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Abstract

Protein prenylation is a post-translational lipid modification that governs a variety of important cellular signaling pathways,
including those regulating synaptic functions and cognition in the nervous system. Two enzymes, farnesyltransferase (FT) and
geranylgeranyltransferase type I (GGT), are essential for the prenylation process. Genetic reduction of FT or GGT ameliorates
neuropathology but only FT haplodeficiency rescues cognitive function in transgenic mice of Alzheimer’s disease. A follow-up
study showed that systemic or forebrain neuron-specific deficiency of GGT leads to synaptic and cognitive deficits under
physiological conditions. Whether FT plays different roles in shaping neuronal functions and cognition remains elusive. This
study shows that in contrast to the detrimental effects of GGT reduction, systemic haplodeficiency of FT has little to no impact on
hippocampal synaptic plasticity and cognition. However, forebrain neuron-specific FT deletion also leads to reduced synaptic
plasticity, memory retention, and hippocampal dendritic spine density. Furthermore, a novel prenylomic analysis identifies
distinct pools of prenylated proteins that are affected in the brain of forebrain neuron-specific FT and GGT knockout mice,
respectively. Taken together, this study uncovers that physiological levels of FT and GGT in neurons are essential for normal
synaptic/cognitive functions and that the prenylation status of specific signaling molecules regulates neuronal functions.
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Introduction target proteins and governs a variety of cellular signaling
pathways [1]. In the nervous system, protein prenylation
mediates neurite outgrowth, dendritic morphology, and
synaptic plasticity, and has been implicated in the patho-
genesis of neurodegenerative diseases [2—4]. The sub-
strates of protein prenylation, isoprenoid diphosphates,
are products of the mevalonate/cholesterol synthesis path-
way, including farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP) [5]. The farnesyl
and geranylgeranyl groups from FPP and GGPP, respec-
tively, are attached to a cysteine residue in the CAAX-box
motifs at the C-terminus of target proteins via an irrevers-
ible covalent bond, catalyzed by farnesyltransferase (FT)
and geranylgeranyltransferase type I (GGT-I, designated
as GGT throughout the paper), respectively [6]. Depending

Protein prenylation is an important post-translational
modification that adds lipid molecules, isoprenoids, to
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on the X amino acid of the CAAX motif, proteins are prefer-
ably or exclusively prenylated by FT or GGT, or both [7].
Another type of geranylgeranylation occurs on a family of
Rab proteins catalyzed by geranylgeranyltransferase type I1
(GGT-II or RabGGT) and its partner Rab escort protein
(REP), dually appending geranylgeranyl moieties on two
proximal cysteine residues near the C-terminus [8].
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Recently, another geranylgeranyltransferase type III (GGT-
IIT) was discovered with limited substrates [9, 10].

More than a hundred proteins undergo protein prenylation,
including the largest and most well-studied group, small GTP
binding proteins (GTPases) [6]. Small GTPases function as
molecular switches in cells and control diverse cellular activ-
ities, including receptor signaling, dendritic spine morphogen-
esis, cell cycle regulation, and vesicle trafficking [11, 12]. In
the nervous system, the importance of small GTPases, especial-
ly the Ras family, has been underscored in neurodevelopment,
synaptic plasticity, and memory formation [13, 14]. Anchoring
of small GTPases to membranes is required for their normal
signaling functions and protein prenylation is necessary for
this process [15]. The importance of protein prenylation is
further highlighted by the findings that germline homozy-
gous deletion of FT or GGT leads to embryonic lethality and
dysregulation of prenylation is involved in the pathogenesis
of several diseases including Alzheimer’s disease (AD)
[16].

