enrichment further empha-
sized these results (Fig. S4, E and F; and Table S1K). Overall, ECs
compared with PCs had a more diverse set of functional cate-
gories with dysregulated phosphosites, suggesting that APOE4
disrupts a larger set of functions in ECs than in PCs, consistent
with the observed moderate compensatory transcriptional re-
sponse in young PCs, which begins to fail in middle-age mice.

Similar to the capillary analysis, CMGC and AGC were the
most abundant kinases with dysregulated phosphosites in both
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Figure 3. APOE4 leads to phosphosite dysregulation at the BBB. (A) Schematic of brain capillary isolation workflow from mouse cortex for phospho-
proteome and proteome study. CD brain is prepared for postsynaptic PSD-95 immunoprecipitation assays. See Materials and methods for details.
(B-E) Isolated brain capillaries stained for lectin*-endothelium (B), green; DRAQ5 nuclear stain, pink; bar, 100 um; PdgfrB*-PCs (C); Pdgfrp, red; lectin*-endothelium,
green; DRAQ5, blue; bar, 10 um; and aquaporin 4 (AQP4)*-astrocyte end feet (D); AQP4, green; lectin*-endothelium, red; DRAQ5, blue; bar, 50 um; but did not
stain for smooth muscle cell marker SMA (E); SMA, red; lectin*-endothelium, green; bar, 50 um (see also Fig. S3). (F) Immunoblotting of brain capillaries and CD
brain for the PC marker PdgfrB; endothelial markers CD31, TfR, Glut-1, and Claudin-5; neuronal marker, Tuj1; and astrocyte marker, GFAP. (G) Distribution of
functional groups for all nonredundant proteins with differentially regulated phosphosites in brain capillaries from E4F compared with E3F mice at 7 mo of age.
Legend shows abundant functional groups with number of proteins with dysregulated phosphosites per functional group indicated. The genes encoding
proteins with differentially regulated phosphosites in ECs, PCs, and astrocyte end feet are given in Table S1H. (H) Distribution of substrate-kinase family pairs
among differentially regulated phosphosites in abundant functional groups including cytoskeletal proteins, DNA- and RNA-binding proteins, cell adhesions,
and others. Blue, AGC (PKA, PKG, and PKC); orange, CMGC (cyclin-dependent kinases, mitogen-activated protein kinase, glycogen synthase kinase, and CDC-
like kinase); yellow, STE (serine/threonine kinases); green, atypical kinases; gray, TKL (tyrosine kinase-like kinases); red, TLK (tousled-like kinase). () Heatmap
showing hierarchical clustering of single-cell RNA-seq gene expression for all nonredundant proteins found to contain differentially regulated phosphosites in
brain capillary ECs and PCs. Proteins showing preferential cell-type enrichment in either ECs or PCs are highlighted by blue brackets. The z-scores of proteins
with dysregulated phosphosites in ECs and PCs are reported in Table S1. (J) Distribution of functional groups within ECs and PCs assigned to nonredundant
proteins found to contain differentially regulated phosphosites. Legend shows abundant functional groups. The number of proteins with dysregulated
phosphosites for the most abundant functional groups in the EC and PC pie charts are indicated. Proteins assigned to astrocyte end feet are excluded from
analysis. (K-M) Plots showing the percentage of all differentially regulated phosphosites (K), differentially regulated phosphosites within cytoskeletal proteins
(L), or within nuclear proteins (M) predicted to be regulated by the indicated kinase family separated by assigned cell type as ECs and PCs. Color code for
different kinases as in H, plus turquoise, TK (tyrosine kinase). All data in G-M are from four mice per group. Source data are available for this figure: SourceData
F3.

ECs and PCs (Fig. 3 K). We found that cytoskeletal proteins were
preferentially regulated by AGC kinases in both ECs (55%) and
PCs (60%; Fig. 3 L), whereas PCs compared with ECs had a
substantially higher number of dysregulated phosphosites in
nuclear proteins regulated by CMGC (Fig. 3 M). This indicates
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both a control of specific protein functions by defined families of
protein kinases and a cell type-specific dysregulation of protein
kinase-substrate pairs in ECs and PC by APOE4 gene.

It has been maintained that protein quantitation can help
explain phenotypes of genetic diseases, which cannot be

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20221137

6 of 23


https://doi.org/10.1084/jem.20221137

A B
Differentially Expressed Proteins Differentially Expressed Proteins Level
s Il UP I DOWN
Exocytosis DNA-Binding B
Cytoskeletal Dynamics
" Y 75%
RNA-Binding 50%
25%
Cell Adhesion Metabolic Enzymes 0%
© Metabolic Enzyme (37) = GTP Signaling (11) _§“’§°’§2§ ESLLES Q@qﬁ £
= DNA-Binding (27) = Protein Kinase (11) ISP SLLLEIF & °
= RNA-Binding (19) = Exocytosis (9) SR N RS
= Cytoskeletal Dynamics (16) == Adaptor (9) §§Q§Q§/\’\ SR LY Q@
= Solute Transporter (13) = Extracellular matrix (5) 5 $© g? o N
= Cell Adhesion (12) = Protein Phosphatase (4) é‘b (03 & 68’
= Protein Trafficking (12) &
D
EC PC
BiNA-Binding (7) DNA-Binding (14)
Cytoskeletal
Dynamics (6)

RNA-Binding (12)

Enriched

=3 Cytoskeletal Dynamics

Cytoskeletal
Dynamics (7)

RNA-Binding (6)

Enriched  \etabolic Enzymes (10)
= RNA-Binding = GTP Signaling
= Metabolic Enzyme = Protein Kinase
EC = DNA-Binding = Exocytosis

= Adaptor

= Extracellular matrix
= Protein Phosphatase

= Solute Transporter
== Cell Adhesion
= Protein Trafficking

PC

RasGAP Signaling Alternative Splicing

Clathrin-mediated Transport

CLTC PIK3C2A
i,

Translation

Cell Junction/
2 Cytoskeleton

EIF2AK2 RPLG

~1 @ GNAI2

- xpor ¥
Nuclear “““gcEqg
Export

HLN1

IRF2BP2" NCOR2ACRN ®ppp3R1
Transcription Regulation

@ Both UP and DOWN Phosphorylation (2)

O UP Total Protein, UP Phosphorylation (1)

@ DOWN Total Protein, DOWN Phosphorylation (2)
@ DOWN Total Protein, UP Phosphorylation (1)

@ UP Total Protein (15)

@ DOWN Total Protein (18)
O UP Phosphorylation (18)
@ DOWN Phosphorylation (8)
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from E4F compared with E3F mice at 7 mo of age. Legend shows abundant functional groups with number of differentially expressed proteins per functional
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differentially expressed proteins assigned to ECs, PCs, or astrocyte end feet are given in Table S1 L. z-Scores for proteins enriched in ECs and PCs are reported
in Table S1 M. (D) Distribution of functional groups within brain capillary ECs and PCs assigned to differentially expressed proteins. Legend shows abundant
functional groups with the number of differentially expressed proteins for the most abundant functional groups in the EC and PC pie charts indicated. Proteins
assigned to astrocyte end feet are excluded from analysis. All data in A-D are from four mice per group. (E) PPIs extracted from BioGRID data are assigned to
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proteins regulated by either phosphorylation or expression within brain capillary ECs and PCs and converge on common cellular processes. Proteins were
clustered according to their involvement in particular cellular processes, demarcated by the colored regions. Each node represents a single dysregulated
protein by either phosphorylation and/or expression level within the disrupted PPI signaling network in ECs and PCs. The color-coded legend shows direction
(up or down) and type of dysregulation (phosphorylation or protein level), with the number of dysregulated proteins indicated. For full description of dys-
regulated PPI signaling networks in ECs and PCs, see the main text. ECM, extracellular matrix.

obtained by transcript information alone (Jiang et al., 2020).
Thus, we next quantified a total of 4,555 unique proteins in brain
capillaries via LC-MS and found 228 to be differentially regulated
in E4F compared with E3F mice (Fig. 4 A), showing <3% overlap
with dysregulated phosphosites (Fig. S4 G and Table S1 L). Raw
proteomic data generated are publicly accessible via Proteo-
meXchange with identifier PXD029230. In contrast to an overall
increase in phosphorylation (Fig. S4 A), the differentially ex-
pressed proteins were almost evenly upregulated (51%) and
downregulated (49%; Fig. S4 H), showing almost no overlap with
changes with protein phosphorylation. This is expected, how-
ever, since changes in protein phosphorylation typically inform
about transient changes in signaling components that are not
necessarily related to protein levels, as we (Coba et al., 2009; Li
et al., 2016) and others (Ping et al., 2018; Huttlin et al., 2010; Li
et al., 2019; Mann et al., 2002) reported previously.

Manual curation indicated changes in metabolic enzymes,
DNA- and RNA-binding proteins, and proteins involved in cy-
toskeletal dynamics (Fig. 4 A). We found that cytoskeletal pro-
teins, proteins involved in exocytosis, and protein kinases were
preferentially upregulated (Fig. 4 B and Table S1 L). In contrast,
protein phosphatases were the major downregulated proteins
(68%; Fig. 4 B). The increase in total levels of protein kinases and
a reciprocal decrease in protein phosphatases likely contributed
to the significant increase in phosphorylation that we observed.

Hierarchical clustering based on RNA-seq-guided analysis
(Vanlandewijck et al., 2018) suggested a clear separation be-
tween ECs and PCs for differentially regulated proteins (Fig. 4
C). In contrast to preferential dysregulation of phosphorylation
of cytoskeletal proteins in ECs (Fig. 3 J), both ECs and PCs had
similarly dysregulated protein levels within this group (Fig. 4 D).
We also identified changes in metabolic enzymes primarily in
ECs (Fig. 4 D and Table S1 M), while RNA- and DNA-binding
proteins were similarly dysregulated in ECs and PCs. The cell
adhesion proteins that maintain BBB integrity (Zhao et al.,
2015a) were downregulated in capillary ECs (75%) in E4F mice,
suggesting that APOE4 decreases cell-to-cell contacts of the BBB
at the protein level (Fig. S4 I), in spite of upregulation of adhe-
sion genes found at the transcriptional level. Increased and de-
creased levels of major functional groups in ECs and PCs are
shown in Fig. S4 1.

