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Medicine and Dentistry, Palacky University INTRODUCTION: Amyloid precursor protein (APP) undergoes striking changes fol-
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Email: gbstokin@alumni.ucsd.edu expression, we investigated whether APP regulates transcription and translation

following TBI.

METHODS: We assessed brain morphology (n = 4-9 mice/group), transcriptome (n =3
mice/group), proteome (n = 3 mice/group), and behavior (n = 17-27 mice/group) of
wild-type (WT) and APP knock-out (KO) mice either untreated or 10-weeks following
TBI.

RESULTS: After TBI, WT mice displayed transcriptional programs consistent with late
stages of brain repair, hub genes were predicted to impact translation and brain pro-
teome showed subtle changes. APP KO mice largely replicated this transcriptional

repertoire, but showed no transcriptional nor translational response to TBI.
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1 | BACKGROUND

The amyloid precursor protein (APP) encodes a ubiquitously expressed
type | integral membrane protein.! Together with amyloid-like protein
1 and 2 (APLP1, APLP2) homologs,2® APP belongs to an evolution-
arily conserved gene family.*® To date, all gene family members
have been deleted individually or in combination in the attempt to
elucidate their functions. APP knock-out (KO) mice are viable, of
reduced body weight, and display behavioral deficits.”® The dou-
ble and triple KO mice show different degrees of early postnatal
lethality,”1° indicative of functional redundancy among the APP gene
family members. Circumventing the confounding effects of func-
tional redundancy, the conditional triple APP/APLP1/APLP2 KO mice
demonstrate a role of APP family members in brain development as
well as in synaptic plasticity and neuronal excitability through the
Kv7 potassium channels.'2-12 This work elegantly complements pre-
vious studies suggestive of a role of APP family members at the
synapse.13-17

Mechanistically, the secreted APP fragments have been proposed to
exert neurotrophic activity and to exhibit neuroprotective effects, 821
while the APP intracellular C-terminal domain (AICD) has been ear-
marked to control gene expression.?2"2> A link between APP family
members and transcriptional regulation has also been reported in the
conditional APP/APLP1/APLP2 KO mice.?® The physiological implica-
tions of this biological function of APP in controlling gene expression,
however, remain largely unknown. Given that APP undergoes pro-
found changes in its structure and distribution following traumatic
brain injury (TBI),27-39 we investigated the role of APP in regulat-
ing gene expression in mice subjected to controlled cortical impact
(CCl). Using behavioral, morphological, and molecular approaches, we
show that APP controls transcriptional and translational events of gene

expression involved in brain maturation and repair.

translational level.

DISCUSSION: The similarities between WT mice following TBI and APP KO mice sug-
gest that developmental APP deficiency induces a condition reminiscent of late stages

of brain repair, hampering the control of gene expression in response to injury.

amyloid precursor protein, behavior, brain morphology, brain repair, gene expression, transcrip-
tion, translation, traumatic brain injury

* 10-weeks after TBI, brains exhibit transcriptional profiles consistent with late stage
* Developmental APP deficiency maintains brains perpetually in an immature state
akin to late stages of brain repair.

* APP responds to TBI by changes in gene expression at a transcriptional and

* APP deficiency precludes molecular brain changes in response to TBI.

2 | METHODS
2.1 | Animals and tissue sample preparation

Wild-type (WT) (C57BL/6) and APP KO (B6.12957-Appt™1Pb/J back-
crossed to C57BL/6) mice were purchased from Jackson Laboratories
(Bar Harbor, ME, USA) and handled in compliance with the Guide for
the Care and Use of the Laboratory Animals (National Academy of Sci-
ence, Washington DC, USA). All animal use protocols were approved
by the Veterans Administration San Diego Healthcare System Institu-
tional Animal Care and Use Committee (San Diego, CA, USA). In the
current study, we examined only male mice. While this approach is sup-
portive of 3R principles,3! it is also a limitation of the study with its
findings requiring further validation on a mixed cohort of female and
male mice. Age-matched mice were housed under standard conditions
with access to food and water ad libitum. Following behavioral test-
ing, all mice were euthanized by rapid decapitation and brains were
collected for the analyses. Brains were cut with half of the side ipsilat-
eral to the CCl homogenized with 1x RIPA buffer (20-188 Millipore)
for protein extraction and the other half ipsilateral to the CCl homoge-
nized with QlAzol lysis reagent (Qiagen) for RNA extraction. Therefore,
brain samples used for RNA-Seq and tandem mass tag mass spectrom-
etry (TMT-MS) contained comparable amounts of brain tissue equally
subject to CCI.