Previous work has shown that haplodeficiency of FT but
not GGT rescues cognitive deficits in a transgenic mouse
model of AD, suggesting that FT and GGT may have dis-
tinct roles in regulating neuronal functions [17]. A follow-
up study showed that systemic GGT haplodeficiency or
forebrain neuron-specific GGT deletion is detrimental,
which leads to impaired learning and memory, reduced syn-
aptic plasticity, and decreased dendritic spine density [18].
However, it remains unclear whether FT regulates synaptic
functions and cognition differentially from GGT under nor-
mal physiological conditions. The current study was under-
taken to determine the impact of FT deficiency on synaptic
plasticity, dendritic spine density, and cognitive function
using genetically modified mouse models. The results show
that systemic/germline haplodeficiency of FT does not af-
fect hippocampal synaptic plasticity, learning and memory
formation, or cortical synaptic dendritic spine density.
However, forebrain neuron-specific FT deletion leads to
reduced magnitude of hippocampal long-term potentiation,
impaired memory retention, and reduction of dendritic
spine density in the hippocampus. To explore the potential
molecular mechanisms underlying different roles of FT and
GGT in the brain, a novel prenylomic approach was employed
to uncover changes in downstream prenylated proteins. The
results show that a number of prenylated proteins, including
several small GTPases, are involved. These findings suggest
that certain physiological levels of FT and GGT in neurons
are required for normal synaptic function and cognition, and
that the prenylation status of specific signaling molecules
regulates neuronal function. This study presents an innova-
tive approach to profile prenylated proteins and downstream
signaling pathways in post-mortem tissue samples as well as
providing novel insights into the physiological functions of
FT in the brain.

Methods
Animals

Systemic/germline FT-haplodeficient (FT+/-) mice, GGT-
haplodeficient (GGT+/-) mice, and forebrain neuron-specific
GGT deficient (GGT"'Cre+) mice have been described previ-
ously [17-20]. The forebrain neuron-specific FT deficiency
(FT"'Cre+) was achieved by crossing the FT floxed mice
(FT") with the mice expressing the Cre recombinase (Cre+)
under the CaMKIla promoter [19-21]. All these lines of mice
are on a mixed genetic background of 129/0OlaHsd and
C57BL/6. Specifically, FT+/- and GGT+/- were backcrossed
with C57BL/6J for two generations, whereas FT"Cre+ and
GGT"'Cre+ were generated by interbreeding of offspring
from crossing FT”" or GGT"" (129/0laHsd/C57BL/6) and
Cre+ (congenic C57BL/6) mice. Therefore, littermate controls
were used whenever possible to minimize potential effects of
genetic backgrounds. The mice were genotyped using DNA
extracted from ear biopsies and PCR with gene-specific
primers. The age of the mice ranged 9-14 months, and both
males and females were included in each experiment of this
study. No statistically significant sex differences were ob-
served; therefore, data from male and female mice were com-
bined. Experiments were conducted blinded to genotypes of
the mice and all animal procedures were reviewed and ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Minnesota.

Electrophysiology

Electrophysiology experiments were conducted as previously
described [18, 22]. Briefly, mice were deeply anesthetized
using isoflurane, followed by decapitation. Brains were dis-
sected out and sectioned in ice-cold sucrose cutting solution
containing 2.5 mM KCI, 1.25 mM NaH,PO4, 25 mM
NaHCO3, 0.5 mM CaCl,, 7 mM MgCl,, 7 mM dextrose,
and 240 mM sucrose. Transverse hippocampal slices were
cut at 400 um using a vibratome (Leica). Slices were then
transferred and incubated for 15 min at 28 °C in artificial
cerebrospinal fluid (aCSF) containing 125 mM NacCl,
2.5 mM KCl, 1.25 mM NaH,PO,, 25 mM NaHCOs, 2 mM
CaCl,, 1 mM MgCl,, and 25 mM dextrose (pH 7.4) with
constant bubbling of 95%0,/5% CO,. Slices were then
allowed to recover for at least 1 h in aCSF at room tempera-
ture. After recovery, slices were placed into the recording
chamber (Automate Scientific, Berkeley) with aCSF flowing
at approximately 1.5 ml/min at 27-29 °C. Electrical stimula-
tions were delivered to the Schaffer Collateral axon bundles of
CA3 to CALl of the hippocampus using a bipolar tungsten
electrode (FHC) and evoked field excitatory post-synaptic po-
tentials (fEPSPs) were recorded from the stratum radiatum of
CA1. Stimulation was delivered at 10 s interval and the
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stimulation intensity was adjusted to 40-50% of each slice’s
maximum input/output curve using a constant-current stimu-
lus isolator (World Precision Instruments, Sarasota).
Following a stable baseline (at least 20 min), long-term
potentiation (LTP) was induced by three trains of theta-burst
stimulation (TBS) with a 20-s interval and monitored for
40 min post-induction. The fEPSP slopes were normalized
to the baseline for each slice and last 5 min of response were
averaged to represent the magnitude of LTP. Input/output
(I/0) curves and paired-pulse facilitation (PPF) were assessed
using separate slices. I/O curves were generated by delivering
five stimulations per intensity ranging from 0 up to 150 pA in
10-pA intervals. Stimulation intensity was then adjusted to
40-50% of each slice’s maximum response in the I/O curve
to assess PPF. Two continuous stimuli were delivered to slices
with an interval of 30 ms at every 10 s. Five minutes of stable
PPFs (120 PPFs) were recorded and averaged for each