While proteins with dysregulated phosphorylation and ex-
pression level had little overlap, together they provide important
insights into BBB dysfunction module in E4F mice. Because
protein-protein interaction (PPI) networks play a major role in
regulating cellular functions (Safari-Alighiarloo et al., 2014), we
next constructed specific PPI networks among all dysregulated
proteins in ECs and PCs using the BioGRID database (Stark et al.,
2006; Fig. 4 E). Consistent with our data thus far, in ECs, we
found that APOE4 led to dysregulation in proteins involved in
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control of cell junctions, which was interconnected to cyto-
skeleton, clathrin-mediated transport, and translation; in PCs, to
proteins regulating transcription and RNA binding involved in
RNA splicing, suggestive of DNA damage (Shkreta and Chabot,
2015).

Analysis of the most connected components of the networks
in capillary ECs showed specific dysregulation of junctional
adhesion proteins connected to cytoskeletal processes essential
for the integrity of the cell junctions, including master regu-
lators of adhesion contacts TJP1, JAM2, and CLEC14A (Zhao et al.,
2015a; Fig. 4 E). TJP1 (zonula occludens-1) is a critical node in the
organization of protein complexes in adhesion contacts, in-
cluding multiple protein interaction modules that associate with
a variety of adhesion proteins such as occludins and claudins
(Sweeney et al., 2019). This helps not only to keep endothelial
cell-cell contacts but also to transduce signaling events to the
cytoskeletal matrix. We also determined a decrease in the total
protein levels of JAM2, which plays a central role in leukocyte
extravasation by facilitating transmigration of leukocytes across
the endothelium (Sweeney et al., 2019), and CLEC14A, which
plays a role in suppressing BBB permeability and inflammation
(Kim et al., 2020). Therefore, the analysis of ECs shows specific
disruption of tightly connected components of the cell adhesion
machinery at the BBB, which is directly connected to the dys-
regulated cytoskeleton PPI network, and also includes Vimentin,
Plectin, MAP4, SPTBN1, SPTAN, ABLIMI, LIMA1, TANCI, and
FLNB (Fletcher and Mullins, 2010).

We also found that the dysregulated cell junction-
cytoskeleton network connects to disrupted clathrin-mediated
transport that controls function of many cell membrane re-
ceptors in ECs by regulating their endocytosis, including lipo-
protein receptors that clear pathogenic Alzheimer’s protein A
(Zhao et al., 2015a) from brain; and to proteins involved in
translation (Fig. 4 E). Therefore, the observed changes in protein
levels and dysregulation in phosphorylation signaling map to a
large, interconnected component of the cell adhesion and cyto-
skeletal PPI networks that maintain functional integrity of the
BBB, which we show is disrupted by APOE4 at multiple levels.

In PCs, several proteins that regulate alternative splicing and
mRNA export in response to DNA damage, including the RNA
processing factors BCLAF1 and THRAP3 (Vohhodina et al., 2017)
and SRF3, SFSF7, and SRSF9 (Shkreta and Chabot, 2015; Chen
et al., 2017), were differentially phosphorylated, whereas other
proteins such as RAN and XPO7, which regulate nucleocyto-
plasmic export, had decreased protein levels. These PPI networks
were connected to dysregulated RasGAP signaling, which controls
cell growth and differentiation, and disrupted transcriptional
regulation. Additionally, we found disrupted actin-binding net-
work proteins, suggesting dysregulation in cytoskeletal filaments
that provide support for cell structure, internal movements, cell
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matrix, and cell adhesion (Fig. 4 E). Overall, these data confirm our
transcriptomic findings indicating that APOE4 leads to PC dys-
function at multiple levels, including RNA splicing suggestive of
DNA damage, transcription, cell differentiation, structure, and
motility, which in turn can further contribute to loss of BBB in-
tegrity (Armulik et al., 2010; Daneman et al., 2010; Bell et al., 2010;
Nikolakopoulou et al., 2019).

It is widely accepted that the correlation between transcripts
and protein levels is generally weak (Jiang et al., 2020). The
latest proteome/transcriptome analysis in 32 human tissues
showed a median Spearman correlation of 0.46 (Jiang et al.,
2020). Moreover, while our transcriptome analysis was per-
formed at the single-cell level, phosphoproteome and proteome
assays were performed on brain microvessels. Results were then
analyzed and cell-specific signatures assigned, using single-cell
RNA-seq-guided analysis from a molecular atlas of murine brain
vasculature (Vanlandewijck et al., 2018). Since these are not
equivalent datasets of full transcriptomes and proteomes, we
don’t expect that RNA, total protein, protein phosphorylation,
and PPIs will correlate perfectly at the individual gene level.
Each assay shows a different complementary aspect of func-
tional dysregulation in ECs and PCs at the BBB. While changes in
total protein levels might be a consequence of disruption of
processes such as cell adhesion or changes in capillary perme-
ability, mRNA changes can respond as compensatory (and
sometimes in the opposite direction) to changes in total protein
levels, or promote injurious changes in protein levels. Addi-
tionally, any direct comparison between changes in gene levels
and protein levels across various categories should consider that
transcriptomic analysis was performed in 2-3- and 9-12-mo-old
E4F and E3F mice, whereas phosphoproteome and proteome
analysis were performed in 7-mo-old mice.

Next, we investigated how the APOE4 gene affects synaptic
function by studying PPIs in PSDs. Because PSD95 is one of the
most abundant PSD proteins and a main component of the core
scaffold machinery of the PSD (Li et al., 2016, 2017; Wilkinson
et al., 2019), we reasoned that the analysis of PSD95 PPIs can be
used as a marker of synaptic signaling integrity. Therefore, we
performed PSD95 interactome analysis (Li et al., 2016, 2017;
Wilkinson et al., 2019; see Materials and methods) in capillary-
depleted (CD) brains from 7-mo-old E4F and E3F mice (Fig. 3 A)
previously used for brain capillary phosphoproteome (Fig. 3)
and proteome (Fig. 4) analysis. To ensure that our analysis re-
flects changes in dysregulated PPIs and not in protein levels at
the synapses, data were corrected by PSD95 total protein levels
in each studied sample and genotype. E4F mice showed dis-
rupted PSD95 interactome at multiple levels (Fig. 5 A and Ta-
ble 1, N-P), with a reduction of PSD95 protein interactions with
45 different proteins, as shown by glutamate receptor E4F/E3F
ratios (Table S1 P): Grin 1, 0.52 (P < 0.05), Grin2a, 0.68 (P <
0.05), Grin2b, 0.056 (P < 0.05), Grin2c, 0.052 (P < 0.05), Grm3,
0.59 (P < 0.05), Grial, 0.42 (P < 0.05), and Gria2, 0.44 (P < 0.05).
We also found a major dysregulation in the core scaffold ma-
chinery of the PSD with loss of PSD95 PPIs to DLGs (disc large
homolg proteins; Dlg3, 0.59 [P < 0.05]), DLGAPs (DLG associated
proteins; Dlgapl, 0.55 [P < 0.05]; Dlgap3, 0.63 [P < 0.05]; Dlgap4,
0.66 [P < 0.05]), and SHANKs (SH3 and multiple ankyrin repeat
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domains proteins; Shank3, 0.74 [P < 0.05]). The capacity of
PSD95 to assemble the core scaffold structure of the PSD was
further impaired by a dysregulation of its association to protein
kinases: Camk2a, 0.56 (P < 0.05) and Tbki, 0.56 (P < 0.05); and
GAPs/GEFs (GTPase-activating proteins/guanine nucleotide ex-
change factors) components: Iqsecl, 0.68 (P < 0.05) and Igsec2, 0.49
(P < 0.05), among 45 disrupted PPIs including potassium channels,
cell adhesion, cytoskeleton, scaffold, and adapter molecules.

We then compared the PSD95 interactome between 2-3-mo-
old E4F mice relative to E3F mice and found that 2-3-mo-old E4F
mice have intact PSD95 interactome and display only a very
minor dysregulation of PSD95 interaction, with only two PSD95
core component proteins (Fig. 5 B and Table S1, O and P) com-
pared with 45 disrupted PPIs in 7-mo-old E4F mice (Fig. 5 A and
Table 1, N and P). Compared with functional BBB integrity
findings (Fig. 1, ]-M), overall, our results suggest that E4F mice
develop substantial synaptic deficits after BBB breakdown, likely
contributing to behavioral deficits at 6-8 mo of age, as shown by
novel object location, novel object recognition, nesting, and
burrowing tests (Fig. 5, C-F). No changes in behavior were ob-
served at an earlier stage in 4-6-mo-old E4F mice (Fig. 5, C-F).

In certain models of BBB dysfunction, BBB leaks precede and/
or lead to synaptic and/or neuronal dysfunction, as shown in PC-
deficient mice (Bell et al., 2010; Nikolakopoulou et al., 2019;
Montagne et al., 2018), mice haploinsufficient in GLUT1 EC
glucose transporter (Winkler et al., 2015), and mice with loss of
EC major facilitator superfamily domain containing 2A trans-
porter for essential omega 3 fatty acids (Ben-Zvi et al., 2014)
and/or lipoprotein receptor (Nikolakopoulou et al, 2021).
Whether BBB leaks lead to synaptic deficits in APOE4 mice as in
the above models, or these deficits result from direct APOE4
neuronal toxicity (Huang et al., 2019; Najm et al., 2019; Wang
et al., 2018) as reported in studies using human induced plu-
ripotent stem cell (iPSC)-derived neurons, or both factors con-
tribute to synaptic dysfunction, remains to be seen by future
studies.

