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Abstract

Alzheimer’s disease (AD) is a fatal neurodegenerative disorder, affecting millions of lives without
a cure. While the molecular mechanism of AD remains obscure, emerging evidence suggests

that small GTPases, a group of GTP-binding proteins that regulate a plethora of essential

cellular events, modulate the pathogenic process of AD. Among those, the small GTPase H-Ras,
extensively studied in cancer, regulates synaptic function, and both upstream and downstream
signaling pathways of H-Ras have been implicated in AD. However, the role of H-Ras per

sein AD pathogenesis had not been explored previously. In the present study, the impact

of Hras deletion on cognitive function and amyloid pathology was investigated in transgenic
APP/PS1 mice of AD. Behavioral assessments showed that the absence of Hrasrescued spatial
memory deficit in APP/PS1 mice at 9 months of age. The pathological evaluation demonstrated
that Hras deletion reduced cortical amyloid deposition and astrogliosis. Furthermore, Hras
deficiency protected against amyloid plaque-associated loss of dendritic spines in APP/PS1 mice.
Intriguingly, canonical signaling pathways downstream of H-Ras were not affected by the absence
of Hrasin the brain. Unbiased transcriptomic analysis revealed that lack of H-Ras affected the
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expression of select genes in the brain of AD mice and identified a novel connection between
H-Ras and Annexin A4, a calcium-dependent phospholipid-binding protein that has been shown
to regulate membrane repair, neuroinflammation, and calcium homeostasis. Taken together, these
data indicate that H-Ras modifies the pathogenic process of AD and may serve as a potential
therapeutic target for AD.

Introduction

Alzheimer’s disease (AD) is the most common cause of dementia, affecting millions of
people without a cure [1]. Neuropathological features in AD include amyloid plaques,
neurofibrillary tangles, neuroinflammation, and synaptic dysfunction [2]. Although the
molecular underpinning of AD is incompletely understood, mounting evidence suggests
that Ras proteins and related pathways modify the pathogenic process of AD [3, 4].

Ras proteins are small GTPases that function as molecular switches to regulate cellular
signal transduction [5]. They undergo post-translational lipid modifications, including
protein prenylation (farnesylation by farnesyltransferase (FT) or geranylgeranylation by
geranylgeranyl transferase-1 (GGT)), which are required for their proper cellular membrane
localization and function. Ras has three isoforms (H-Ras, K-Ras, and N-Ras), all of which
have received tremendous attention due to their frequent oncogenic mutations in human
cancer and tumor cases [6]. K-Ras and N-Ras can be prenylated by GGT in the absence

of FT, whereas H-Ras is exclusively prenylated by FT. Recently, we have shown that
heterozygous deletion of FT, but not GGT, rescues memory deficits and reduces amyloid
pathology in APP/PS1 mice and that farnesylated H-Ras is elevated in human AD brains [7,
8], indicating the potential involvement of H-Ras in the pathogenesis of AD.

H-Ras is dispensable during neurodevelopment and is highly expressed in the adult brains.
H-Ras negatively regulates synaptic plasticity and memory formation under physiological
conditions [9]. Gain-of-function mutations in H-Ras cause cancers and Costello syndrome,
with features including mental retardation [10], and hyperactivity of Ras underlies neuronal
dysfunction and cognitive impairment in neurofibromatosis type 1 [11, 12].

The ERK/MAPK and PI3K/AKT signaling cascades are two major canonical pathways
downstream of H-Ras and both pathways significantly contribute to the pathogenesis of
AD and other neurodegenerative diseases. The ERK/MAPK pathway is elevated in human
AD brains and Ap induced hyperactivation of Ras-ERK signaling can be alleviated by FT
inhibition, hinting the involvement of farnesylated H-Ras [13, 14]. The Ras-ERK signaling
cascade can crosstalk with another major pathway downstream of H-Ras, the PI3K/AKT
pathway, which may contribute to AD pathogenesis by suppressing the induction of
autophagy, an essential cellular clearance process that regulates Ap secretion and clearance
[15].
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Since both farnesylation (upstream of H-Ras) and ERK/MAPK or PI3K/AKT signaling
(downstream of H-Ras) have been implicated in AD, the absence of H-Ras per seis
expected to ameliorate AD progression. To define the role of H-Ras in AD pathogenesis,
APP/PS1 mice were crossed with Hras-null mice to generate different genotypes of mice,
followed by assessments for cognitive function, pathology, and signal transduction. As
expected, Hras deletion rescued memory retention deficits and reduced cortical amyloid
deposition in AD mice. Further, dendritic spines near amyloid plaques were protected

in Hras-null APP/PS1 mice. Surprisingly, Hras deletion had no significant effects on the
ERK/MAPK and PI3K/AKT pathways. Transcriptomic analysis showed that lack of H-Ras
modified the expression of select genes, including a significant elevation in the expression of
Anxa4, which encodes Annexin A4 that regulates membrane repair, neuroinflammation,
and calcium homeostasis. Taken together, these findings indicate that H-Ras modifies

the pathogenic process of AD through non-canonical mechanisms, presenting H-Ras as a
potential therapeutic target for tackling AD.

Hras-knockout (Hras—/-) (B6.129X1-Hras1™M1Es/Mmnc, stock # 030023-UNC) mice and
the APP/PS1 (B6C3-Tg (APPswe, PSEN1dE9) 85Dbo/J; stock number 004462; now JAX
MMRRC Stock # 034829) were described previously [16-18]. Hras-knockout AD mice were
generated by the two-step breeding of APP/PS1 mice with Hras+/-mice. Six genotypes
were produced including wild-type (WT) mice, Hras+/-, Hras—/-, APP/PS1, APP/PS1
Hras+/-, and APP/PS1 Hras—/-. Littermates were used whenever possible to minimize the
potential confounding effects of genetic backgrounds. Both males and females are included
in this study and a balanced gender design was applied whenever possible to all groups.
Genomic DNA was isolated from ear biopsies and PCR analysis was used to determine the
genotypes of the mice. Experiments in this study were conducted blind to genotypes and all
animal procedures were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Minnesota.