genotype.

Golgi Staining and Dendritic Spine Density
Quantification

Golgi staining was conducted using the FD Rapid
GolgiStain™ kit (Cat. #: PK401A, FD NeuroTechnologies,
Inc.) as previously described [18, 23, 24]. Briefly, mice were
deeply anesthetized and perfused with PBS and brains were
dissected and processed following the manufacturer’s user
manual. Coronal brain sections (200 pm) were prepared using
a vibratome (Leica). Bright-field microscopy was done under
the 100x objective using the Nikon Eclipse 55i upright micro-
scope to capture images of dendrites in the single-plane focal
field using a CCD camera (QImaging) controlled by the
Image-Pro plus software. Clearly identifiable dendritic
branches from randomly chosen fully stained pyramidal neu-
rons in the layer II/IIT of the posterior 2/3 of the cerebral cortex
and in the hippocampal CAl region were selected. For each
mouse, fifteen neurons in each area were randomly imaged
and five apical and five basal dendrites were chosen from
tertiary or above dendritic segments from each neuron.
Imaging and spine density quantifications were achieved
using Image-Pro Plus software. On average, 19+ 0.25 um of
dendritic segment length was quantified.

Behavioral Assessment

Three behavioral functions, including locomotive response to
environmental stimulus, anxiety, and spatial learning and
memory, were tested as previously described [17, 18]. The
open-field test and the elevated plus maze test were employed
to evaluate the locomotive response and anxiety of mice. The
Morris water maze was employed to evaluate the spatial learn-
ing and memory of mice.

@ Springer

Briefly, all behavioral functions were assessed using setups
and the ANYMAZE system from San Diego Instruments. For
the open field test, mice were placed into a square open box to
explore freely for 5 min daily for 3 days with their path lengths
recorded. The elevated plus maze test was conducted next, in
which mice were placed onto a plus shape maze with open and
closed arms to explore freely for 5 min daily for 2 days. In the
Morris water maze test, mice were put into a water basin to
find a hidden escape platform 1 cm under the water in a visual
cue-rich room. The escape latency was recorded for four trials
a day for five continuous days. A probe trial was carried out on
the sixth day, in which the hidden platform was removed and
the number of times crossing the platform location was re-
corded in a single 60-s trial. After a 2-h rest, a visible trial
was conducted to test for visual acuity and swimming speed.

In Vitro Prenylation and Fluorescence Labeling

Brain tissue collection followed protocols previously reported
[17, 18]. Right forebrain (containing cortex and hippocampus)
tissue samples were homogenized in the prenylation buffer
(50 mM HEPES, 50 mM NaCl, 5 mM MgCl,, 10 uM
ZnCly, 5 mM DTT (GoldBio), 2 uM phenylmethane sulfonyl
fluoride (PMSF, Sigma-Aldrich), 1.5% v/v protease inhibitor
cocktail, 0.02% octylglucopyranoside (OGP, Sigma-Aldrich),
pH 7.2) using a Bullet Blender® homogenizer (Next
Advance, Averill Park, NY, USA). Tissue lysates were cen-
trifuged at 1500xg in 4 °C for 15 min to clear cell debris, and
further centrifuged at 100,000xg in 4 °C for 60 min to pull
down cell membrane fractions. Proteins from the resulting
supernatants (cytosolic fractions) were quantified using BCA
assay (Thermo Scientific) and 2 mg in 1 mL solutions was
prepared in the prenylation buffer. Rat FT or GGT (250 to
1500 nM) and C15A1kOPP (25 uM) were added and
in vitro reactions were carried out for 4 h at 37 °C. Proteins
were precipitated out through chloroform precipitation (1 mL
chloroform, 4 mL methanol, and 3 mL water) and washed
with methanol (3 mL) twice. Protein pellets were re-
dissolved in PBS + 1% SDS and concentrations were deter-
mined using BCA. Protein lysates were diluted to 100 pug/uL
for click reaction. Click reaction was carried out using
TAMRA-N; by adding TAMRA-PEG4-N3 (25 uM,
BroadPharm), tris(2-carboxyethyl)phosphine (TCEP, 1 mM,
Sigma-Aldrich), tris[(1-benzyl-1H-1,2,3-triazol-4-
yl-)methylamine (TBTA, 100 uM, Sigma-Aldrich), and
CuS0O4 (1 mM, Sigma-Aldrich) at room temperature for 1 h.