To get some additional insights into neuronal function, we
looked to the snRNA-seq data. We found 228 DEGs, 134 with
known function, in excitatory neurons, particularly several in-
volved in the organization of the cytoskeleton and synaptic
plasticity in 9-12-mo-old compared with 2-3-mo-old E4F mice,
which were not found in E3F mice (Fig. 6, A-C; and Table S1 Q).
For example, Arhgef25 and Spatal3, guanine nucleotide exchange
factors involved in morphogenesis of dendritic spine, axon
growth, and synapse formation (Hua et al., 2015); Brsk2, regu-
lating polarization of cortical neurons and axonogenesis via
phosphorylation of microtubule-stabilizing protein MAPT/TAU
(Microtubule Associated Protein Tau;Kishi et al., 2005); Map-
k8ipl, a regulator of the c-Jun N-terminal kinase signaling pro-
moting axonal growth (Dajas-Bailador et al., 2008); Mdgal,
involved in the maintenance of inhibitory synapses (Lee et al.,
2013); Prrtl, required for synapse development and plasticity
(Matt et al., 2018); and Pou3f2, a transcription factor that regu-
lates synaptic function via neurotrophin-3, were all upregulated.

In inhibitory neurons, 245 DEGs, 153 with known function,
were identified. For example, Lrfnl and Lrrtm2, involved in the
regulation and maintenance of synapses (Wang et al., 2008);
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Figure 5. APOE4 effects on synaptic interactome and behavior. (A and B) PSD95 protein interactors (PSD95 interactome) determined in four replicates
from the cortex. (A) Disrupted PSD95 PPI networks in 7-mo-old E4F compared with E3F mice. Affected protein interactors localized within highly connected
nodes of the PPI. (B) PPIs networks in 2-3-mo-old E4F compared with E3F mice. In A and B, green, PSD95 node; gray, no detected changes in PSD95 PP ratios;
pink (A) or orange (B), impaired PSD95 PPI ratios. The PSD PPI network was constructed by immunoisolation and mass spectrometry analysis of Shank3,
Syngapl, Homerl, Cyfipl, Cyfip2, Cnksr2, Nckapl, TNiK, Fmrl, Tscl, and Dlgapl nodes. In A and B, all measurements were performed simultaneously in four
biological replicates per genotype and age. For full description of dysregulated PPI networks, see the main text and Table S1, N-P. (C-F) Novel object location
(NOL; C) novel object recognition (NOR; D), nesting (E), and burrowing (F) in 4-6- and 6-8-mo-old E3F and E4F mice. Mean + SEM. In C-F, n = 14-16 mice per

group. Significance by one-way ANOVA with Bonferroni post hoc test (C-F). **, P < 0.0, ****, P < 0.0001.

Ngf, activating Racl and neurite formation (Yamaguchi et al.,
2001); Pdlim5, which interacts with the PSD-95-binding pro-
tein SPAR causing dendritic spine shrinkage (Herrick et al.,
2010); and isoaspartyl peptidase/L-asparaginase, which regu-
lates production of the inhibitory neurotransmitter L-aspartate,
were also all upregulated (Fig. 6, D-F; and Table S1 R). Together,
these results likely reflect an endogenous response of E4F ex-
citatory and inhibitory neurons to compensate for synaptic
deficits that we show by PSD95 interactome analysis (Fig. 5, A
and B) and progressive loss of neurites that we show occurs
between 4-6 and 9-12 mo of age (Fig. 6, G-I), but without ap-
parent loss of neurons (Fig. 6, ] and K). Whether APOE4-induced
neurite loss that has been also shown by previous studies (Bell
et al., 2012; Nathan et al., 2002; Wang et al., 2005; Dumanis
et al., 2009; Bour et al., 2008) can be related to accumulation
of neurotoxic fibrinogen species (Fig. 1, L and M) that inhibit
neurite outgrowth in neuronal cultures and in vivo in PC-
deficient mice (Schachtrup et al., 2007; Nikolakopoulou et al.,
2019; Montagne et al., 2018), or is primarily driven by APOE4
neurotoxicity (Huang et al., 2019; Najm et al., 2019; Wang et al.,
2018) such as direct effects on GABAergic hippocampal neurons
or astrocytes (Najm et al., 2019; Wang et al., 2018), is not clear at
present. Interestingly, in excitatory neurons, we also found
upregulated Nosl producing neurotoxic NO species; Spata2,
Tyro3, and Brmsl controlling NF-«B and TNFa signaling; and
upregulation of Rwdd3 controlling NF-xB pathway in inhibitory

Barisano et al.
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neurons (Antico Arciuch et al., 2015), which may all contribute
to injurious responses.

In addition to snRNA-seq of ECs, PCs, and neurons, we per-
formed snRNA-seq analysis of cell clusters we identified as as-
trocytes and microglia (Figs. 1 B and S1) in 9-12-mo-old
compared with 2-3-mo-old mice. The snRNA-seq analysis of
astrocytes (Table S1 S) indicated 310/311 upregulated DEGs, 234
with known function, in E4F mice, but not in E3F mice (Fig. 7 A).
This included genes encoding metabolic enzymes such as SER-
PINB6 (Serpinb6a), an inhibitor of neurotoxic thrombin that
accumulates in brain after BBB breakdown (Bell et al., 2010;
Sweeney et al., 2019); protein S (Prosl), a cofactor to activated
protein C that prevents BBB breakdown (Griffin et al., 2018);
SIRTUIN 2 (Sirt2), a protein deacetylase that downregulates
vascular endothelial growth factor, possibly protecting from
vascular endothelial growth factor-induced BBB breakdown
(Argaw et al., 2012); and Chuk and Nfkbia, NF-xB inhibitors
possibly suppressing the proinflammatory NF-«B pathway
linked to BBB breakdown (Bell et al., 2012). Overall, these data
suggest that astrocytes probably tend to mount a response to
protect BBB integrity. However, as in other cell types, we also
found upregulated genes that can lead to potentially injurious
response such as Hmgbl and NF-«B activator Map3ki4 that pro-
mote an inflammatory phenotype. Despite these transcriptional
changes, we did not find changes in astrocyte numbers in E4F
compared with E3F mice at the ages studied (Fig. 7, B and C).
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Figure 6. APOE4 effects on neuronal transcriptome and neuritic density. (A) Volcano plot showing the DEGs identified in excitatory neurons of E3F (red)
and E4F (cyan) mice at 9-12 vs. 2-3 mo of age. (B) Plots comparing the average log, fold-change of the common DEGs identified in excitatory neurons of both
E3F (x axis) and E4F (y axis) mice (9-12- vs. 2-3-mo-old mice). (C) Bar charts reporting the number of DEGs encoding for proteins with known function in each
functional class, as exclusively identified in excitatory neurons of 9-12- vs. 2-3-mo-old E4F mice only (134 DEGs), but not in 9-12- vs. 2-3-mo-old E3F mice.
(D) Volcano plot showing the DEGs identified in inhibitory neurons of E3F (red) and E4F (cyan) mice at 9-12 vs. 2-3 mo of age. (E) Plots comparing the average
log, fold-change of the common DEGs identified in inhibitory neurons of both E3F (x axis) and E4F (y axis) mice (9-12 vs. 2-3 mo of age). (F) Bar charts reporting
the number of DEGs encoding for proteins with known function in each functional class, as exclusively identified in inhibitory neurons of 9-12- vs. 2-3-mo-old
E4F mice only (153 DEGs), but not in 9-12- vs. 2-3-mo-old E3F mice. All data are from four mice per group. (G-K) SMI312* neurofilaments (red) and NeuN*
neurons (green) in the cortex (Ctx) of 9-mo-old E3F and E4F mice (G; bar = 30 um) and quantification of SMI-312* neurites (H and I) and NeuN* neuronal cell
bodies () and K) in the cortex (H and ]) and hippocampus (Hipp; | and K) in 2-3-, 4-6-, and to 9-12-mo-old E4F and E3F mice. Data in H-K, mean + SEM, n = 4-5
mice per group; significance by one-way ANOVA with Bonferroni post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Barisano et al. Journal of Experimental Medicine

APOE4 BBB and synaptic molecular signatures https://doi.org/10.1084/jem.20221137

110f 23


https://doi.org/10.1084/jem.20221137

A DEGs in Astrocytes B C
9-12- vs 2-3-month-old E4F

Metabolic Enzyme
Cytoskeletal Dynamics
Immune response

NA Binding

Solute Transporter

S t | Intd Intg
ynaptic plasticity

C% A{) hesion

Protein Degradatron

Cell Survival/Proliferation
Endocytosis

Apoptosis / Anti—-proliferative
mytochondrial enzyme
Exocytosis

Protein Kinase

caffold

Lipid metabolism

GTP Signaling

Slgnalrn'a

E3F
o
o

O
%
@)

N
o
N

GFAP+ cells/mm?
N
e
O
O

E4F

g of ¢ of
Development B R BAD in
Transcription re FLlator 2-3mo  9-12mo
Phosphodiesterase
Other

Frequency

Figure 7. APOE4 effects on astrocyte transcriptome. (A) Bar charts reporting the number of DEGs encoding for proteins with known function in each
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C) Representative confocal images of GFAP* astrocytes in the cortex of 9-mo-old E3F and E4F mice (B; scale bar = 50 um) and quantification of GFAP* cortical
astrocytes in 2-3- and 9-12-mo-old E3F and E4F mice (C). Mean + SEM, n = 5 mice per group. Significance by one-way ANOVA followed by Bonferroni post

hoc test.