2.2 | Controlled cortical impact

The CCI mouse model replicates the mechanical forces observed in
severe TBI. As previously described,?? following isoflurane anesthe-
sia the mice were fixed into a stereotactic frame. A burr hole was
made approximately 5 mm anterior to posterior (O to —5 A-P) from the
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bregmatic suture and 4 mm laterally from the sagittal suture over the
right hemisphere. A craniotomy was performed with a portable drill
over the right parietal-temporal cortex and the bone flap was removed.
The piston was centered 2.5 mm caudal to the bregma and 2 mm lateral
to the sagittal suture. Using a stereotaxic impactor (Impact OneTM;
myNeuroLab.com), a 3 mm diameter tip was accelerated to a 1 mm
depth at a speed of 5 m/s. Sham operated mice received the same
procedure as the TBI mice but omitting the cortical impact.

2.3 | Behavioral testing

To test the ability of mice to exhibit sustained muscle tension oppos-
ing the gravitational force associated with their body mass, we used
the inverted grid test.33 Latency to fall from the elevated wire grid was
measured three times per session prior to and for 8 consecutive weeks
following surgery +CCl with an inter-trial interval of 30 s. The holding
impulse (HI) was calculated as the longest latency to fall out of the three
trials per session (holding time) multiplied by the body weight prior to
and for 8 consecutive weeks following surgery.

We used the open field activity test to measure exploration and
locomotor behavior in mice.3* Following habituation in the testing
room, the mice were placed into a square white plexiglass open field
box arena and left to move freely for 10 min. Their movement was
recorded by a computerized video-tracking system software (Noldus
XT 7.1) and analyzed for the distance moved, speed of locomo-
tion, and the transitions between the center and the periphery of
the arena.

To examine learning and memory, we used the fear conditioning
paradigm.®® Training started with a 2-min acclimation period followed
by three consecutive trials consisting of 30-s long auditory tones co-
terminating with a foot shock. The inter-trial intervals lasted 30 s.
Contextual conditioning was tested 24 h later. Mice were placed into
the operand chamber and freezing measured (ANY-MAZE, San Diego
Instruments) for a period of 8 min. This was followed 24 h later
with testing cued conditioning, which consisted of a 3-min acclimation
period prior to a 30-s long presentation of an auditory tone.

2.4 | Immunohistochemistry

Brains were fixed in 4% paraformaldehyde (PFA) and later cut into 10-
pum sections. Sections were blocked and then incubated overnight with
primary antibodies against glial fibrillary acidic protein (GFAP; Abcam,
ab53554, 1:1000), Ibal (Abcam, ab178846, 1:2000), MAP2 (Millipore,
AB5622, 1:500), SMI31 (Covance, SMI31R-100, 1:300), and Synapsin
1 (Abcam, ab254349, 1:1000). The following day, the sections were
incubated with the secondary antibodies (Life Technologies, A11056,
A21206, A21245, A11030, A31573, 1:500, respectively) followed by
DAPI (4'6-diamidino-2-phenylindole) staining and Mowiol mounting.
Sections stained with secondary antibodies only were used as opera-
tional negative controls. Three brain sections per animal were imaged

using a 10x objective on an AxioScan.Z1 slide scanner (Zeiss) or using
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RESEARCH IN CONTEXT

1. Systematic review: We searched online databases for
studies reporting roles of amyloid precursor protein
(APP) in the control of gene expression. While sev-
eral previous studies implicated APP in gene expression,
we found no experiments investigating whether APP
responds to traumatic brain injury (TBI) by changing gene
expression.

2. Interpretation: Our experiments reveal an intricate rela-
tionship between APP and molecular networks orches-
trating brain development and repair, which share sim-
ilarities at a transcriptional and translational level. The
results also suggest that APP responds to TBI by regulat-
ing gene expression.