After the click reaction, proteins were precipitated out
using ProteoExtract® protein extraction kit (Millipore
Sigma) following the manufacturer’s protocol. Protein pellets
were dissolved in 1x sample loading buffer containing 2%
SDS, 10% glycerol, 125 mM DTT, and 0.02% bromophenol
blue in 50 mM Tris-HCI pH 6.8 and resolved in a 12% SDS-
PAGE gel. TAMRA fluorescence (542 nm excitation/568 nm
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emission) was detected and visualized on Typhoon FLA 9500
(GE Healthcare). Gel images were processed on Imagel for
visualization by adjusting contrast and brightness.

Prenylated Protein Enrichment and Sample
Preparation for Proteomics

Enrichment of prenylated proteins and sample preparation
was reported previously [25, 26]. Briefly, in vitro prenylated
proteins (2 mg in 1 mL) were subjected to click reaction with
biotin-N; by adding biotin-PEG4-N;, TCEP, TBTA, and
CuSOy. Proteins were precipitated out and dissolved in 1x
PBS + 1% SDS. Protein concentrations were normalized
across all samples and incubated with pre-washed
Neutravidin® beads for 1.5 h, followed by washing with
PBS + 1%SDS, 1X PBS, 8 M urea, and 50 mM
tetracthylammonium bicarbonate (TEAB). Beads were
suspended in 50 mM TEAB and digested overnight at 37 °C
with trypsin (Promega). Peptides were collected from beads
using 0.5% formic acid and washings (twice) were pooled and
dried. Samples were dissolved in 100 mM TEAB and spiked
with yeast ADH1 standard (Waters) and TMT-labeled using
TMT 6plex (Thermo Fisher Scientific). Labeled samples were
pooled, dried, and dissolved in 200 mM NH4HCOO pH 10,
and subsequently fractionated under high pH reversed-phase
conditions. The samples were dried and dissolved in 0.1%
formic acid in water.

LC-MS Data Acquisition

The TMT-labeled peptides were resolved in RSLC Ultimate
3000 nano-UHPLC (Dionex) at 300 nL/min in a reversed-
phase column packed in-house [25]. Each fraction ran at vary-
ing gradients of solvent B (0.1% formic acid in acetonitrile) in
solvent A (0.1% formic acid in water) with amounts ranging
between 7 and 34% for 80 min and sprayed directly on
Orbitrap Fusion Trihybrid (Thermo Fisher Scientific) using
Nanospray Flex source (Thermo Fisher Scientific). For the
multinotch SPS-MS3 approach [27], MS scans were collected
at 120,000 resolution at 320-2000 m/z range with max injec-
tion time (IT) of 100 ms and automatic gain control (AGC)
target of 200,000. To perform SPS-MS3, subsequent data-
dependent (top speed at 3 s) MS/MS scans were acquired
using collision-induced dissociation (CID) at normalized col-
lision energy (NCE) of 35% with 1.3 m/z isolation window,
max IT of 100 ms, and AGC target of 5000. Dynamic exclu-
sion was allowed for 60 s. Acquisition at MS3 was done by
synchronously selecting the top 10 precursors (SPS) for frag-
mentation by high-collisional energy dissociation (HCD) in
the orbitrap with NCE of 55% and 2.5 m/z isolation window,
120 ms max IT, and 50,000 AGC target.