The snRNA-seq analysis of microglia indicated 259 DEGs
dysregulated in E4F mice (Table S1 T), but not E3F mice, most of
which were upregulated (250/259), and 219 with known func-
tion were identified (Fig. 8 A). The upregulated DEGs included
1118 (IL-18) that attenuates BBB disruption (Jung et al., 2012; Yang
et al., 2015) and genes modulating anti-inflammatory BBB-
protective TGFP signaling pathway (Smad2, Smad3, and Smad?;
Kim et al., 2017; Senatorov et al,, 2019), likely suggesting a
vasculoprotective response. These findings were consistent with
data showing that microglia migrate rapidly to the sites of cap-
illary wall lesions to seal and repair damaged BBB, which

A DEGs in Microglia
9-12- vs 2-3-month-old E4F

C toskelet ID namrc
y % y dation
ea 0| nzyme

Imn&ms resgalrng

RNA
Cell Survival/Proliferatio
End cytosis
rotein Kinase
Tran cnptlon re ulator
ynaptic p| dst|C|ty

Solute Tran
Proterncphosp atase

) c
mytochondrr@l enz m_e
xocyfosi

requires G protein-coupled purinergic receptor P2RY12
(Haruwaka et al., 2019; Lou et al., 2016). Additionally, we found
several upregulated kinases involved in cell motility and mi-
gration such as Hck, Pak2, Pkni, Sgkl, and Stk10, and upregulated
genes modulating TYROBP pathways (Maf, Fkbpl5, Plek, and
Creb3l2), reflecting an impaired microglial homeostatic state
(zoller et al., 2018; Krasemann et al., 2017). How these findings
relate to BBB breakdown and whether these changes reflect
mainly response of capillary-associated microglia (Kisler et al.,
2021) remains unknown. A group of DEGs were involved in
negative regulation of microglia apoptosis (Muth et al., 2019)
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Figure 8. APOE4 effects on microglia transcriptome. (A) Bar charts reporting the number of DEGs encoding for proteins with known function in each
functional class, as exclusively identified in microglia (n = 219 DEGs) of 9-12- vs. 2-3-mo-old E4F mice only, but not in 9-12- vs. 2-3-mo-old E3F mice. All data
are from four mice per group. (B and C) Representative images of Ibal* microglia in the cortex (scale bar = 50 um; B) and quantification of Ibal* cortical
astrocytes in 2-3- and 9-12-mo-old E3F and E4F mice (C). Mean + SEM, n = 5 mice per group. Significance by one-way ANOVA followed by Bonferroni post
hoc test.
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and neuron projection development (Gak, Mylip, Pragl, Ptpn9,
and Rhoa), and synaptic formation and transmission (Camki,
Dnm2, Lrrcdc, and Lrrtm4). Overall, these data suggest a pro-
tective microglial response counteracting BBB damage and
neurite loss.

However, we also found upregulated genes that may con-
tribute to injurious microglia response, including Nfatc2 that
stimulates microglial activation and cytokine secretion (Manocha
et al,, 2017), and upregulation of cytokine/chemokine gene ex-
pression, including Tnfo and Il6, which promote a neurotoxic
inflammatory environment (Wang. et al., 2021b); Hipkl, which
plays a role in TNF-induced apoptosis (Li et al., 2008); and
Tmem219, a cell death receptor specific for IGFBP3 that promotes
caspase-dependent apoptosis (Ingermann et al., 2010). Despite
these transcriptional changes, we did not find changes in mi-
croglia numbers in E4F compared with E3F mice (Fig. 8, B and C).

Discussion

In summary, this study provides a comprehensive tran-
scriptomic and proteomic database in APOE4 transgenic mice
that could stimulate further mechanistic studies on the effects of
APOE4 gene on cerebrovascular and brain functions. While we
focus on ECs and PCs, we also report temporal changes in
snRNA-seq data for other cell types in APOE3 vs. APOE4 mice,
including excitatory and inhibitory neurons, astrocytes, and
microglia, and temporal changes in proteomics data at neuronal
PSDs. Our raw snRNA-seq data and phosphoproteome and
proteome data generated are publicly accessible and have been
uploaded to GEO and ProteomeXchange, respectively.

Our present analysis reveals dysregulated signaling mecha-
nisms in endothelium and PCs in APOE4 mice that reflect a
molecular signature of progressive BBB failure preceding syn-
aptic dysfunction, neurite loss, and behavioral deficits. snRNA-
seq of the cortex revealed a common transcriptome module in
endothelium of 2-3- and 9-12-mo-old APOE4 mice consisting of
upregulated adhesion protein, solute transporter, and cytoskel-
etal genes counteracting BBB breakdown, followed by upregu-
lation of genes contributing to injurious responses by 9-12 mo.
BBB-associated PCs showed a moderate compensatory upregu-
lation of adhesion protein and extracellular matrix genes at 2-3
mo, which was reversed at 9-12 mo, resulting in downregulation
of tight junction, adhesion protein, and solute transporter genes
amplifying loss of PC coverage and BBB failure we observe.
Phosphoproteome and proteome analysis (Li et al., 2016; Li et al.,
2017; Wilkinson et al., 2017; Wilkinson et al., 2019) in 7-mo-old
APOE4 mice confirmed specific disruption of tightly connected
components of the cell adhesion machinery directly connected
to the dysregulated cytoskeleton protein network, clathrin-
mediated transport and translation in endothelium, and dys-
functional transcription and RNA splicing suggestive of DNA
damage in PCs. Postsynaptic PSD95 analysis indicated a normal
protein network in 2-3-mo-old APOE4 mice and development of
a critically disrupted interactome at multiple levels (e.g., gluta-
mate receptors, the core scaffold machinery of PSD, protein
kinases) by 7 mo, indicating synaptic deficits that correlated
with behavioral changes.

Barisano et al.
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Because BBB leaks can lead to brain accumulation of blood-
derived neurotoxic proteins such as thrombin, plasminogen,
iron-containing proteins (Bell et al., 2010; Bell et al., 2012), fi-
brinogen (Montagne et al., 2018; Cortes-Canteli et al., 2010),
and/or albumin (Senatorov et al., 2019), these findings raise a
possibility that progressive BBB failure may contribute to
APOE4-mediated synaptic and neuronal dysfunction. This needs
to be confirmed by future mechanistic studies, however, for
example crossing APOE KIox/flox mice (Huynh et al., 2019) with
fibrinogen-deficient and plasminogen-deficient mice as we re-
ported previously (Montagne et al., 2018) to establish the role of
these blood-derived factors in synaptic and neuronal deficits.
Whether targeting disrupted PPIs at the BBB with biologics such
as activated protein C, which elicits a large-scale protective gene
expression profile in dysfunctional ECs (Griffin et al., 2018) and
a barrier-protective phosphoproteome EC profile (Lin et al.,
2020), or targeting APOE4 pathological structural properties
using small-molecule structure correctors to ameliorate APOE4
toxicity (Wang et al., 2018), and/or whether targeting the key
dysregulated pathways in ECs, such as TJP1, with EC-specific
gene delivery (Nikolakopoulou et al., 2021), can restore the
BBB integrity and/or slow down synaptic and neuronal deficits
remains to be determined. Future studies in APOE KIflox/flox mice
(Huynh et al,, 2019) crossed with astrocyte-, PC-, and/or vas-
cular smooth muscle cell-specific Cre lines would also help ad-
dress the role of APOE derived from different neurovascular
cell-specific sources in BBB failure and synaptic and neuronal
dysfunction and determine more conclusively the role of diverse
cell-specific functions of apoE.

Materials and methods

Database access

Raw snRNA-seq data generated are publicly accessible via Na-
tional Center for Biotechnology Information GEO accession no.
GSE185063. Proteomic and phosphoproteomic data are accessi-
ble via ProteomeXchange identifier PXD029230.

Mice

Human APOE3 and APOE4 KIflx/flox mice, E3F and E4F, respec-
tively, in which the human apoE coding region is surrounded by
loxP sites, were generated as recently described (Huynh et al.,
2019) and produced by the Cure Alzheimer’s Fund. All mice in
the study were maintained on C57BL/6] background. Both male
and female mice were used. For RNA-seq analysis, four mice per
group at 2-3 and 9-12 mo of age were used for each genotype.
For phosphoproteome and proteome analysis of the BBB, four
mice per group at 7 mo of age were used for each genotype. For
PSD95 interactome analysis, four mice per group at 2-3 and 7 mo
of age were used for each genotype. For MRI analysis, eight mice
per group at 2-3, 4-6, and 9-12 mo of age were used for each
genotype and time point. For tissue analysis, five mice per group
at 2-3, 4-6, and 9-12 mo of age were used for each genotype and
time point. For behavior studies, 16 mice per group at 4-6 and
6-8 mo of age were used for each genotype and time point. All
procedures were approved by the Institutional Animal Care and
Use Committee at the University of Southern California with
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National Institutes of Health guidelines. All experiments were
blinded; the operators responsible for experimental procedure
and data analysis were blinded and unaware of group allocation
throughout the experiment.

Transcardial perfusion and tissue collection

Animals were anesthetized i.p. with 200 mg/kg ketamine and
20 mg/kg xylazine. For brain nuclear isolation and tissue col-
lection mice were transcardially perfused with cold 1x PBS, pH
7.4. The brain was collected, and the brainstem and cerebellum
were removed. For isolation of nuclei, the right cortical mantle
was separated from the right hemisphere after removal of the
hippocampus and the visible white matter and subsequently
flash frozen in liquid nitrogen. The left hemisphere from same
animals was placed in optimal cutting temperature compound
and used for histological analysis. In separate experiments, brain
capillaries were isolated from cortical mantles (described below)
and prepared for phosphoproteome and proteome analysis.
Transcardial perfusion was performed with 1x PBS, pH 7.4,
containing 1% of 5 mM EDTA. CD brains from the same animals
were prepared for PSD95 immunoisolation and protein inter-
action analysis.