3. Future directions: Mechanisms by which APP controls
gene expression in brain development and repair need
to be elucidated. APP fragments and domains involved in
gene expression need to be clearly identified. These find-
ings will open new avenues for designing therapies for TBI
and in providing a more comprehensive understanding of

the pathogenesis of Alzheimer’s disease (AD).

a 63x oil-immersion objective on a confocal laser scanning microscope
(LSM780, Zeiss). For the analysis of the slide scanner acquired images,
the regions of interest (ROIls) were manually delineated to determine
their region sizes for measurements. Quantification was done using
Image Pro Premier 3Dsoftware (v9.2). Mean signal (lumen), immunore-
active surface area (%), object density (OD) (number of objects/mm?2),
and integrated optical density (lumen x um?2) were determined for all
markers, labeled area percentage, and OD relative to the ROl size. Mor-
phological changes between treatments and genotypes were assessed

independently also by a board-certified neuropathologist (C.L.-S.).

2.5 | Western blot

10 pg of proteins per mouse brain were boiled for 5 min at 95°C in sam-
ple buffer (BioRad, 4x Laemmli Sample Buffer #1610747), separated
using TGX precast gels (BioRad) and transferred onto polyvinylidene
fluoride (PVDF) membranes using the semidry Turbo transfer (BioRad).
Membranes were then blocked and incubated with primary antibod-
ies against APP (ab126732 Abcam), total tau (ab80579 Abcam), tau
T231(ab151559 Abcam), tau AT8 (MN1020 Invitrogen), tau S416 (Cell
Signaling D7U2P #15013), and B-actin (Sigma A5316). The next day,
the membranes were incubated with horseradish peroxidase (HRP) -
conjugated secondary antibodies and then developed with enhanced
chemiluminescence (ECL; BioRad, Clarity, 1705060) and visualized
using Chemidoc (BioRad). Protein levels were quantified based on the

chemiluminescence signal using ImageJ2 software.
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2.6 | RNA sequencing

Illumina RNA sequencing was carried out at the Novogene Bioin-
formatics Technology Co. (Cambridge, UK). Brain tissue (half of the
ipsilateral side of the TBI) was weighed and homogenized in QlAzol
lysis reagent (Qiagen) using a microtube homogenizer (# D1030, Bead-
Bug, Benchmark Scientific) and processed for RNA extraction with
the RNeasy Lipid Tissue Mini Kit (# 74804, Qiagen) as per manufac-
turer instructions. RNA was checked for quality and degradation via
Agilent Bioanalyzer before Illumina sequencing. Sequencing libraries
were generated using the NEBNext1 Ultra RNA Library Prep Kit for
Illuminal (New England Biolabs, Ipswich, MA, USA). The library prepa-
rations were sequenced on an lllumina HiSeqTM 2000 platform (San
Diego, CA, USA).

2.7 | Quantitative real-time polymerase chain
reaction analysis

The total RNA was extracted from mouse brains using the RNeasy
mini kit (Qiagen). Concentration of isolated RNAs kept at 4°C was
determined using Nanodrop 2000c (Thermo scientific, version: 1.4.1).
A total of 500 mg of RNA were used for the synthesis of cDNA with
Reverse Transcription Reagents kit (Roche Applied Biosystems). cDNA
was used as template for the quantitative polymerase chain reaction
(qPCR) using Real-Time PCR system (BioRad) with Power SYBR Green
PCR Master Mix (Roche). The primers used are listed in the accompany-
ing table (Extended Data Table 1). Gene expression was analyzed using
the 2°(~CT) method. All results were normalized to the expression
of RPL13 and RPL27 housekeeping genes. Each sample was examined
using three biological and three technical replicates. For validation,
the qPCR data were calculated as log,-fold changes and compared
with log,-fold values obtained from RNAseq (Extended Data Table 1,
Extended Data Table 2).3¢

2.8 | Mass spectrometry

Brain samples (half of the ipsilateral side of the TBI) were ana-
lyzed using TMT-labeling and quantitative MS analysis at the Pro-
teomics Core Facility of the European Molecular Biology Laboratory
(Heidelberg, Germany). Protein samples underwent isobaric labeling
according to the manufacturer’s instructions (TMTéplex Isobaric Label
Reagent, ThermoFisher) before quantitative LC-MS/MS via UltiMate
3000 RSLC nano LC system (Dionex). The outlet of the analytical
column was coupled to an Orbitrap Fusion Lumos Tribrid Mass Spec-
trometer (ThermoFisher) using the Nanospray Flex ion source in
positive ion mode. Full mass scan (MS1) was acquired with mass range
375-1500 m/zin profile mode in the orbitrap with resolution of 60,000.
Data dependent acquisition (DDA) was performed with the resolution
of the Orbitrap set to 15,000. IsobarQuant (DOI: https://doi.org/10.
1038/nprot.2015.101) and Mascot (v2.2.07) were used to process the
acquired data. Only proteins that were quantified with at least two

unique peptides in at least two out of three replicates were considered
for the analysis.