Proteomic Data Analysis

The raw files were searched using Andromeda embedded in
MaxQuant (version 1.6.2.10) against the non-redundant
mouse (UP0000000589) database from Uniprot (EMBL-
EBI, April 2018 release). The peptides identified were based
on full tryptic digestion with allowed 3 maximum missed
cleavages. Fixed modifications were set for the TMT labels
on both the N-terminal and lysine and variable modifications
on methionine oxidation and N-term acetylation. The default
settings in the software for other parameters were retained.

Statistical Analysis

GraphPad Prism 8 and Perseus (version 1.6.0.7) were used to
perform statistical analyses. All values are expressed as mean
+ SEM. To compare differences between two genotypes, a
two-tailed unpaired Student’s # test was used. For comparisons
of genotype effect on mice performance over constitutive
days, two-way repeated measures ANOVA was conducted.
Both males and females were included in this study and no
sex difference was observed; thus, male and female data were
combined for analysis. For prenylomic data, the .txt file con-
taining the list of identified proteins was imported in Perseus
(version 1.6.0.7) for statistical analysis. Proteins that were
identified only by site, as potential contaminant, or reversed
were removed. The reporter ion intensities were log2-
transformed and proteins having 3 quantified values out of 6
across TMT channels were processed. Missing values in each
channel were imputed based on normal distribution. Statistical
analysis was performed using two-sample ¢ tests with FDR =
0.01 and s0=0.5. Data were exported and processed on
Microsoft Excel to generate and format volcano plots.

Results

Systemic FT Haplodeficiency Does Not Affect
Hippocampal Synaptic Function, in Contrast to the
Detrimental Effect of GGT Haplodeficiency

Hippocampal LTP of CA1l is important for shaping spatial
learning and memory and defined as increased signal trans-
mission in response to an intense stimulus [28-31]. To deter-
mine whether systemic FT haplodeficiency has any effect on
synaptic function, we conducted electrophysiological experi-
ments with hippocampal slices from FT+/- mice and WT lit-
termates at 10 to 11 months of age. The axon bundles of the
Schaffer collateral from CA3 to the CA1 were stimulated and
recorded from the stratum radiatum of CA1. The results show
that FT haplodeficiency has no effect on the magnitude of
hippocampal LTP compared with their WT littermate controls
(Fig. 1a, b). The basal synaptic transmission and short-term
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Fig. 1 Systemic FT haplodeficiency does not affect hippocampal LTP,
basal neuronal transmission, and PPF. a Induction of LTP. Following a
20-min stable baseline, the LTP was induced by three trains of theta-burst
stimulation (TBS) protocol with a 20-s interval. The slopes of the fEPSP
rising phase were calculated and normalized to baseline in hippocampal
slices from WT and FT+/- mice (n =24-26 slices/9—10 mice per geno-
type, 10 months of age). b The magnitude of LTP of the last 5 min (35—
40 min post-induction) was averaged for each genotype. ¢ Input/output
(I/O) curves. Five stimuli were given every 10 pA ranging from 0 to

plasticity were also assessed in FT+/- mice by constructing the
I/O curve and measuring the PPF ratio, respectively. The I/O
curve shows increasing fEPSPs in response to increasing stim-
ulus intensities. No statistical difference was observed be-
tween the I/O curves from FT+/- and WT brain slices (Fig.
l¢), indicating comparable basal neuronal transmission in
FT+/- and WT brain slices. PPF is a form of short-term pre-
synaptic plasticity that is defined as an increased post-synaptic
response to the second stimuli of two close successive stimuli.
PPF is caused by increased presynaptic Ca** building up
when the second stimulus arrives [32]. Similarly, there was
no statistically significant difference in the PPF ratio of two
stimuli at a 30-ms interval between brain slices from FT+/-
and WT littermates (Fig. 1d).