Isolation of nuclei from frozen cortical mantle

Nuclei were isolated as previously described (Zhou et al., 2020).
Briefly, flash frozen cortical mantles were homogenized in a
Dounce homogenizer in lysis buffer (10 mM Tris-HC, pH 7.5,
10 mM NacCl, 3 mM MgCl,, and 0.1% Nonidet P40 substitute in
nuclease-free water). After 15-min incubation, the suspension
was filtered through a 30-um Pluriselect cell strainer and
centrifuged at 500 g for 5 min at 4°C to pellet the nuclei. Nuclei
were washed and filtered twice through a 40-pum Falcon cell
strainer with a nuclei wash (2% BSA in sterile PBS with 0.2 U/ul
of RNase Inhibitor [Protector]). Nuclei were again pelleted by
spinning the sample at 500 g for 5 min at 4°C. Nuclei pellets
were resuspended in 500 pl nuclei wash and 900 pl 1.8 M su-
crose. To further separate the nuclei from myelin and other
debris, the nuclei solution was layered on top of 500 pl of 1.8 M
sucrose and centrifuged at 13,000 g for 45 min at 4°C. The pellet
with nuclei was resuspended in nuclei wash at ~1,000 nuclei per
pl and filtered through a 40-pm FlowMi Cell Strainer.

snRNA-seq

Single nuclei isolated from mouse cortical mantles were loaded
onto the Chromium platform from 10x Genomics for droplet-
based library preparation. The Chromium 3’ Reagent Kits v3
was used to capture RNA molecules for amplification. As a
quality control step, the libraries were first sequenced using an
Mumina MiSeq sequencer to examine sample multiplexing and
mapping rate to the reference mouse genome. Production se-
quencing runs were then carried out on Illumina HiSeq platform
to acquire >400 million read pairs per sample.

Processing data

To process fastq raw data, a customized pre-mRNA GRCm38
reference database was created, which included the human
APOE transgene sequence. Alignment and gene quantification
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was then performed using Cellranger v3.1.0 with default pa-
rameters and 64 CPU threads for parallel processing. From
aligned bam files, APOE3 and APOE4 genotypes were first ex-
amined. For downstream secondary analysis, gene count ma-
trices from all the samples were combined before applying a
cutoff of 500-7,500 genes and percentage of mitochondrial
genes <5%. The filtered gene count matrix included 170,235
single nuclei with a median number of 2,260 genes per nucleus,
similar to what has been recently reported (Zhou et al., 2020).

Clustering and annotation of mouse brain cell types

Gene counts were normalized and scaled to regress out total
unique molecular identifier counts per barcode using Seurat
v4.0.1. The first 30 principal components from principal com-
ponent analysis were used to find neighbors with the Find-
neighbors function before cell clustering with FindClusters
function (resolution = 0.02). Uniform Manifold Approximation
and Projection (UMAP) dimensionality reduction was per-
formed using RunUMAP function with uwot-learn selected for
the parameter umap.method.

A color-coded UMAP plot was generated to visualize 10 dif-
ferent cell clusters (Fig. S1 A). The expression pattern of cell
type-specific marker genes was visualized in a dot plot (Fig. S1
B) to annotate cell clusters. Guided by known cell-type marker
gene expression pattern, a total of six distinct cell types were
classified (Figs. 1 B and S1 B) for all the nucle, including 49.84%
excitatory neurons (Slcl7a7, Satb2), 28.83% inhibitory neurons
(Gadi, Gad2), 10.54% oligodendrocytes/oligodendrocyte precur-
sor cells (Mbp, Plpl, Cspg4, Vcan, Pdgfra), 6.36% astrocytes (Slcla2,
Slcla3, Gjal, Aqp4), 2.51% vascular cells (Flt1, Pecaml, Cldn5, Vin,
Pdgfrb), and 1.92% microglia (Inpp5d, Clqa, Csflr, Hexb). Cell
type-specific marker genes were called using FindMarkers
function with the parameters only.pos = TRUE and test.use =
MAST. Other parameters were the default. Genes with Bonfer-
roni correction adjusted P value <0.05 were considered
marker genes.

In silico sorting of ECs and PCs from vascular group

To separate ECs and PCs within the vascular cell group, cell
type-specific gene expression data for PCs, arteriolar smooth
muscle cells (aSMCs), microglia, astrocytes, capillary ECs, and
arteriolar ECs from a published study of a molecular atlas of cell
types in brain vasculature (Vanlandewijck et al., 2018) was used
to run k-means clustering for the mouse vascular group marker
genes, and the resulting six gene groups were plotted in a
clustered heatmap (color-scale representing the z-score across
cell types; Fig. S1D). Within 1,820 vascular group marker genes,
327 and 139 genes were categorized as EC and PC markers, re-
spectively. These two marker gene lists were subject to Add-
ModuleScore function to calculate EC and PC scores for each
vascular nucleus for in silico sorting of EC nuclei (EC score >0
and PC score <0) and PC nuclei (PC score >0 and EC score <0).
Within a total of 4,276 vascular nuclei, 1,250 and 2,072 were
annotated as ECs and PCs, respectively. After in silico sorting,
cell identity of ECs and PCs was further confirmed by the
expression pattern of known EC- and PC-specific markers
(Fig. 1 C).
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Analysis of gene differential expression

DEG analysis was performed using FindMarkers function with
min.pct = 0.01, logfc.threshold = 0.1, test.use = poisson. Lists of
mouse DEGs were generated by filtering all genes with Bonfer-
roni correction adjusted P value <0.05. Unless noted, all plots
were generated using R scripts. Functional categories were de-
termined via manual curation by using the reviewed and man-
ually annotated records available in the UniProt Knowledgebase
for genes encoding proteins with known function, as we pre-
viously reported for protein interaction analysis (Li et al., 2016;
Wilkinson et al., 2017). Fisher’s exact test was used to calculate
statistical significance of overlapping gene counts in EC from
E4F vs. E3F mice with published brain EC transcriptome module
in mouse models with BBB dysfunction including stroke, epi-
lepsy, TBI, and EAE (Munji et al., 2019).

Isolation of brain capillaries and CD brains

Brain capillaries were isolated using dextran gradient centrifu-
gation followed by sequential cell-strainer filtrations, as we have
previously described (Wu et al., 2003; Bell et al., 2012). Briefly,
cerebral cortices free of cerebella, white matter, and leptome-
ninges were cut into small pieces in ice-cold PBS containing 2%
FBS and homogenized by Dounce tissue grinder (0.25-mm
clearance). Dextran (70-kD; Sigma-Aldrich) was added at a final
concentration of 16%. The samples were centrifuged at 6,000 g
for 15 min. The CD brain was collected from the top of the
dextran gradient and washed in PBS three times; the capillary
pellet at the bottom of the tube was collected and filtered
through 100- and 40-pm cell strainers (BD Falcon). The capil-
laries remaining on top of the 40-pm cell strainer were washed
in PBS and lysed for immunoblot analysis, cytospun for immu-
nofluorescent staining analysis, or processed for phosphopro-
teome and proteome analysis as described below. Isolated
capillaries contained ECs, PCs, and astrocyte end feet, but not
arteriolar smooth muscle cells or neurons as shown by cell-
specific markers (Fig. 3, B-F; and Fig. S3). CD brain-containing
neurons and astrocytes (Fig. 3 F) were also processed for PSD95
analysis as described below.

Quantitative proteomics methods

Large-scale analysis of protein phosphorylation in isolated brain
capillaries from E4F and E3F mice was performed using a
phosphopeptide-enrichment method (Li et al., 2016) followed by
LC-MS as described (Li et al., 2016; Li et al., 2017; Wilkinson
et al., 2017; Wilkinson et al., 2019). PSD95 interactome analysis
was performed in CD brains from the same E4F and E3F mice, as
previously described (Li et al., 2016; Li et al., 2017; Wilkinson
et al., 2019).

Tissue preparation

Brain capillaries and CD-brains were initially vortex-mixed with
PBS solution and then centrifuged (16,000 g, 10 min, 4°C), and
supernatants were discarded. The resulting tissues were dis-
solved in a solution of 0.5 M triethylammonium bicarbonate and
0.05% SDS with pulsed probe sonication (Misonix) and syringe
trituration with 10-gauge syringe. Lysates were then centri-
fuged (16,000 g, 10 min, 4°C), and supernatants were collected.

Barisano et al.
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Protein concentration was determined using a BCA protein as-
say kit (Thermo Fisher Scientific). A total of 10 pg protein was
used per sample, adjusted to the highest volume. Proteins were
reduced (tris 2-carboxyethyl phosphine hydrochloride, 1 pl of
50 mM solution, incubation at 60°C for 1 h), alkylated (methyl-
methanethiosulfonate, 1 pl of 200 mM solution, incubation at
room temperature for 15 min) and enzymatically proteolyzed
using trypsin/Lys-C (1:25; ThermoPierce). Peptides from each
sample were labeled with Tandem Mass Tag (TMT) reagents
(Thermo Fisher Scientific) with the following scheme: the four
transgenic tissue extracts were labeled with the reagents
TMTpro-126, TMTpro-127N, TMTpro-127C, and TMTpro-128N,
and the four WT tissue extracts were labeled with the reagents
TMTpro-128C, TMTpro-129N, TMTpro-129C, and TMTpro-130N.
The quenched peptide samples were combined and initially
fractionated, followed by offline ultra-HPLC with an RP C, sta-
tionary phase chemistry (Kromasil 150 x 2.1 mm, 3.5-pm parti-
cle, 100-A pore size; Merck) using gradient mobile phase
conditions under alkaline conditions, as previously reported
(Manousopoulou et al., 2018). The original 50 fractionated pep-
tides were orthogonally concatenated to 10 combined fractions,
lyophilized to dryness, and stored at -20°C under a blanket of
dry argon gas.

Phosphopeptide enrichment with serial metal oxide affinity
chemistry in brain capillaries

Each peptide fraction was subjected to sequential TiO, and Fe-
NTA enrichment using the serial metal oxide affinity chemistry
kit per manufacturer’s specifications (ThermoPierce). Each TiO,
and Fe-NTA enriched fraction was collected separately for
phosphopeptide content, for a total of 20 factions. The flow-
through solution from each enrichment step was combined
and analyzed separately for native peptide content, for a total of
10 fractions.