2.9 | Gene ontology and pathways

To biological functions of the RNAs and proteins were examined
using the gene ontology (GO) enrichment analyses. Functional enrich-
ment of differentially expressed (DE) RNAs was carried out using
the WebGestalt Web tool®” and the ShinyGO 0.77. The Benjamini-
Hochberg false discovery rate (FDR) correction was used to assess the
significance level and a minimum of five genes per ontology were used
as afilter prior to pruning the ontologies. The String database was used

to predict the protein-protein interaction (PP1) networks.

2.10 | Statistical analyses

Sample size estimates were performed for behavioral studies
(expected moderate effect size f = 0.25, probability = 0.05 and
minimum power = 80%) using G*Power (v.3.1.9.3), which indicated
minimum N of 120. We selected 17 to 27 mice per treatment and geno-
type with a total N of 130. No a priori power analysis was performed
for other experiments, four to nine and three mice per treatment and
genotype were selected for morphological assessments and transcrip-
tomic/proteomic experiments, respectively. To verify the statistical
power of the results, we also performed post-hoc calculations for
the HI (using G*Power), RNAseq (using powerCalc function from
HEssRNA package) and TMT-MS data (using check.power function
from ssizeRNA package). Calculations showed satisfactory power of
90% (0.903) for the HI, 87% (0.871) for RNAseq, and 95% (0.957) for
TMT-MS data.

Multi-group differences in behavioral patterns were analyzed using
mixed analysis of variance (ANOVA) with post-hoc t-test for pairwise
comparisons. The obtained p-values were adjusted using Benjamini-
Hochberg correction for multiple comparisons where appropriate.

2.11 | Differences in morphology, including
immunoreactivity and object densities, were
analyzed using a series of t-tests with
Benjamini-Hochberg correction

Heatmaps of DE and principal component analyses (PCAs) were per-
formed first to explore the structure of the “omics” data. Subsequently,
DE analyses of the RNA data were carried out using the DESeq R
package. The resulting p-values were adjusted using the Benjamini and
Hochberg approach for controlling the FDR. Genes with an adjusted
p-value (FDR) < 0.05 were considered DE. gPCR data were analyzed
with a two-tailed test and correlations between results obtained with
qPCR and RNAseq were performed using a Spearman’s rank corre-
lation (Extended Data Table 2). Rank-Rank Hypergeometric Overlap

(RRHO) analysis was used to detect and visualize trends in overlapping
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gene-expression profiles. Two different approaches were used to
identify hub genes. First, a PPl network of interactive relationships
between differentially expressed genes (DEGs) was created using
CytoScape (StringApp plugin, v.1.7.1) with a strict combined confi-
dence score of >0.7 used as a threshold. Subsequently, the MCODE
plugin (v.2.0.2) was used to perform submodule analysis (with a degree
value >4 as threshold). CytoScape was then used to construct and
visualize the PPl network and to identify the submodules. The mod-
ules with most nodes and the highest MCODE scores were considered
the hub modules. Second, the CytoHubba plugin (v.0.1) for CytoScape
was used to spot hub genes from the PPl network, which identified 50
genes with the highest scores in six commonly used algorithms (Max-
imal Clique Centrality, Maximum Neighborhood Component, Degree,
Closeness, Stress, and Edge Percolated Component). Finally, hub genes
captured by all these six algorithms were identified using the UpSetR
package in R. The overlaps of the lists of DE RNAs were analyzed using
Fisher’s exact test.

For proteomics data, pairwise differences in protein levels were
identified using the limma package in R applying a linear model
using weighted least squares for each protein, calculating differences
between groups based on the contrast of the fitted linear models and
then applying Empirical Bayes smoothing of standard errors, yielding
a moderated t-statistic with Benjamini-Hochberg FDR corrected p-
values. A threshold of adjusted p-value < 0.05 was used to identify
differential protein levels. All “omics” results were plotted using the
volcano plots generated by the ggplot2 package. Protein/RNA ratio
was calculated as the ratio of log, signal sum (for proteins) to gene
count (for RNAs) for all proteins identified with TMT-MS and their
DE and non-DE matching RNAs. The values were expressed as %. The
Kruskal-Wallis test was used to determine differences of molecular
weights of the bands. All statistical tests were performed as two-tailed
and all p < 0.05 (or corresponding —log10 p > 1.301) were considered
statistically significant. Data analysis was performed in the RStudio
(v.2022.07.2 with R v.4.2.1), CytoScape (v.3.9.1), and GraphPad Prism
9 (La Jolla, CA, USA).