Behavioral Assessment

A battery of behavioral tests was conducted at 9 months of age to evaluate the locomotive
function, anxiety levels, and spatial learning and memory as previously reported [19, 20].

In brief, the open-field test was conducted to evaluate the locomaotive function of mice, in
which mice were put into a square open box to explore freely for 5 min for three consecutive
days. The elevated plus-maze test was employed to assess the anxiety levels, in which mice
were placed in a plus-shape maze to explore freely for 5 min for two consecutive days.

The spatial learning and memory of mice were evaluated in the Morris water maze test, in
which mice were placed in a basin of water located in a visual cue-enriched room. Mice
were trained to locate a hidden platform one centimeter below the water surface for four
trials a day for five consecutive days. A probe trial was carried out on day six to assess their
memory retention by removing the hidden platform, in which their crosses over the previous
platform location were recorded within 1 min. A visible trial was conducted 2 h after the
probe trial to assess the visual acuity of mice.
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Golgi Staining and Spine Density Quantification

Golgi impregnation combined with Thioflavin-S (Th-S) fluorescent staining was conducted
as previously described with a few modifications [19, 21, 22]. The GolgiStain kit
(#PK401A, FD NeuroTechnologies) was used along with 0.05% Th-S (Sigma-Aldrich,
T1892-25G). Mice were deeply anesthetized with ketamine and xylazine and perfused with
PBS. Half of the anterior brain was infused with an equal mix of solution A and B provided
by the GolgiStain kit for 1 week followed by infusion of solution C for another 3 days.
Brains were then sectioned in solution C at 150 um thickness using a vibratome (Leica), and
the sections were dried overnight on glass slides. Sections were then washed with ddH,0
twice followed by a 10-min submerging in an equal mix of solution D and E. Sections were
washed in ddH,0 twice, and then stained with 0.05% Th-S in 50% ethanol with gentle
stirring in the dark for 20 min. Slides were then washed with ddH,O and dehydrated as
described by the GolgiStain manual and sealed in the mounting media (Permount, Fisher
Scientific). Slides were dried for at least 3 days at 4°C then the edge of the coverslips was
sealed with clear nail polish.

Golgi-stained sections were imaged under 100x bright field using the Keyence all-in-one
fluorescent microscope (Keyence, BZ-X810). A z-stack of images that covers an entire
dendritic branch on the z-plane with a step size of 1 um was taken using the multi-stack
module. Th-S staining was imaged using the GFP filter to determine the locations of
amyloid plaques. All images of a dendritic branch were stacked in the Keyence Analysis
software and exported for quantification in ImageJ. Secondary or above order of dendritic
branches of the pyramidal neurons in the layer I1/111 of the anterior half of the cerebral
cortex, including the somatosensory and primary motor areas, were imaged. The number

of dendritic spines on a branch was manually counted, and the length of the branch was
measured in ImageJ. “Distant” and “near” dendrites of plaques were determined in the close
approximation of the border of an amyloid plaque. The dendritic branches 50 pm away from
the border of any amyloid plaques were defined as “distant” and the dendritic branches
within 50 um of an amyloid plaque were defined as “near”. On average, a length of 42

+ 0.12 pym dendritic segments was quantified. At least two apical and two basal dendritic
branches of a neuron, ten neurons from each animal, and four animals per genotype were
included.

Immunostaining and Quantification

Immunofluorescent staining was conducted as previously described [7, 23]. Briefly, the
posterior half of the brain was fixed in 4% PFA and then sectioned in PBS using a vibratome
(Leica) at 50 um thickness. Free-floating sections were treated for 7 min in 88% formic
acid to enhance the detection of aggregated amyloid plaques. After being washed three
times in PBS followed by 1-h blocking, sections were incubated in primary antibodies
overnight. The primary antibodies included mouse 6E10 (Biolegend), rabbit anti-IBA1
(Wako), chicken anti-GFAP (Aves labs), rat anti-CD68 (Biolegend), and mouse anti-Lampl
(University of lowa Developmental Studies Hybridoma Bank). After the incubation with
primary antibodies (sections incubated with primary antibodies omitted were included as
controls), a mixture of anti-mouse Alexa Fluor 488, anti-rabbit or anti-rat Alexa Fluor 568,
and anti-chicken Alexa Fluor 647 secondary antibodies (Invitrogen) were applied for 1 h at
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room temperature. Sections were then washed three times in PBS and mounted onto glass
slides. Sections were dried for half an hour and then sealed in the Vectashield HardSet
antifade mounting medium with DAPI. X-34, a Congo red-derived dye, was also used to
stain dense core amyloid plaques [24, 25].

The sections were imaged using the Keyence microscope. The entire section was scanned
under a 10x objective lens and a stitched image was produced in the Keyence Analysis
software. Stitched images were further processed and quantified in ImageJ. The background
was subtracted using the rolling ball method and the same threshold was applied to all
sections in ImageJ. The percentage of the stained area was then calculated in both the

cortex and hippocampus. Four sections per animal were stained, analyzed, and averaged. Six
animals per genotype were included.

To quantify plaque associated/clustering IBA1+ microglia, 6-8 images with visual fields

of 720 um x 540 um were acquired for each mouse brain sections using the Keyence
microscope (Keyence, BZ-X810) under a 20x objective lens in the cortical and hippocampal
regions, respectively. ImageJ/F1JI was utilized for image processing and quantifications

as previously described [26] with some modifications. Briefly, images were converted to
16-bit greyscale followed by background subtraction using the rolling ball method and
contrast enhancement. A threshold determined by the built-in Moments algorithm was

then applied to all images to create the segmentation mask, which is followed by a
morphological opening. The immunostaining from the images was then segmented with
Distance Transform Watershed. For 6E10+ plaques, a minimum size of 30 um? was applied
to exclude small areas of staining and the plaque masks were then enlarged by 10 um.
Plaque-associated IBA1+ microglia staining was confined and quantified within the enlarged
area and normalized to the 6E10+ plaque area.