LC-MS analysis of phosphopeptide fractions

LC-MS analysis was carried out on an EASY-nLC 1,200 (Thermo
Fisher Scientific) coupled to an Orbitrap Q Exactive HF mass
spectrometer (Thermo Fisher Scientific). Phosphopeptide frac-
tions from the TiO2 and Fe-NTA enrichment procedures were
each resuspended in 10 pl of 2% ACN and 0.2% formic acid, and
8 ul peptides per sample was loaded onto an Aurora 25 cm length
x 75-um internal diameter P, 1.6-um C18 reversed phase column
(Ion Opticks) and separated over 75 min at a flow rate of 350 nl/
min with the following gradient: 2-6% solvent B (3.5 min),
6-25% B (41.5 min), 25-40% B (15 min), 40-98% B (1 min), and
98% B (14 min). Solvent B consisted of 19.8% H,0, 80% ACN, and
0.2% formic acid. MS1 spectra were acquired at 120-K resolution
with a scan range from 380 to 1,500 m/z, an AGC (automatic
gain control) target of 3e6, and a maximum injection rate of
15 ms in Profile mode. A Topl5 data dependent acquisition
analysis was then performed in which features were filtered for
monoisotopic peaks with a charge state of 2-4, a minimum in-
tensity of 3.8e4, and a minimum AGC target of 4e3, with dy-
namic exclusion set to exclude features after 1 time for 45 s and
exclude isotopes turned on. Higher-energy collision dissociation
(HCD) fragmentation was performed with normalized collision
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energy of 28 after quadrupole isolation of features using an
isolation window of 1.2 m/z, an AGC target of le5, and a maxi-
mum injection time of 106 ms. MS2 scans were then acquired at
60-K resolution in centroid mode with the first mass fixed at 100
and a scan range of 200-2,000 m/z.

LC-MS analysis of native peptide fractions

LC-MS was carried out on an EASY-nLC 1000 (Thermo Fisher
Scientific) coupled to an Orbitrap Eclipse Tribrid mass spec-
trometer (Thermo Fisher Scientific). Native peptide fractions
were resuspended in 15 pl of 2% ACN and 0.2% formic acid, and
5 ul peptides per concatenated sample were loaded onto a
monolithic column (Capillary EX-Nano MonoCap C18 High-
Resolution 2000, 0.1 x 2,000 mm; Merck) fitted with a silica-
coated PicoTip emitter (New Objective FS360-20-10-D) and
separated over 180 min at a flow rate of 500 nl/min with the
following gradient: 2-6% solvent B (10 min), 6-40% B (140 min),
40-98% B (1 min), and 98% B (29 min). MSI spectra were acquired
in the Orbitrap at 120-K resolution with a scan range from 375 to
2,000 m/z, an AGC target of 4e5, and a maximum injection rate of
50 ms in Profile mode. Features were filtered for monoisotopic
peaks with a charge state of 2-7 and a minimum intensity of 2.5e4,
with dynamic exclusion set to exclude features after 1 time for
60 s with a 5-ppm mass tolerance. HCD fragmentation was per-
formed with collision energy of 32% after quadrupole isolation of
features using an isolation window of 0.7 m/z, an AGC target of
5e4, and a maximum injection time of 86 ms. MS2 scans were then
acquired in the Orbitrap at 50-K resolution in centroid mode with
the first mass fixed at 110. Cycle time was set at 1 s.

Data processing of phosphopeptide LC-MS analysis results
PD-Byonic search parameters for phosphopeptide fractions were
as follows: fully tryptic peptides with no more than two missed
cleavages, precursor mass tolerance of 10 ppm, fragment mass
tolerance of 20 ppm, and a maximum of three common mod-
ifications and two rare modifications. Cysteine carbamidome-
thylation and TMTéplex addition to lysine and peptide
N-termini were static modifications. Methionine oxidation and
phosphorylation of serine, threonine, and tyrosine were com-
mon dynamic modifications (up to two each). Methionine loss
on protein N-termini, methionine loss + acetylation on protein
N-termini, protein N-terminal acetylation, and lysine acetylation
were rare dynamic modifications (only one each). Percolator false
discovery rates (FDRs) were set at 0.01 (strict) and 0.05 (relaxed).
Spectrum file retention time calibration was used with TMTé6plex
addition to peptide N-termini and lysines as static modifications.
Reporter ion quantification used a coisolation threshold of 50%
and average reporter signal-to-noise threshold of 10. Normaliza-
tion was performed on total peptide amount, and scaling was
performed on all average. Peptide and protein FDRs were set at
0.001 (strict) and 0.01 (relaxed), with peptide confidence at least
medium, lower-confidence peptides excluded, minimum peptide
length set at 6, and apply strict parsimony set to true.

Data processing of native LC-MS analysis results
Proteomics data analysis was performed in Proteome Discoverer
2.4 (Thermo Fisher Scientific) using the Byonic search algorithm
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(Protein Metrics) and UniProt mouse database. PD-Byonic
search parameters for native peptide fractions were as follows:
fully tryptic peptides with no more than two missed cleavages,
precursor mass tolerance of 10 ppm, fragment mass tolerance of
20 ppm, and a maximum of three common modifications and
two rare modifications. Cysteine carbamidomethylation and
TMTéplex addition to lysine and peptide N-termini were static
modifications. Methionine oxidation and lysine acetylation were
common dynamic modifications (up to two each). Methionine
loss on protein N-termini, methionine loss + acetylation on
protein N-termini, protein N-terminal acetylation, and phos-
phorylation of serine, threonine, and tyrosine were rare dy-
namic modifications (only one each). Percolator FDRs were set at
0.001 (strict) and 0.01 (relaxed). Spectrum file retention time
calibration was used with TMT6plex addition to peptide
N-termini and lysines as static modifications. Reporter ion
quantification used a coisolation threshold of 20% and average
reporter signal-to-noise threshold of 10. Normalization was
performed on total peptide amount, and scaling was performed
on all average. Peptide and protein FDRs were set at 0.001
(strict) and 0.01 (relaxed), with peptide confidence at least
medium, lower-confidence peptides excluded, minimum pep-
tide length set at 6, and apply strict parsimony set to true.

PSD95 (DIg4) immunoisolation and protein interaction analysis
PSD95 was immunoisolated from mouse cortex using CD brain
samples with four replicate assays for each genotype and age
group. PSD95 was immunoisolated using a 0.5-mg/ml concen-
tration of antibody 75-028-Neuromab validated against a Psd95
KO control as we previously described (Li et al., 2017). Samples
were then processed as described in Tissue preparation and
analyzed as described in LC-MS analysis. Protein interactome
analysis was performed using datasets generated and described
in Li et al. (2016); Wilkinson et al. (2017); Li et al. (2017).

Phosphoproteome and proteome data analysis

Functional categories were determined via manual curation by
using the reviewed and manually annotated records available in
the UniProt Knowledgebase for genes encoding proteins with
known function, as we previously reported for phosphopro-
teome and proteome analysis (Li et al., 2016; Wilkinson et al.,
2017). GO analysis was done with DAVID online tool. To separate
capillary EC and PC proteins from brain capillaries, we used
single-cell RNA-seq-guided analysis from the mouse brain vas-
culature molecular atlas (Vanlandewijck et al., 2018) for both
phosphorylation signatures (Fig. 3 I) and differentially ex-
pressed proteins (Fig. 4 C). Proteins with a z-score of 0.7 within
an individual cell type were considered to be enriched and were
assigned to their corresponding cell type.

MRI

As we described previously (Nikolakopoulou et al., 2019;
Montagne et al., 2018), MRI scans were performed using our MR
Solutions 7T PET MR system (bore size ~24 mm, <600 mT per m
maximum gradient) and a 20-mm internal diameter quadrature
bird cage mouse head coil. Briefly, mice were anesthetized by
1-1.2% isoflurane in air. Respiration rate (80.0 + 10.0 breaths per
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min) and body temperature (36.5 + 0.5°C) were monitored
during the experiments. The sequences were collected in the
following order: T2-weighted imaging (2D-fast spin echo, time
repetition/time echo [TR/TE] 4,000/26 ms, 32 slices, slice
thickness 300 pum, in-plane resolution 100 x 70 um?) to obtain
structural images followed by a DCE protocol for the brain vessel
permeability assessment. Total imaging time was ~30 min
per mouse.

As previously described (Montagne et al., 2018), the DCE MRI
imaging protocol was performed coronally within the dorsal
hippocampus region and included measurement of precontrast
T1 values using a variable flip angle (FA) fast low angle shot
(FLASH) sequence (FA = 5°,10°, 15°, 30°, and 45°; TE 3 ms; slice
thickness 1 mm; in-plane resolution 60 x 120 pm?), followed by a
dynamic series of 180 T1-weighted images with identical geometry
and a temporal resolution of 5.1 s (FLASH, TR/TE = 20/3 ms, flip
angle 15°, slice thickness 1 mm, in-plane resolution 60 x 120 pum?).
A bolus dose (140 ul) of 0.5 mmol/kg gadolinium diethylenetria-
mine pentaacetic acid (diluted in saline 1:6) was injected into the
tail vein at a rate of 600 pl/min using a power injector. DCE im-
ages were collected within 15 min of the injection.

MRI postprocessing analysis of BBB permeability to gadolinium
T1 relaxation times were estimated using the variable flip angle
method, before Gd-DTPA injection, with a series of FLASH im-
ages with varying FA and constant TR and TE as previously
described (Montagne et al., 2015; Montagne et al., 2018; Nation
et al., 2019; Montagne et al., 2020).

For Kiqns mapping, we determined the BBB permeability
transfer constant, Kiqns, to intravenously injected gadolinium-
based contrast agent in the dorsal hippocampus and pri-
mary somatosensory cortex as previously reported in mice
(Nikolakopoulou et al., 2019; Montagne et al., 2018) and humans
(Montagne et al., 2015; Montagne et al., 2018; Nation et al., 2019;
Montagne et al, 2020) using postprocessing Patlak analysis
(Montagne et al., 2015; Montagne et al., 2020; Nation et al.,
2019). We determined the arterial input function in each
mouse from the common carotid artery, as previously reported
(Nikolakopoulou et al., 2019; Montagne et al., 2018).