3 | RESULTS

3.1 | APP deficiency phenocopies TBI
transcriptome

We first compared transcriptional profiles of RNAs purified and
sequenced from half of the brain regions harvested ipsilaterally to
the site of TBI from WT and APP KO mice following no treatment,
sham surgery (Sham), or CCI (Figure 1A). To avoid the confounding
effect of the inflammatory and other processes taking place in the
immediate aftermath of TBI,2%38:37 and to allow testing mice with a
battery of behavioral paradigms over time following TBI (Figure S1),
we examined transcriptomic profiles in mice 10 weeks following differ-
ent treatments. Apart from previously reported TBI induced reactive
gliosis,”84041 defined as increased GFAP and Ibal immunoreactivity

of the astrocytes and microglia,*? respectively, brains showed no sig-
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nificant changes in size nor gross differences in morphology between
treatments and genotypes (Figure S2, S3, S4, Extended Data Table 3,
Extended Data Table 4, Extended Data Table 5, Extended Data Table 6,
Extended Data Table 7, Extended Data Table 8, Extended Data Table 9).
In agreement with previous work,!* we also found no reactive gliosis
in APP-deficient mice. Given small sample size, modest differences in
morphology cannot be fully excluded.

The heatmap and the PCA demonstrated significant differences
between treatments and genotypes with differences validated using
quantitative real-time PCR (Figure 1B,C, Table S1B, Figure S5A,B). A
total of 2862/18,012 (15,9%) brain RNAs were DE in WT-TBI com-
pared with WT mice (Figure 1D, Table S1D). In stark contrast, only
74/17,475 (0,4%) and 256/16,939 (1,5%) brain RNAs were DE in KO-
TBI compared with KO or WT-TBI mice, respectively. Unexpectedly,
1745/18,548 (9,4%) brain RNAs were DE in KO compared with WT
mice. While this finding corroborates previous reports that APP plays a
role in transcription,2¢ the lack of DE brain RNAs in KO-TBI compared
with KO as well as WT-TBI mice suggests that the baseline transcrip-
tome in KO mice largely phenocopies the one observed in WT-TBI
mice.

To learn about functions of DE brain RNAs following TBI and APP
deficiency, we used GO enrichment analysis. Brain RNAs DE in WT-TBI
and KO compared with WT mice were both predicted to upregulate
oxidoreductase activity and amide metabolism and to downregu-
late neurogenesis, neuron differentiation, and projection development
(Figure 1E, Table S1E). Mitochondrial organization and processes were
predicted to be upregulated in both, but preferentially in KO com-
pared with WT mice. Conversely, brain RNAs DE predominantly in
KO versus WT mice were predicted to positively impact dynein inter-
mediate chain and ribosomal components and to diminish GTPase
binding activity (Figure 1E, Table S1E). Intriguingly, there were twice
as many DE brain RNAs encoding ribosomal proteins in KO compared
with WT-TBI mice (Figure S6, Extended Data Table 10). The pre-
dicted functional changes corresponding to DE brain RNAs reveal that
10 weeks following TBI, WT mice exhibit enhanced brain metabolism
and reduced neuronal regenerative capacity. KO mice share these func-
tional changes with WT-TBI mice in addition to exhibiting distinctive

features such as enriched ribosomal activities.

3.2 | Key hub genes in APP deficiency and
following TBI encode proteins centered around
ribosomes

To further characterize the analogies between DE brain RNAs
observed in WT-TBI and KO compared with WT mice, we used the
RRHO analysis (Figure 2A). Since many brain RNAs were found DE in
WT-TBI versus WT, while there were almost no DE brain RNAs in KO-
TBI versus KO, comparison of DE brain RNAs between WT and KO
mice following TBI showed predictably incongruous RNA expression
profiles. On the contrary, DE brain RNAs in WT-TBI versus WT com-
pared with KO versus WT mice showed congruous RNA expression

profiles and thus a concordant RRHO. This analysis corroborated the
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FIGURE 1 Mouse brain transcriptome changes caused by APP deficiency mimic changes occurring after TBl in WT mouse brains. (A)
Schematic of the experimental design of the transcriptomic study. (B) Heatmap depicting transcriptomic profiles between treatments and
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observed transcriptomic analogies by showing similarities in the mag-
nitude and direction of DE brain RNAs between WT-TBI and KO mice.
Further data analysis found that these similarities stem from the fact
that 1046/1745 (59,9%) DE brain RNAs in KO versus WT mice corre-
spond to DE brain RNAs found in WT-TBI versus WT mice (Figure 2B,
Table S2B).