Total Protein and Synaptosome Isolation and Immunoblotting

Synaptosome and total protein isolation were conducted as previously described [19]. In
brief, the anterior half of the cortex was homogenized on ice in a sucrose buffer. Samples
were then incubated on ice for 10 min followed by 10 min centrifugation at 700 x g at 4°C.
The pellet was homogenized and centrifuged again, and the supernatant was combined, from
which total protein analysis proceeded. The rest of the supernatant was then centrifuged at
12,000 x g for 20 min at 4°C. The pellet contains enriched synaptosomes, which were then
resuspended in the sucrose buffer supplemented with 1% triton x-100 and incubated on ice
for 1 h.

The enriched synaptosome and total protein fractions were then subjected to protein assay
and immunoblotting as previously described [7, 19]. Protein concentration was determined
using Bradford assay (ThermoFisher) and then proteins were separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF
membranes. The membranes were incubated in primary antibody overnight, washed, and
incubated with corresponding HRP-conjugated secondary antibodies. The following primary
antibodies were used: g-amyloid precursor protein (B-APP) (CT695, Invitrogen); total

Ras (3965S, Cell Signaling); H-Ras (18295-1-AP, Proteintech); phospho-Akt (Ser473)
(4060S, Cell Signaling); pan AKT (2920S, Cell Signaling); phospho-p44/42 MAPK
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(Erk1/2) (Thr202/Tyr204) (4370S, Cell Signaling); p44/42 MAPK (ERK1/2) (9102S,

Cell Signaling); phospho-S6 Ribosomal Protein (Ser235/236) (2211S, Cell Signaling);
total S6 Ribosomal Protein (2217S, Cell Signaling); LC3 (L8918-25ULI Millipore);
GAPDH (AM4300; Invitrogen); actin (MA5-15739; Invitrogen); GFAP (Aves Labs); IBA1
(016-20001, for Western Blotting, Wako); p53 (2524S, Cell Signaling); cyclin D1(55506S,
Cell signaling); beclin 1 (NB500-249, Novus Biologicals); p62 (H00008878-M01, Novus
Biologicals); PSD95 (MAB1598, Millipore Sigma); NR2A (07-632, Millipore Sigma);
NR2B (MAB5778, Millipore Sigma); glutamate receptor 1 (GIuA1) (AB1504, Millipore
Sigma); synapsin | (AB1543, Millipore Sigma); and Annexin A4 (AF4146, R&D Systems).
The membranes were treated with the Clarity Western ECL substrate (Bio-Rad). Signals
were imaged using the iBright imaging system (ThermoFisher) and quantification of specific
protein bands was achieved by densitometry analysis using the ImageJ software.

The posterior part of the cortex was cut in half and the two pieces were processed for

AB ELISA and RNA isolation, respectively. For the ELISA fraction, samples were further
processed and separated into the carbonate-soluble and insoluble (guanidine (GnHCI)-
soluble) fractions as previously described [27]. AP4g and AP4o Were measured using ELISA
kits (Invitrogen) according to the protocol provided by the manufacturer.

RNA Extraction, Sequencing, and Data Analysis

Total RNA was isolated from the other half of the posterior cortex using the RNA

tissue isolation kit (732-6830; Bio-Rad). RNA quality, RNA-seq library preparation, and
sequencing were conducted at the University of Minnesota Genomics Center as previously
described [8]. Briefly, RNA quality was determined using the Quant-iT RiboGreen Assay
Kit (ThermoFisher) and the Agilent Bioanalyzer system. Samples with an RNA integrity
number (RIN) value of 7.8 or greater were included in this study. The Illumina TruSeq
Stranded mRNA Kit and the Illumina NovaSeq 6000 platform were used to generate and
sequence RNA sequencing libraries, respectively. Each sample generates 20 million reads on
a 150-bp paired-end run.

Transcriptomic Analysis

Trimmomatic was used to trim reads and Hisat2 was used to align reads to the mouse
genome using the GRCm38 reference, after which FeatureCounts was used to generate read
counts by the Genomics Center as previously described [8]. Differential expression analysis
was conducted using an integrated browser application iDEP (integrated Differential
Expression and Pathway analysis) or using DESeq2 in R [28]. 0.5 minimal counts per
million (CPM) in at least one library were set in pre-process data interface. A heatmap was
generated to include the top 50 and bottom 50 variable genes based on the signal-to-noise
ratio. Differentially expressed genes (DEGs) were identified with the iDEP build-in DESeq2
package using a threshold of false discovery rate (FDR) < 0.1 and setting genotype as

the main factor, adjusting for sex. The raw RNA-seq datasets are available in the Gene
Expression Omnibus repository (GEO Series accession number GSE180103).
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Statistical Analysis

Results

Data are expressed as means + standard error. Statistical tests were carried out using R and
GraphPad Prism 8. For comparing multiple groups, one-way ANOVA followed by Tukey’s
HSD post hoc test was used. For comparisons of behavioral performance over consecutive
days, repeated measures two-way ANOVA was conducted. To compare the differences
between the two groups, the Student’s t-test was used. The p-value < 0.05 was considered
statistically significant.