The present Patlak analysis requires that the tracer’s diffu-
sion (Gd-DTPA) across the capillary vessel wall remains uni-
directional during the acquisition time. The total tracer
concentration in the brain tissue, Cjise (), can be described as a
function of the vascular concentration Cur (), the intravascular
blood volume vy, and a transfer constant Ki.,ns that represents the
flow from the intravascular to the extravascular space using the
following equation:

Caissue () = Kirans [ Care (T)AT + v, - Cae (1)-
Postprocessing of the collected DCE-MRI data was performed
using in-house DCE processing software (Rocketship) im-

plemented in Matlab vR2019b (Barnes et al., 2015).

Immunohistochemistry

As we have previously reported (Zhao et al., 2015b; Bell et al.,
2010), tissue sections were blocked with 5% normal donkey
serum (Vector Laboratories)/0.1%Triton X-100/0.01 M PBS and
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incubated with primary antibodies diluted in blocking solution
overnight at 4°C. After incubation with primary antibodies,
sections were washed in PBS, incubated with fluorophore-
conjugated secondary antibodies, and mounted onto slides
with DAPI fluorescence mounting medium (Dako). Primary and
secondary antibody pairs used were rabbit anti-human fibrin-
ogen (A0080; 1:500 dilution; Dako) primary with Alexa Fluor
568-conjugated donkey anti-rabbit (A-10042; 1:500 dilution;
Invitrogen) secondary; goat anti-mouse aminopeptidase N/AN-
PEP (CD13; AF2335; 1:100 dilution; R&D Systems) primary with
Alexa Fluor 488-conjugated donkey anti-goat (A-11055 or A-
11057; 1:500 dilution; Invitrogen) secondary; mouse anti-mouse
axonal SMI-312 neurofilament marker (SMI-312; SMI312; 1:500
dilution; BioLegend) primary with Alexa Fluor 488-conjugated
donkey anti-mouse (A-21202; 1:500 dilution; Invitrogen) second-
ary; rabbit anti-mouse NeuN (ABN78; 1:500 dilution; Millipore)
primary with Alexa Fluor 568-conjugated donkey anti-rabbit (A-
10042; 1:500 dilution; Invitrogen) secondary; rabbit anti-glial fi-
brillary acidic protein (anti-GFAP; z0334; 1:500 dilution; Dako)
primary with Alexa Fluor 488-conjugated donkey anti-rabbit (A-
21206; 1:500 dilution; Invitrogen) secondary; rabbit anti-mouse
ionized calcium binding adaptor molecule 1 (Iba-1; 019-19741; 1:
1,000 dilution; Wako) primary with Alexa Fluor 488-conjugated
donkey anti-rabbit (A-21206; 1:500 dilution; Invitrogen) second-
ary. To visualize brain microvessels, sections were incubated with
Dylight 488-, 594-, or 649-conjugated Lycopersicon esculentum
lectin (Vector labs; 1:100 dilution), as we have previously reported
(Zhao et al., 2015b; Bell et al., 2010).

Sections were imaged with a Nikon AIR HD inverted confocal
microscope with Galvano scanner using a series of high-
resolution optical sections (1,024 x 1,024-pixel format) that
were captured with a 20x objective, with 1x zoom at 1-pm step
intervals for z-stacks. Laser settings for gain, digital offset, and
laser intensity were kept standardized between different treat-
ments and experiments. z-stack projections and pseudo-coloring
were performed using Nikon NIS Elements software. Image
postanalysis was performed using ImageJ software.

Quantification analysis

For quantification of extravascular fibrinogen leakages, CD13*
PC coverages of brain capillary lectin*-endothelial profiles (mi-
crovessels <6 pum in diameter), neurofilament SMI-312*-axons,
and NeuN*-neuronal nuclei, four to six randomly selected fields
per animal in the somatosensory cortex region and/or the CAl
region of the hippocampus were analyzed in three to four
nonadjacent sections (~100 pm apart) and averaged per mouse.
Image area analyzed was 420 x 420 um. The number of animals
used for each analysis was indicated in the respective figure
legends.

Extravascular leakages

Blood-derived fibrin(ogen) perivascular capillary deposits in the
cortex and hippocampus were quantified as we recently re-
ported (Nikolakopoulou et al., 2019; Nikolakopoulou et al., 2021;
Montagne et al., 2021). Briefly, for quantification of extravas-
cular fibrinogen deposits, an antibody that detects both fibrin-
ogen and fibrinogen-derived fibrin polymers was used. 10-um
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maximum projection z-stacks were reconstructed, and the fi-
brinogen extravascular signal on the abluminal side of lectin*-
endothelial profiles on brain capillaries (<6 pm in diameter) was
analyzed using Image] (Bell et al., 2010).

Pericyte coverage of brain capillaries

10-um maximum projection z-stacks were reconstructed, and
the areas occupied by CD13*-PC on brain capillary lectin*-en-
dothelial profiles (<6 pm in diameter) were analyzed using
Image], as previously described (Nikolakopoulou et al., 2017;
Nikolakopoulou et al., 2019; Nikolakopoulou et al., 2021;
Montagne et al., 2021).

Neurofilament SMI-312* axons

As we previously described (Bell et al., 2010; Nikolakopoulou
et al., 2019), 10-um maximum projection z-stacks were re-
constructed, and SMI-312* signal in the cortex and hippocampus
was subjected to threshold processing and analyzed using
Image]. The areas occupied by the signal were then analyzed
using the Image] Area measurement tool. Total SMI-312* area
was expressed as a percentage of total brain area in each field.

NeuN* neuronal nuclei

10-pm maximum projection z-stacks were reconstructed, and
NeuN*-neurons in the cortex and hippocampus were quantified
using the Image] Cell Counter analysis tool as we previously
described (Bell et al, 2010; Nikolakopoulou et al, 2019;
Nikolakopoulou et al., 2021; Montagne et al., 2021).

Immunoblot analysis

Immunoblotting was performed as described previously (Lazic
etal., 2019). CD brain samples and cortical microvessels samples
were lysed in radioimmunoprecipitation assay buffer (50 mM
Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate, and Roche protease inhibitor cocktail). After
sonication, the samples were centrifuged at 20,000 g for 20 min,
and supernatants were used for protein quantification (23228;
Thermo Fisher Scientific). Samples were prepared with lithium
dodecyl sulfate sample buffer (Invitrogen), and proteins (5-10
pg) were separated by electrophoresis on NuPAGE Novex Bis-
Tris precast 4-12% gradient gels (Thermo Fisher Scientific).
After electrophoretic transfer, nitrocellulose membranes (Bio-
Rad) were blocked with blocking buffer (37536; Thermo Fisher
Scientific) and incubated overnight at 4°C with primary anti-
bodies diluted in blocking solution. Primary antibodies used
were rabbit anti-PDGFRp, cross-reacts with human, mouse, and
rat (4564S, 1:1,000 dilution; Cell Signaling); rabbit anti-human
CD31, cross-reacts with mouse CD31 (A11525, 1:1,000 dilution;
ABclonal); rabbit anti-human transferrin receptor (TfR), cross-
reacts with mouse TfR (A5865, 1:1,000 dilution; ABclonal);
rabbit anti-human glucose transporter 1 (Glut-1), cross-reacts
with mouse Glut-1 (CBL242, 1:500 dilution; Chemicon); rabbit
anti-human B3 tubulin (TuJ-1), cross-reacts with mouse TujJ-
1 (5666, 1:1,000 dilution; Cell Signaling); rabbit anti-mouse
Cldn-5 (34-1,600, 1:1,000 dilution; Invitrogen); rabbit anti-
human GFAP, cross-reacts with mouse GFAP (12389, 1:1,000
dilution; Cell Signaling); and rabbit anti-human B-actin, cross-
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reacts with mouse B-actin (49708,1:2,000 dilution; Cell Signal-
ing). After washing with Tris-buffered saline containing 0.1%
Tween 20, membranes were incubated with HRP-conjugated
donkey anti-rabbit secondary antibody (A16023,1:3,000 dilu-
tion; Invitrogen) for 1 h at room temperature. Membranes were
washed again in Tris-buffered saline containing 0.1% Tween 20
and treated for 5 min with Super Signal West Pico chemilumi-
nescent substrate (Thermo Fisher Scientific). Membranes were
exposed to CL-XPosure film (Thermo Fisher Scientific) and de-
veloped in an X-OMAT 3000 RA film processer (Kodak).

FISH

FISH was performed using RNAscope technology (Advanced Cell
Diagnostics). Tissue sample preparation and pretreatment were
performed on fresh-frozen brains cut into 20-um sections on a
cryostat and mounted onto SuperFrost Plus glass slides following
the manufacturer’s protocol (ACD documents 323100). Samples
were allowed to dry at -20°C for 2 h and fixed in 4% parafor-
maldehyde in PBS at 4°C for 15 min. Slides were subjected to
dehydration, pretreatment, and RNAscope Multiplex Fluores-
cent Assay (#323100; ACD kit) according to manufacturer’s in-
structions (ACD user manual 323100-USM). RNAscope probes
for claudin 5 (#491611; ACD), transferrin receptor (#427931-C2;
ACD), and positive control and negative control (#320881 and
320871; ACD) were hybridized for 2 h at 40°C in the HybEZ
Oven, and the remainder of the assay protocol was performed
according to manufacturer’s instructions (ACD user manual
323100-USM). The slides were then subjected to immunohisto-
chemistry. To visualize brain microvascular PCs, sections were
incubated with goat anti-mouse CD13 antibody (R&D Systems)
overnight at 4°C. To visualize brain microvascular ECs, sections
were incubated with Dylight 649-conjugated lectin (Vector
Laboratories) for 1 h at room temperature. The fluorescent signal
emanating from RNA probes and antibodies was visualized and
captured using a Nikon AIR confocal microscope. All FISH im-
ages presented are maximum-intensity projections of 10-image
z-stacks (0.5-pm intervals) obtained from cerebral cortex.