To learn about functions of DE brain RNAs common to WT-TBI and
KO mice, we built a PPl network. The PPl network revealed that DE
brain RNAs common to WT-TBI and KO mice encode proteins that
center functionally around three major clusters. Two clusters con-
sisted of upregulated RNAs predicted to be involved in ribosomal
and mitochondrial activity. The third cluster was composed of down-
regulated RNAs predicted to play roles in neuronal trafficking and
transmission (Figure 2C, Table S2C). In agreement with prior work
on voltage-gated potassium channels in KO mice,!! brain Kcng2 RNA
was found to be downregulated in both KO and WT-TBI compared

with WT mice, while brain Kcng3 and Kcng5 RNAs were downregu-
lated only in WT-TBI. We next used the PPl network to search for
hub proteins encoded specifically by brain RNAs DE in both WT-TBI
and KO compared with WT mice. We identified 50 candidate hub pro-
teins based on the overlapping network centrality predictions obtained
using several topological algorithms. After determining the intersec-
tions of the UpSet plot, 10 hub proteins were captured by all six
algorithms. Most of these were upregulated and coded for 60S and
40S ribosomal proteins, while those encoding 60S ribosomal protein
L29, glutamate receptor subunit zeta 1, and plectin were downregu-
lated (Table S2D). GO enrichment analysis showed that most of the hub
proteins are predicted to be involved in biological processes involved
in ribosomal small subunit biogenesis, positive regulation of trans-
lation, translation, peptide biosynthetic process, peptide metabolic
process, and regulation of translation (Figure 2D). In conclusion,

these analyses found significant similarities between transcriptional
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profiles of WT-TBI and KO mice, which all revolve primarily around

translation.

3.3 | APP deficiency abrogates translation
independently from TBI

Considering transcriptomic profiles revealed that translation is the
predominant function impacted by the key hub genes identified follow-
ing TBI and in APP deficiency, we performed TMT-MS using the other

half of the brain regions ipsilateral to the site of CCl to investigate

whether and how these transcriptomic profiles affect brain proteome
(Figure 3A). The heatmap and PCA found significant quantitative
differences among 4316 TMT-MS brain proteins identified in mice fol-
lowing different treatments and genotypes (Figure 3B,C, Table S3B).
Only 70 brain proteins (1,6%), however, showed significant quantita-
tive changes in WT-TBI compared with WT mice (Figure 3D, Table S3D).
Based on the GO enrichment analysis, proteins with increased brain
levels were either members of intermediate filament or myelin sheath
protein families, while those exhibiting decreased levels belonged to
spectrin-associated cytoskeleton and axonal, including presynaptic,

protein families (Figure 3E, Table S3E). This was further confirmed
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studying 28 proteins that following TBI showed changes in parallel
with their RNA expression (Figure S7A and Extended Data Table 11).
Proteins exhibiting increased brain levels and upregulated RNA were
all involved in intermediate filament organization, glial cell develop-
ment and in vesicle fusion regulation, while proteins with decreased
brain levels and downregulated RNA played roles in neuronal pro-
jection, development and differentiation (Figure S7B, Extended Data
Table 12). In stark contrast, there were no significant protein changes
between KO-TBI and KO mice and only 17 proteins (0,4%) showed
significant changes in KO-TBI compared with WT-TBI mice. Proteins
with increased brain levels included programmed cell death protein
4, sorting nexin 32, contactin 4 and GDNF family receptor a2, while
those with decreased brain levels consisted of cytochrome C oxidase
subunits, complement C1q, cystatin, and the cannabinoid receptor 1
in addition to the lack of APP (Table S3D). In agreement with more
extensive changes in DE brain RNAs encoding ribosomal proteins in
KO compared with WT-TBI mice, KO mice showed no brain protein
changes compared with WT mice, which indicated that the impact of
APP deficiency on translation and brain proteome differs from TBI.