Hras Deletion Rescues Spatial Memory Retention Deficits in APP/PS1 Mice

To evaluate the effect of Hras deletion on cognitive function in AD mice, a battery of
behavioral tests was conducted with littermates of WT, Hras—/-, APP/PS1, and APP/PS1
Hras—/-mice at 9 months of age. The open-field test over three consecutive days was
conducted to assess the general motor activity and the locomotive habituation response to
environmental stimuli. No statistically significant differences were observed among different
genotypes (Fig. 1a), suggesting that Hras deletion did not affect the locomotive response

of mice. The elevated plus-maze was employed next for two consecutive days to evaluate
the anxiety levels in mice. A comparable percentage of time mice spent in the open arm
among different genotypes indicated that Hras deletion did not affect the anxiety levels

of mice (Fig. 1b). Hippocampus-dependent learning and memory loss is a major cognitive
deficit readout in AD and is recapitulated in the APP/PS1 mouse model [7]. Therefore, the
Morris water maze test was conducted next to evaluate the hippocampal spatial learning
and memory. No statistically significant differences were observed among different groups
during the learning acquisition phase (Fig. 1c), indicating comparable learning capacities.
During the probe trial, WT and Hras—/-showed comparable platform crossover, suggesting
that H-Ras was not required for memory recall under physiological conditions. As expected,
APP/PS1 mice showed memory retention deficits during the probe trial compared with WT,
and importantly, APP/PS1 Hras—/-performed significantly better than APP/PS1 mice (Fig.
1d) and restored to the similar level of performance as WT mice. No differences in the
average swimming speeds during the probe trial (WT: 0.177 + 0.015 m/s; Hras—/-: 0.194

+ 0.01 m/s; APP/PS1: 0.224 + 0.021 m/s; APP/PS1 Hras—/-: 0.186 £ 0.004 m/s) or the
escape latencies during the visible platform trial among groups were observed (WT: 20.24
+3.38 s; Hras-/— 19.4 +5.12 s; APP/PS1: 9.13 + 1.56 s; APP/PS1 Hras—/— 12.1 + 1.57
s). The results indicate that the rescue of memory function in APP/PS1 Hras—/— mice was
independent of any differences in non-cognitive parameters such as swimming ability or
visual acuity of the mice.

Hras Deletion Reduces Cortical Amyloid Deposition and Astrogliosis

Amyloid deposition and excessive gliosis are key pathological features of AD and are
associated with cognitive decline in AD [29]. To determine the cellular mechanisms
underlying the cognitive beneficial effects in Hras deficient AD mice, neuropathology and
neuroinflammation were evaluated. Robust amyloid deposition and microglial and astrocyte
activation were confirmed in APP/PS1 mice compared with WT littermates (Online
Resource, Fig. S1). Interestingly, amyloid deposition measured by 6E10 immunostaining
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was significantly reduced in the cortex but not in the hippocampus of APP/PS1 Hras—/-
compared with their APP/PS1 littermate controls (Fig. 2a, b). X-34 staining showed a

trend decrease in the stained area in APP/PS1 Hras—/—mice compared with APP/PS1
(Online resource, Fig. S2), indicating that Hras deletion does not significantly influence the
dense-core amyloid plaque load and the difference observed in the 6E10-stained area mostly
likely resulted from the reduction of diffuse plaques. Microgliosis was assessed by IBA1
immunostaining and no difference was observed between APP/PS1 Hras—/-and APP/PS1
in either cortex or hippocampus (Fig. 2a, b). In contrast, astrogliosis, evaluated by GFAP
immunostaining, was ameliorated in both cortex and hippocampus in APP/PS1 Hras—/-
mice (Fig. 2a, b). Confocal microscopy demonstrated the reduction of both 6E10 positive
amyloid plaques and plaque-associated astrogliosis in the cortex (Fig. 2¢). Immunoblot
analysis further confirmed the reduction of the reactive astrogliosis marker, GFAP, but not
the microgliosis marker, IBAL, in the cortical lysate of APP/PS1 Hras—/—mice compared
with APP/PS1 controls (Fig. 2d, €). To analyze microglia clustering around amyloid
plaques in more detail, plague-associated IBA1+ microglia were imaged and quantified.
Consistently, the results showed no significant differences between APP/PS1 and APP/PS1
Hras—/-mice (Online Resource, Fig. S3). Furthermore, brain sections were also subjected to
co-staining with activated microglial marker CD68 along with 6E10 and IBAL. The results
showed that essentially all plaque-associated IBA+ microglia co-localized with CD68+
microglia (Online Resource, Fig. S4), confirming their activation status. Taken together,
these data demonstrated that the absence of H-Ras led to the attenuation of cortical amyloid
deposition and astrogliosis in APP/PS1 mice.

Hras Deletion Does Not Affect APP Expression and Processing or Overall Ap Levels

AB is produced by the sequential cleavage of amyloid-p precursor protein (APP) by B-
secretase that produces the p-C-terminal fragment (8-CTF) first and then by y-secretase
[30]. APP can also be processed through the non-amyloidogenic pathway by the sequential
cleavage by a-secretase first that produces a-CTF, followed by -y-secretase. To evaluate the
impact of Hras deletion on the expression of full-length APP and its proteolytic processing,
immunoblot analysis was performed with brain tissue lysates. The results showed no
statistically significant differences in the overall expression of APP (Fig. 3a, b) or its
amyloidogenic and non-amyloidogenic cleavage measured by the ratio of p-CTF/a-CTF
(Fig. 3a, b) between APP/PS1 Hras—/—and APP/PS1 mice.

Among AR isoforms, Ap4p and AP, have been intensely studied due to their close
relationship with the progression and neuropathology of AD [31]. Familial AD mutations
often lead to elevated AB42/AP4g ratio and soluble AB4o is believed to be more neurotoxic
compared with aggregated fibrillary forms of A [31]. Therefore, soluble (carbonate-
soluble) and insoluble (guanidine (GnHCI)-soluble) AB4g and AP levels were evaluated
using ELISA. Interestingly, although cortical amyloid deposition was reduced as shown by
immunostaining, neither carbonate-soluble nor insoluble fractions of AB4q or AB4o levels,
the total Ap4g and ARy levels, or the AP4o/APag ratios were altered in the cortical lysate of
APP/PS1 Hras—/-mice compared with APP/PS1 mice (Fig. 3c). These results suggest that
Hras deficiency had limited impact on the overall Ap levels in the brain.
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Hras Deletion Protects Against Dendritic Spine Loss Near Amyloid Plaques Without
Changing Overall Spine Density or Synaptic Protein Expression

Glutamatergic neurotransmission dictates synaptic function and cognitive performance.