Quantification of FISH

Quantifications were performed on 8-bit confocal maximum-
intensity projection images obtained from samples visualized
by RNA in situ hybridization. Using Fiji (Image]) software, the
FISH and endothelial lectin channels were thresholded sepa-
rately using built-in routines. After thresholding to a binary
image, the area in pixels for each thresholded image was cal-
culated. The pixel-based area ratios of FISH probe to lectin
fluorescent signals were used to determine the extent of FISH
probe coverage as a percentage of FISH probe-positive surface
area occupying lectin-positive endothelial capillary surface area
per field.

Behavioral tests

Novel object location

This was performed as we have previously reported (Sagare
et al., 2013; Bell et al, 2010; Nikolakopoulou et al., 2019).
Briefly, animals were placed in a 30-cm?® box and allowed to
habituate to the testing area for 10 min. Animals were then
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placed back in their cages, and two identical ~5 x 5-cm objects
were placed in the top left and right corners of the testing area.
Animals were allowed to explore the two objects in the testing
area for 5 min before being returned to their cages. After an
hour interval, one of the objects was relocated, and the animals
were allowed to explore the testing area once again for 3 min.
After each trial, the testing area and the objects were thoroughly
cleaned with 70% ethanol solution. All the trials, including ha-
bituation, were recorded with a high-resolution camera, and the
amount of time each animal spent exploring the objects was
analyzed. Any animals that presented a preference for either of
the two identical objects, before replacement with the novel
location, were eliminated from the analysis.

Novel object recognition

This was performed as we have previously reported, with
modifications (Sagare et al., 2013; Bell et al., 2010; Montagne
et al., 2018). Briefly, animals were placed in a 30-cm?® box and
allowed to habituate to the testing area for 10 min. Animals were
then placed back in their cages, and two identical ~5 x 5-cm
objects were placed in the top left and right corners of the
testing area. Animals were allowed to explore the two objects in
the testing area for 5 min before being returned to their cages.
After a 1-h interval, one of the objects was replaced with a new
object (different shape and color), and the animals were allowed
to explore the testing area once again for 3 min. After each trial,
the testing area and the objects were thoroughly cleaned with
70% ethanol solution. All the trials, including habituation, were
recorded with a high-resolution camera, and the amount of time
each animal spent exploring the objects was analyzed. Any an-
imals that presented a preference for either of the two identical
objects, before replacement with the novel object/location, were
eliminated from the analysis.

Burrowing

This was performed as we described previously (Sagare et al.,
2013). Mice were individually placed in cages equipped with a
burrow made from a 200-mm-long and 70-mm-diameter tube of
polyvinyl chloride plastic with one end enclosed. The burrow
was filled with 200 g of mouse food pellets, and the mice were
allowed to burrow for 2 h right before the beginning of the dark
cycle. The weight of the remaining food pellets inside the bur-
row was determined to obtain a measurement of the food
amount burrowed.

Nest construction

This was performed as we previously reported (Sagare et al.,
2013; Winkler et al., 2015). 2 h after the beginning of the dark
cycle, the animals were individually placed in clean home cages
with a single nestlet. Nests were assessed the next morning and
evaluated according to a five-point scale as described in detail
(Winkler et al., 2015).

Statistical analysis

Sample sizes were calculated using nQUERY assuming a two-
sided a-level of 0.05, 80% power, and homogeneous variances
for the two samples to be compared, with the means and
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common SD for different parameters predicted from published
data and our previous studies (Montagne et al, 2018;
Nikolakopoulou et al, 2019; Nikolakopoulou et al., 2021;
Nikolakopoulou et al., 2019; Kisler et al., 2017; Nikolakopoulou
et al,, 2021; Montagne et al., 2021). Data are presented as mean +
SEM as indicated in the figure legends. For multiple compar-
isons, Bartlett’s test for equal variances was used to determine
the variances between the multiple groups, and one-way AN-
OVA followed by Bonferroni’s post hoc test was used to test
statistical significance, using GraphPad Prism 8.3.1 software.
Data were tested for normality using the Shapiro-Wilk test. For
parametric comparison between two groups, F test was con-
ducted to determine the similarity in the variances between the
groups statistically compared, and statistical significance was
analyzed by Student’s t test. For behavioral analysis, the power
in Fig. 5 was 100%. A P value of <0.05 was considered statisti-
cally significant. Additional statistical analyses specific for DEG
or proteomic analysis are described in those sections.

Online supplemental material

Fig. S1 shows snRNA-seq analysis and additional characteriza-
tion of BBB breakdown in E4F and E3F mice. Fig. S2 shows val-
idation of snRNA-seq endothelial DEGs by FISH of markers in
E4F compared with E3F mice. Fig. S3 shows the cellular com-
position of isolated mouse brain capillaries by immunostaining.
Fig. S4 shows dysregulated phosphosites and protein levels in
brain capillaries in E4F compared with E3F mice. Table S1, A-T,
details DEG and proteomic data presented.

Data availability

Raw snRNA-seq data generated are publicly accessible via Na-
tional Center for Biotechnology Information GEO accession no.
GSE185063. Proteomic and phosphoproteomic data are accessi-
ble via ProteomeXchange with identifier PXD029230. Other
source data of this study are available from the corresponding
author upon reasonable request.
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Figure S1. snRNA-seq analysis and additional characterization of BBB breakdown in E4F and E3F mice. (A) UMAP space representing 10 distinct clusters
obtained via unsupervised clustering analysis. (B) Dot plot reporting cell type-specific markers used to define the clusters. (C) Proportion of nuclei included in
each cluster. (D) Heatmap showing average expression values of vascular cluster signature genes in selected vascular-associated cell types, including PCs,
aSMCs, capillary endothelial cells (capilEC), and arterial endothelial cells (aEC), as well as microglia (MG) and astrocytes (AC) according to the mouse brain
vascular atlas (Vanlandewijck et al.,, 2018). Nuclei included in vascular signature groups 1 (violet) and 5 (cyan) were defined as ECs and PCs, respectively. Data in
A-D are from 16 mice. (E) Quantification of Ktrans values in the hippocampus (Hipp) of 2-3-, 4-6-, and 9-12-mo-old E4F and E3F mice. (F) Quantification of
fibrinogen in the hippocampus of 2-3-, 4-6-, and 9-12-mo-old E4F and E3F mice. (G) Quantification of PC coverage in the hippocampus of 2-3-, 4-6-, and to
9-12-mo-old E4F and E3F mice. Mean + SEM. n = 6-8 mice per group (E); n = 4-5 mice per group (F and G). Significance by one-way ANOVA with Bonferroni
post hoc test. **, P < 0.01; ***, P < 0.00L; ****, P < 0.0001. OPC, oligodendrocyte precursor cells.
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Figure S2. Validation of snRNA-seq endothelial DEGs by FISH in E4F compared with E3F mice. (A and B) Representative FISH of Tfrc (green) in lectin*
endothelial profiles (blue), but not in CD13* PCs (magenta) in the cortex of 2-3-mo-old E3F and E4F mice (A, bar = 10 um), and quantification of percentage
lectin® area colabeled with Tfrc in 2-3-mo-old E3F and E4F mice (B). The percentage increase in Tfrc* lectin® area by FISH in E4F compared with E3F mice was
48%, and the Tfrc log,(fold-change) = 0.598 for E4F compared with E3F mice by RNA-seq analysis (see Table S1 A). (C and D) Representative FISH of Cldn5
(claudin 5; green) in lectin* endothelial profiles (blue), but not in CD13* PCs (magenta) in the cortex of 9-12-mo-old E3F and E4F mice (C; bar = 10 pum), and
quantification of percentage lectin* area colabeled with Cldn5 in 9-12-mo-old E3F and E4F mice (D). The percentage increase in Cldn5* lectin® area by FISH in
E4F compared with E3F mice was 20%, and the Cldn5 log,(fold-change) = 0.295 for E4F compared with E3F mice by RNA-seq analysis (see Table S1B). In B and
D, mean + SEM, n = 5 mice; significance by unpaired t test. *, P < 0.05; **, P < 0.01.
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Figure S3. Cellular composition of isolated mouse brain capillaries. (A-D) Isolated brain capillaries stained for lectin*-endothelium (A; lectin, green;
DRAQS5 nuclear stain, pink; bar, 100 um), PdgfrB*-PCs (B; PdgfrB, red; lectin*-endothelium, green; DRAQS, blue; bar, 10 um), and AQP4*-astrocyte end feet (C,
AQP4, green, lectin*-endothelium, red; DRAQ5, blue; bar, 50 pm) and did not stain for smooth muscle cell marker SMA (D, lectin, green; SMA, red; bar, 50 um).
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Figure S4. Dysregulated phosphosites and protein levels in brain capillaries of E4F compared with E3F mice. (A) Pie chart showing distribution of
phosphosites with either increased or decreased levels of phosphorylation in brain capillaries from 7-mo-old E4F compared with E3F mice. (B) GO enrichment
analysis of all nonredundant proteins with differentially regulated phosphosites. Enrichment is classified by terms indicating molecular function (red), cellular
component (orange), and biological process (blue). (C) Pie chart showing distribution of predicted kinase family-substrate pairs for all dysregulated phos-
phosites in brain capillaries from 7-mo-old E4F compared with E3F mice. (D) Distribution of predicted kinase family-substrate pairs for all dysregulated
phosphosites by subcellular location. Abbreviations for protein kinase families in C and D are the same as in main Fig. 3, H and K. (E and F) GO enrichment of all
nonredundant proteins regulated by phosphorylation and assigned to specific cellular components of the BBB, including ECs and PCs. Enrichment is classified
by terms indicating molecular function, cellular component, and biological process as in B. (G) Venn diagram showing the number of proteins overlapping
between proteins found to contain differentially regulated phosphosites and proteins found to be differentially expressed in brain capillaries from 7-mo-old E4F
compared with E3F mice. (H) Pie chart showing distribution of proteins found to have either increased or decreased levels in E4F compared with E3F mice.
(1) Graphs showing functional categories of differentially expressed proteins separated by direction of regulation and assigned cell type as ECs or PCs. All data
in are from four mice per group. All reported P values are adjusted using the Bonferroni correction for multiple comparisons.
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Table S1 is provided online and details DEG and proteomic data.
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