In the attempt to get an insight into differences in the impact of TBI
and APP deficiency on brain proteome, we estimated transcriptional-
translational coupling by calculating ratios between protein levels and
their corresponding RNA expressions (Figure 3F, Table S3F). For down-
regulated RNAs, we observed a stable pattern of reduced protein/RNA
ratios in all WT-TBI, KO, and KO-TBI compared with WT mice. This
indicates that reduced RNA profiles following TBI, KO or both lead
to reduced protein/RNA ratios suggesting impaired transcriptional-
translational coupling. Discrepancies in proteomic changes between
WT-TBI (showing modest changes) and KO mice (showing no changes)
are consistent with significantly increased DE brain RNAs encoding
ribosomal proteins in KO compared with WT-TBI mice and suggest dif-
ferences in the magnitude by which APP deficiency and TBI impact
transcriptional-translational coupling. Conversely, KO-TBI mice exhib-
ited increased protein/RNA ratios in all RNAs compared with KO mice.
Predictably, subsets of upregulated and unchanged RNAs in KO-TBI
mice also showed increased protein/RNA ratio compared with WT-TBI
mice. The combination of diametrically opposite and more extensive
changes in protein/RNA ratios accompanied by a lack of any changes
in the brain proteome in KO-TBI compared with WT-TBI mice points to

mechanistic differences in the transcriptional-translational coupling.

3.4 | APP deficiency mimics inverted grid behavior
observed following TBI

To examine whether molecular changes following TBI and APP defi-
ciency translate into any behavioral changes, we tested mice follow-
ing different treatments and genotypes on a battery of behavioral
paradigms over a period of 9 weeks (Figure S1). Compared with WT
and WT-Sham mice, WT-TBI mice demonstrated significant impair-
ment in the inverted grid performance throughout the testing period
(Figure 4A, Table S4A). KO mice first behaved comparably to WT mice,

but then progressively deteriorated on the inverted grid and from
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week 13 onward acquired the behavior observed in KO-Sham and
all TBI mice. In contrast, KO-TBI mice behaved similarly to WT-TBI
mice throughout the testing period. This experiment revealed signifi-
cant similarities between WT-TBI and KO mice in their inverted grid
performance and lack of further deterioration in inverted grid in KO
mice following TBI, which contrasted with the APP deficiency-specific
behavioral deficits observed in the open field test in which all KO mice
showed similar moving duration, but reduced activity in the center
and in zone transitions (Figure 4B, Table S4B). In fear conditioning,
all mice learned to associate unconditional with conditional stimu-
lus, and performed equally well on contextual and cued conditioning
(Figure 4C, Table S4C). Collectively, these experiments show that both
KO and KO-TBI mice mimic behavior of WT-TBI mice on the inverted
grid, besides exhibiting previously documented genotype specific and
TBI-independent “post-traumatic stress disorder” like deficits on other

behavioral paradigms.”-843

4 | DISCUSSION

During the first weeks following injury, the nervous tissue transiently
resets its transcriptional programs to a developmental like “regener-
ative” state to promote repair prior to reverting to the adult state.**
Attenuated neurogenesis, neuron differentiation and projection devel-
opment 10 weeks following injury correspond to late stages of repair,
when the brain has, for the most part, exited the “regenerative”
state. These late stages also coincide with time-sensitive transcrip-
tional programs*>#® revolving around translational regulation*’ that
are accompanied by decreased protein/RNA ratios and concur with
limited changes in brain proteome. Proteomic changes reflect glial
and axonal activities predicted to be supported by enhanced brain
metabolism.*8=20 |n this time point of brain repair, mice regain sig-
nificant capacity for learning and memory but continue displaying
sensorimotor deficits.”1°2

In stark contrast, APP-deficient mice subject to injury show no brain
transcriptional nor proteomic changes. While modest changes could
be missed due to small sample size, at least two explanations of this
unexpected finding can be entertained. First, similarities in transcrip-
tional profiles between APP-deficient and WT mice following trauma
suggest that APP deficiency switches on all the programs relevant
to injury independently from injury. Accordingly, the brain becomes
molecularly unresponsive to injury since injury-related changes have
already been maximally activated. Second, following trauma, APP-
deficient mice exhibit a paradoxical increase in protein/RNA ratios,
which is diametrically opposite of what is found in both APP-deficient
and brain-injured WT mice. This observation supports a view that APP-
deficient mice respond to trauma by employing different mechanisms
of transcriptional and translational regulation compared with WT mice.