To evaluate the outcome of Hras deficiency on synaptic makers, immunoblotting was
conducted on synaptosomes isolated from cortical lysates. Compared with APP/PS1 mice,
APP/PS1 Hras—/-mice showed similar expression of synaptic markers, including excitatory
scaffolding protein PSD95, presynaptic marker synapsin 1 (Synl), AMPA receptor subunit
GluAl, or NMDA subunit NR2A and NR2B (Fig. 4a, b). These data suggest that Hras
deficiency had no effect on the expression of these synaptic proteins.

Loss of synapses is a hallmark of AD and dendritic spines are strongly influenced by nearby
amyloid plaques [22]. To evaluate the influence of Hras deficiency on dendritic spine density
in the brain of APP/PS1 mice, Golgi-Cox impregnation combined with Th-S co-staining
was employed to visualize dendritic spines and fibrillar amyloid plaques (Fig. 4c; Online
resource, Fig. S5). As expected, the overall spine density is significantly decreased in
APP/PS1 mice compared with WT in both cortical apical and basal pyramidal neurons in
the layer 11/111 of the frontal cortex (Fig. 4d-f). Hras deficiency did not significantly affect
overall spine density when compared between WT and Hras—/-or between APP/PS1 mice
and APP/PS1 Hras—/-mice (Fig. 4d-f). However, when the spine density was quantified
respectively in dendritic branches near (< 50 um) versus distant (> 50 um) from amyloid
plaques indicated by Th-S staining as previously described [21, 22], the results showed that
the spine density was significantly higher in both apical and basal dendrites near amyloid
plaques in APP/PS1 Hras—/—than in APP/PS1, whereas the spine density in either apical

or basal dendrites distant from amyloid plaques remained similar in APP/PS1 and APP/PS1
Hras—/- (Fig. 4d-f). These results indicate that Hras deficiency protects dendritic spines
from AP toxicity and reduces spine loss near amyloid plaques.

In addition, to examine whether Hras deletion affects dendritic dystrophy, brain sections
were subjected to immunostaining for Lamp1, a marker for late endosome that has been
widely used to assess neurite dystrophy [26, 32]. The results showed no difference in the
Lamp1l-stained area in APP/PS1 Hras—/-compared with APP/PS1 mice (Online Resource,
Fig. S2), indicating that loss of H-Ras does not affect the overall neurite dystrophy but
preserves synaptic spines on dendrites in the vicinity of amyloid plaques in APP/PS1mice.

Hras Deletion Does Not Affect the MAPK/ERK or the PI3K/AKT Pathway

H-Ras is a well-known regulator of the ERK/MAPK and the PI3K/AKT pathway and

both pathways have been implicated in the pathogenesis of AD [6, 33]. The levels of

total and phosphorylated ERK (p-ERK) and key cell-cycle regulators (Fig. 5a), including
cyclin D1, total and phosphorylated retinoblastoma protein (Rb), and p53, were evaluated
by immunoblot analysis of cortical lysates. Surprisingly, the p-ERK levels were comparable
between APP/PS1 Hras—/—mice and APP/PS1 mice (Fig. 5b, c), suggesting that Hras
deficiency does not alter the ERK/MAPK signaling in the brain of AD mice. Consistently,
none of the protein levels of cell cycle regulators was different between APP/PS1 Hras—/-
mice and APP/PS1 mice (Fig. 5b, c).
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H-Ras has also been identified as a key activator of the PI3BK/AKT pathway, which can

lead to the activation of the mTOR signaling and regulation of autophagy [6] (Fig. 5d).
Therefore, protein levels of key molecules in the PI3K/ AKT-mTOR pathway and autophagy
were evaluated next. Interestingly, the p-AKT level showed a trend of increase in the
APP/PS1 Hras—/-mice compared with APP/PS1 controls (Fig. 5e, f). However, the slightly
elevated p-AKT levels in APP/PS1 Hras—/- mice did not alter the downstream signaling

of mTOR, including the p-S6 levels, or the autophagy regulators, including p62, Beclinl,
and LC3 (Fig. 5e, f). These data indicate that Hras deficiency is not sufficient to alter the
ERK/MAPK and PI3K/AKT signaling in AD brains and compensatory mechanisms exist

to offset the loss of H-Ras. In addition to H-Ras, the Ras proteins consist of two other
isoforms, K-Ras and N-Ras, which may be upregulated in the absence of H-Ras (Fig. 59).
To test this idea, H-Ras, and total Ras levels were assessed by immunoblotting. As expected,
the H-Ras protein was absent in the APP/PS1 Hras—/- mice. Without H-Ras, the total Ras
level in the brain decreased by ~ 50% (Fig. 5h, i), suggesting that K-Ras and N-Ras were
not overexpressed to compensate the loss of H-Ras. Alternatively, the remaining pan-Ras
level was sufficient to drive the activation of ERK/MAPK and the PI3K/AKT pathways. In
addition, the APP/PS1 transgenes and/or amyloid pathology did not affect the overall protein
expression of H-Ras or pan-Ras in these mice (Online Resource, Fig. S6).