Transcriptional programs in APP deficiency are surprisingly akin
to the ones observed in WT mice following injury, with attenuated
neurogenesis, neuron differentiation and projection development. This
observation suggests that APP deficiency precludes complete brain

development and therefore maintains the brain perpetually in an
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KO-TBI = 23). (C) Fear conditioning showing mouse performance during training and testing contextual (floating bars, min to max, line at mean)
and cued conditioning (WT n= 19, WT-Sham n = 13, WT-TBI n = 18, KO n = 20, KO-Sham n = 11, KO-TBI = 13). Asterisks indicate differences
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immature state. This is consistent with the role of APP in brain devel-
opment and in brain disorders.*253 Similar to WT mice following injury,
the altered transcriptional repertoire of APP-deficient brains centers
around mitochondrial homeostasis and cellular trafficking and trans-

mission, all activities previously linked to APP,>4-5¢

and in particular
around translational regulation, which shows more extensive changes
in APP-deficient compared with brain-injured WT mice. Given the
translational effects, it is not surprising that APP deficiency, irrespec-
tive of injury, precludes changes in the brain proteome. APP-deficient
mice also retain significant capacity for learning and memory but

exhibit genotype-specific “post-traumatic stress disorder” like behav-

ior and demonstrate sensorimotor deficits like WT mice following
trauma.>”

The number of genes shown to be regulated by APP is continu-
ously increasing.2658-62 All the proposed mechanisms by which APP
regulates gene expression involve formation of complexes between
AICD and different scaffolding and adaptor proteins.23-25:63-6¢ Some
experiments also suggest that AICD can bind directly to promoter
regions of the genes it regulates.”? Reported increases in proteolytic
APP fragments following brain injury predict increased generation
of AICD,2%¢7-70 which is consistent with the role of APP in regulat-

ing gene expression in the aftermath of trauma. How APP deficiency
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reproduces transcriptional programs observed in WT mice follow-
ing injury, however, remains unknown. Although significant work is
required to answer this question, the observation that inactivation
of all APP family members in adulthood results in significantly more
restrictive transcriptional changes?® suggests that developmental APP
inactivation is required to phenocopy transcriptional changes of brain-
injured WT mice.

While several studies report that brain injury reduces translational
activities following trauma,*>477172 there is little knowledge about
the role of APP in translation. While upregulation of brain RNAs
encoding ribosomal proteins following brain injury, and in particular
in APP deficiency, suggests that both conditions control gene expres-
sion by impacting stoichiometry between ribosomal components and
perturbing the structure, stability, and function of the ribosome,”3-7>
several mechanisms have been proposed by which APP controls gene
expression directly. These include a role of APP in regulating transla-
tion via the second internal ribosome entry site and participation of
immediate AICD precursor fragments of APP in ribosome-associated
quality control.”1727677 Although the role of translational regula-
tion in controlling synaptic plasticity and animal behavior is well
documented,®”78 whether these mechanisms underlie sensorimotor
deficits observed following brain trauma and APP deficiency remains
to be investigated.

The intricate relationships identified between brain injury and APP
deficiency present significant translational potential. Delaying tran-
scriptional and proteomic changes in response to deleterious effects
of molecules released following injury by transient APP reductions
might be of clinical benefit and should be further investigated. The
observation that APP-deficient brains are locked in a perpetual state
of developmental immaturity corroborates previously proposed roles
of APP in brain development, 25379 cell survival and growth,2%81 and
synaptic plasticity’®8283 and opens new avenues to understanding
the functional roles of different APP fragments.'? The neuroprotec-
tive roles of the secreted APP fragments in brain repair following
trauma and other injuries have already been explored,®*-8¢ while simi-
lar roles for AICD remain to be investigated. Changes in APP have been

reported in Alzheimer’s disease,28:56:87.88 89,90

91,92

amyloid angiopathies,
Down’s syndrome and developmental disorders,”3?% in addition
to brain trauma.28-30 A better functional understanding of different
APP fragments is therefore bound to elucidate further mechanisms
underlying the pathogenesis of several neurological disorders and
unveil novel approaches to their therapeutics. For example, mecha-
nisms governing translation have long been reported to be impaired in
Alzheimer’s disease brains.”*~?¢ The emerging role of APP in control of
gene expression raises the question of whether changes in translation
result from aberrant levels and distribution of APP fragments, which
would then be relevant to the pathogenesis of Alzheimer’s disease or

represent mere repercussions of its hallmark pathologies.
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