Ablation of Hras Modifies the Expression of Select Genes in the Brain of APP/PS1 Mice

To further elucidate potential molecular mechanisms and signaling cascades in Hras
deficient AD mice, unbiased transcriptomic profiling was performed with the cortical tissue
of APP/PS1 and APP/PS1 Hras—/—mice. Interestingly, although Hras deficiency altered
some gene expression as shown on the heatmap with the top 100 most variable genes (Fig.
6a), differentially expressed genes (DEGSs) analysis only identified 10 significantly altered
(FDR < 0.1) in the APP/PS1 Hras—/-mice compared with APP/PS1, suggesting that lack of
H-Ras had a limited impact on the overall transcriptomic landscape. Out of the 10 DEGs,
four were downregulated, including Hras, and six were upregulated (Table 1). Notably, a
housekeeping gene, Gapdh, was significantly down-regulated in APP/PS1 Hras—/-mice.
However, protein levels of GAPDH were comparable between genotypes by immunoblotting
analysis when normalized to actin or tubulin, whose transcription was not altered in Hras—/
—AD mice (Fig. 6b, c). This result suggests that post-transcriptional mechanisms might

be involved in maintaining the protein level of GAPDH. Intriguingly, the expression of
Anxa4 (encoding Annexin A4) was significantly upregulated in Hras-null AD mouse brains
(Table 1). Annexin A4 plays a prominent role in several biological functions, including
membrane repair, Ca?* homeostasis, and regulation of neuroinflammatory pathways [34-36].
Immunoblotting confirms the upregulation of Annexin A4 at the protein level (Fig. 6b,c).
The increase in the expression of Annexin A4 might have conferred beneficial outcomes in
the brain of APP/PS1 Hras—/—mice. However, further studies are required to elucidate the
significance of the novel connections identified between Arnxa4, or other DEGs, and H-Ras
or its downstream signaling pathways.
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Discussion

Findings from this study support the role of the small GTPase H-Ras, an exclusively
farnesylated protein, in the pathogenesis of AD. Studies from our laboratory have
consistently shown that inhibition of the farnesylation pathway leads to beneficial cognitive
outcomes and ameliorated AD pathology [7, 8]. Others have reported that elevated Ras
expression is an early event in human AD brains and is associated with amyloid plaque
depositions [43]. Farnesylated H-Ras level is elevated in human AD brains and the well-
known H-Ras downstream signaling cascades, ERK/MAPK, and PI3K-AKT pathways are
implicated in AD pathogenesis. However, the direct role of H-Ras in AD pathogenesis had
not been explored /in vivo prior to this study. The results revealed that Hras deletion rescued
memory consolidation deficits and reduced cortical amyloid deposition in AD mice. Further,
dendritic spines near amyloid plaques were protected in Hras-null APP/PS1 mice without
overall changes in dendritic dystrophy. Notably, Hras deletion had no significant effects

on the ERK/MAPK and PI3K/AKT pathways. Lack of H-Ras affected the expression of
select genes in AD mice, including a significant elevation in the expression of Anxa4,
which plays an important role in mediating membrane repair, neuroinflammation, and
calcium homeostasis. The beneficial outcomes of Hras deletion in AD mice partially overlap
with previous findings from our laboratory that FT reduction ameliorates the pathogenic
process of AD, suggesting that controlling H-Ras farnesylation/function constitutes one of
the potential mechanisms underlying the beneficial effects of FT inhibition in AD.

The finding that amyloid deposition was reduced in the cortex of Hras deficient AD mice
but not in the hippocampus assessed by 6E10 immunostaining indicates brain regional
differences in response to Hras deficiency. Interestingly, the total Ap levels were not
altered in the cortex of Hras deficient AD mice measured by ELISA. The discrepancy
between amyloid deposition assessed by immunostaining on brain sections and A levels
assessed by ELISA of total cortical homogenates might be caused by potentially modified
distributions of intercellular Ap and extracellular plaque deposition in APP/PS1 Hras—/-
mice. Of note, astrogliosis but not plaque-associated microgliosis was strongly influenced by
Hras deficiency. While microglia play important roles in mediating amyloid phagocytosis,
astrogliosis is an early event in the AD brains that can also contribute to amyloid
phagocytosis [44]. Despite the ability to engulf A, astrocytes store rather than degrade
AP, which results in secreting microvesicles comprising of truncated Ap, which can
induce neuronal apoptosis and exacerbate AD pathology [45]. Thus, reduced astrogliosis
in APP/PS1 Hras—/-mice is likely beneficial. The cell-type-specific roles of H-Ras in AD
pathogenesis remain to be explored.

Interestingly, neither p-ERK nor p-AKT levels nor the expression of their downstream
signaling proteins were altered in Hras deficient AD brain. H-Ras is a well-known
oncogenic gene due to its frequent mutagenesis in human cancers and its importance in
regulating the cell cycle [6]. Dissociation of H-Ras from plasma membrane raft in baby
hamster kidney (BHK) cells diminished the p-ERK levels [46]. Depleting H-Ras in head and
neck squamous cell carcinoma (HNSCC) abolished the PI3K-AKT signaling [47]. Several
reports have shown that increased H-Ras signaling is associated with elevated ERK and
AKT signaling both /n vivoand in vitro [6, 48, 49]. However, p-ERK and p-AKT levels
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were similar to WT mice in the brain, heart, and kidney of 2-month-old Hras—/-mice or

in mice expressing constitutively active mutant H-Ras [50]. Consistently, the effectors of
the MAPK/ERK and PI13K-AKT signaling cascades did not change in the brain of APP/PS1
Hras—/—mice in this study. These results suggest that compensatory mechanisms exist to
offset the loss of H-Ras. In addition to H-Ras, the Ras family of proteins consists of two
other isoforms, K-Ras and N-Ras. Unlike H-Ras, K-Ras and H-Ras can be prenylated by
GGT in the absence of FT. H-Ras and N-Ras are dispensable during neurodevelopment
while K-Ras alone is necessary and sufficient to drive normal development in mice [16].

In the brain of APP/PS1 mice, Hrasknockout accounted for approximately half of the
decrease in total Ras protein level and transcriptomic analysis showed no changes in the
gene expression of K-Ras or N-Ras. These results indicate that K-Ras or N-Ras was not
overexpressed to compensate for the loss of H-Ras. It is possible that the reduced total
level of Ras was sufficient to drive the activation of ERK and AKT signaling. The precise
molecular mechanisms that drive the MAPK/ERK and PI3K-AKT pathways in the absence
of H-Ras remain to be further explored.

H-Ras has been shown to play an important role in modulating synaptic and cognitive
function but results are not consistent across different studies. Hras-null mice showed
upregulated NMDA receptor-mediated synaptic response and enhanced hippocampal long-
term potentiation (LTP) using high-frequency stimulation (HFS) [51]. However, low-
frequency stimulation (LFS) in a combination of postsynaptic depolarization-induced LTP
was comparable between Hras-null mice and WT [52], indicating stimulation protocol-
dependent effects of Hras deficiency. Constitutively active transgenic Hras mice (HrasC12Y)
have been shown to regulate synapsin | activity in the presynapses that leads to enhanced
hippocampal-dependent learning and memory [53]. In contrast, targeted replacement of
constitutively active Hras mice (HrasG12/G12v) showed brain atrophy and impaired learning
and memory in the Morris water maze test [54]. Of note, the aforementioned studies were
all conducted under non-pathological conditions, and the present report is the first, to the
best of our knowledge, to show the role of H-Ras in the context of AD pathology. Hras
deletion rescued memory deficits in AD mice and conferred protection against dendritic
spine loss near amyloid plaques, suggesting the beneficial neuronal and cognitive outcome
of suppressing H-Ras. It is noteworthy that the APP/PS1 mouse model is primarily an
amyloid model of AD. Given the broad involvement of H-Ras signaling pathways in cellular
structure and function, the impact of Hras deletion on tau/tangle pathology warrants further
investigation.

Unbiased transcriptomic analysis showed that the absence of H-Ras affected the expression
of select genes in the brain of APP/PS1 mice. It identified a novel connection between

Hras deficiency and the upregulation of Anxa4, which encodes for Annexin A4. Annexin
A4 is mainly expressed in microglia and endothelial cells in the brain [55]. The function

of Annexin A4 is less understood but it has emerged as an important player in plasma
membrane repair [34]. Upon detecting Ca2* influx, Annexin A4 is recruited to the cell
surface to facilitate the membrane repair near Ca2* influx. Annexin A4 has also been
connected with the NF-xB pathway, which is important in regulating neuroinflammation
that contributes to AD pathogenesis [35, 56]. The molecular mechanisms that connect H-Ras
with Annexin A4 and the role of their interactions in AD remain to be elucidated.
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In summary, the present study revealed the beneficial cognitive outcome of Hrasdeletion

in a mouse model of AD. Hras deletion reduced the cortical amyloid deposition, alleviated
astrogliosis, and protected against dendritic spine loss near amyloid plaques. Hras deletion
provoked functional changes in neurons and glia and modified the expression of select genes
in the brain of AD mice. One of the significantly altered genes was Arnxa4, coding for
Annexin A4 that is involved in the regulation of membrane repair, calcium homeostasis,

and neuroinflammation. These findings provide novel insights into the role of H-Ras in the
pathogenesis of AD and identify H-Ras as a potential therapeutic target for AD besides
cancer.
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Hras deletion rescues spatial memory retention deficits in APP/PS1 mice. Nine-month-old
WT, Hras—/-, APP/PS1, and APP/PS1 Hras—/- littermates (7= 6-9 mice/genotype) were
examined for locomotive function in the open-field test (a), anxiety levels in the elevated
plus-maze test (b), and spatial learning and memory in the Morris water maze test (c, d).
Hras deletion did not affect the locomotive function (a), anxiety levels (b), and learning
capacities during the acquisition phase (c). APP/PS1 mice showed memory retention deficits
during the probe trial compared with WT, and importantly, APP/PS1 Hras—/- performed
significantly better than APP/PS1 mice and restored to a similar level of performance as WT
mice (d; *p < 0.05, one-way ANOVA followed by Tukey’s HSD post hoc test)
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Fig. 2.
Hras deletion reduces cortical amyloid deposition and astrogliosis. Representative stitched

brain images (a) of triple immunofluorescent labeling of amyloid plaques by 6E10,
microglia by IBA1, and astrocytes by GFAP and quantifications (b) of percentage area
stained in the hippocampus and cortex. Compared with APP/PS1, APP/PS1 Hras—/-mice
showed reduced cortical amyloid deposition and alleviated astrogliosis in both cortex and
hippocampus but no change in microgliosis (**p < 0.01, Student’s #test). Four sections

per animal were analyzed and averaged. Representative plaque images (c) under 100x
objective in the cortex of APP/PS1 and APP/PS1 Hras—/—mice. Western blots (d) and their
quantifications (e) showed significantly reduced GFAP expression but not IBA1 expression
in the cortex of APP/PS1 Hras—/—mice (*p < 0.05, Student’s £test; 7= 5-6 mice/genotype).
Scale bars: 1 mm inaand 20 pmin c
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Hras deletion does not affect APP expression and processing or overall Ap levels. Western
blot representative images (a) and quantification (b) showed that no significant differences
in the overall expression of APP or its amyloidogenic and non-amyloidogenic cleavage
products measured by the ratio of B-CTF/a-CTF between APP/PS1 Hras—/-and APP/PS1
mice (7= 5/genotype). AB42 and AB4g ELISA (c) showed that neither carbonate-soluble

nor insoluble (GnHCI-soluble) fractions of Ap4g or A4y levels, the total AB4g and APaz
levels, nor the AB4o/AB4g ratios were altered in the cortical lysate of APP/PS1 Hras—/-mice
compared with APP/PS1 mice (r7=6/genotype)
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Fig. 4.
Hras deletion protects against dendritic spine loss near amyloid plaques without changing

overall spine density or synaptic protein expression. Representative western blot images
(a) and quantifications (b) of synaptic makers in isolated synaptosomes showed similar
expression of glutamatergic synaptic makers, including PSD95, Synl, GluAl, NR2A, and
NR2B, in APP/PS1 Hras—/—mice compared with APP/PS1 mice (7= 5 mice/genotype).
Representative Golgi-Cox impregnation combined with Th-S co-staining (c) identified
dendritic branches in the approximation of plaques. Representative images of dendritic
branches (d) and quantifications of apical (€) and basal (f) dendritic spine density revealed
that Hras deletion protected dendritic spines from A toxicity and reduced spine loss near
amyloid plaques. (7= 50-70 branches/4 mice/genotype; **p < 0.01, ****p < 0.0001,
Student’s #test). Scale bars: 20 ymincand 5umind
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Fig. 5.
Hras deletion does not affect the MAPK/ERK or the PISBK/AKT pathway. H-Ras-

MAPK/ERK pathway (a). H-Ras activation leads to the ERK signaling cascade that
regulates the cell cycle, which can contribute to neurodegeneration in AD. Representative
western blot images (b) and quantifications (c) of key molecules in the H-Ras-MAPK/ERK
pathway showed comparable ERK pathway activation in APP/PS1 and APP/PS1 Hras—/
—mice. H-Ras-PI3K/AKT signaling pathway (d) leads to the activation of mMTOR and
regulation of autophagy. Representative western blot images (€) and quantifications (f)
showed a trend of increase in p-AKT but no changes in other key molecules in the
PI3K/AKT pathway in APP/PS1 Hras—/-mice compared with APP/PS1 controls. H-Ras

is exclusively prenylated by FT and K-Ras and N-Ras are isoforms of H-Ras that can

be prenylated by both FT and GGT (g). Representative western blot images (h) and
quantifications (i) showed that H-Ras protein was absent in the APP/PS1 Hras—/— mice.
Without H-Ras, the total Ras level (pan-Ras) in the brain decreased by 50%, and thus
K-Ras and N-Ras were not overexpressed to compensate for the loss of H-Ras. The reduced
pan-Ras level appeared to be sufficient to drive the activation of ERK/MAPK and the
PI3K/AKT pathway (***p < 0.001, Student’s #test, 7= 5 mice/genotype)
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Fig. 6.
Ablation of Hras modifies the expression of select genes including Anxa4. Heatmap of

RNA-Seq expression z-scores (a) for the top 100 most variable genes in APP/PS1 and
APP/PS1 Hras—/-mice. Western blotting representative images (b) and quantifications (c)
showed comparable GAPDH protein expression levels between genotypes either normalized
to Actin or Tubulin and confirmed the upregulation of ANXA4 at the protein level in
APP/PS1 Hras—/-mice (**** p<0.0001, Student’s #test, 7= 6 mice/genotype)

Mol Neurobiol. Author manuscript; available in PMC 2024 January 06.



Page 23

[ev] WISIOgEISW pue uolie|suel) [elIpuoydolin 000 TS90- umod selaw
[tv] uoprelAyraw pue ‘redas wYNQ ‘Ananoe asejolpAy “Aiianoe onkjered G900 2S0- umoQ wPaw
oy ‘6€] sisoydode pue Buibe Jenjja2 ‘uononpoid 41V pue wsijogelsw ABiaug 7000 TS0- umod ypdeo
[9] (uonsjap paabuey) ased1o ‘ausboouQ  $TT-3SY'Z  S6'T- umod SeiH
[9g] Aunnoe onAjered 1900 220 dn  morwns
[8¢ ‘o¢] SISeISOaWOoY 8ULI20pUB Urelg-1nb Bulurejurew ‘AlAnoe asejoka axejAuend ‘uoneinbal Aanoe eseury ‘Buipulq uisjold €€0'0 80T dn az/n9
[og] auabopnasd aseuaboipAysp areydsoyd-g-apAysplesadk|o 8200 TI9V dn PEESTWO
[oe-¥€]  uononpoid g-urynajiaul Jo uongIyul ‘Buifeudls gx-4N O UORIGIYUL ‘SISEISOBLIOY WNIo[ed ‘Ifedas aueiquiaw ewise|d 1000 90T dn pexuy
[2€ '9e] uoneziueio uonosfod 1193 TT-3.6'€ 160 dn 959417
[og] ausb paotpesd 6S uteloud [ewosoqly  28T-369'G  TL'9 dn 50659
anpen-d abueyo uolrenbal
S90UR B JoY uolppun4 pesnipy  pjojzbo umop/dn  aweuaueD

Quetal.

801W TSd/ddV UM paredwod —/~se/H 1Sd/ddV ul (s93Q) seush passaidxe Ajenualayia
T 3lgqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Mol Neurobiol. Author manuscript; available in PMC 2024 January 06.



	Abstract
	Introduction
	Methods
	Animals
	Behavioral Assessment
	Golgi Staining and Spine Density Quantification
	Immunostaining and Quantification
	Total Protein and Synaptosome Isolation and Immunoblotting
	Aβ ELISA
	RNA Extraction, Sequencing, and Data Analysis
	Transcriptomic Analysis
	Statistical Analysis

	Results
	Hras Deletion Rescues Spatial Memory Retention Deficits in APP/PS1 Mice
	Hras Deletion Reduces Cortical Amyloid Deposition and Astrogliosis
	Hras Deletion Does Not Affect APP Expression and Processing or Overall Aβ Levels
	Hras Deletion Protects Against Dendritic Spine Loss Near Amyloid Plaques Without Changing Overall Spine Density or Synaptic Protein Expression
	Hras Deletion Does Not Affect the MAPK/ERK or the PI3K/AKT Pathway
	Ablation of Hras Modifies the Expression of Select Genes in the Brain of APP/PS1 Mice

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Table 1