Previous work has demonstrated that systemic GGT
haplodeficiency leads to a significant reduction in synaptic
function, including impaired LTP [18]. To compare the effects
of FT and GGT haplodeficiency on synaptic plasticity side-by-
side, we conducted LTP experiments on hippocampal slices
from GGT+/- mice along with FT+/- mice and their respective
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150 pA and fEPSPs were recorded and averaged at each stimulation
intensity from hippocampal slices of WT and FT+/- mice (n=12-17
slices/5—6 mice per genotype, 11 months of age). d Paired-pulse facilita-
tion (PPF) ratios. Two continuous stimuli with an interval of 30 ms were
given to WT and FT+/- hippocampal slices at every 10 s and the ratios of
the second to the first fEPSP response were plotted. Five minutes of PPF
(120 ratios) were recorded and averaged for each genotype (n=12-17
slices/5 mice per genotype, 11 months of age)

WT littermate controls. Consistent with the results previously
reported, GGT haplodeficiency leads to reduced hippocampal
LTP compared with their WT controls (Fig. 2a, b), confirming
the detrimental effects of GGT haplodeficiency on synaptic
function. These findings demonstrate that unlike GGT
haplodeficiency, FT haplodeficiency has no effects on hippo-
campal synaptic transmission and plasticity.

FT Haplodeficiency Has No Effect on Dendritic Spine
Density in Cortical Neurons but Modestly Reduces
Dendritic Spine Density in Hippocampal Neurons

GGT haplodeficiency has been shown to lead to remarkably
reduced dendritic spine density in the cortical layer II/III py-
ramidal neurons [18]. Since GGT and FT differently affect
synaptic plasticity, these two enzymes and downstream path-
ways may also differently shape synaptic morphology. To
evaluate synapse morphology in FT+/- mice, we performed
Golgi staining and quantified the dendritic spine density in
pyramidal neurons of the layer II/III of the cortex. No
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Fig. 2 Systemic GGT
haplodeficiency impairs
hippocampal LTP. a Induction of
LTP. Following a 20-min stable
baseline, the LTP was induced by
three trains of TBS protocol with
a 20-s interval. The slopes of the
fEPSP rising phase were calcu-
lated and normalized to baseline
in hippocampal slices from WT
and GGT+/- mice (n=8-10
slices/4 mice per genotype,

13 months of age). b The magni-
tude of LTP of the last 5 min (35—
40 min post-induction) was aver-
aged for each genotype.
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statistical difference in apical or basal dendritic spine counts
was observed in FT+/- mice compared with their WT litter-
mate controls (Fig. 3a, b). This result indicates that in contrast
to GGT haplodeficiency, FT haplodeficiency does not have
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Fig. 3 FT haplodeficiency has no effect on dendritic spine density in
cortical neurons but modestly reduces dendritic spine density in
hippocampal neurons. a Representative image of apical and basal
dendritic segments of cortical layer II/IIl pyramidal neurons in Golgi-
stained brain sections from FT+/- and WT mice. b Quantification of
cortical spine densities (n=30—-44 neurons/2-3 mice per genotype,
10 months of age). ¢ Representative images of apical and basal dendrites
of CA1 pyramidal neurons in Golgi-stained brain sections from FT+/- and
WT mice. d Quantification of hippocampal spine densities in FT+/- and
WT mice (n=42-45 neurons/3 mice per genotype). Student’s ¢ test,
*p <0.05; *¥p < 0.01
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any negative effects on dendritic spine density in cortical neu-
rons. Since electrophysiological properties of neurons were
evaluated in CA1 of the hippocampus, the dendritic spine
density in pyramidal neurons of the hippocampal CA1 region
was also quantified. Unexpectedly, we observed a small (~
10%) but statistically significant decrease in the spine density
on both apical and basal CA1 dendrites in FT+/- mice com-
pared to their WT littermate controls (Fig. 3¢, d). These results
suggest that pyramidal neurons in hippocampus and cortex
have subtle differences in tolerance towards reduction of FT.

FT Haplodeficiency Does Not Affect Spatial Learning
and Memory Function

Hippocampus governs spatial learning and memory and pre-
vious work has shown that GGT haplodeficiency leads to
impaired spatial learning and memory formation [18]. To de-
termine the effects of FT haplodeficiency on cognitive func-
tion, FT+/- mice and WT littermates were subjected to the
Morris water maze test. As shown in Fig. 4a and b, there were
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Fig. 4 FT haplodeficiency does not affect spatial learning and memory
function. a Escape latencies during the acquisition phase of the Morris
water maze test (n = 7—11 mice/genotype, 12 months of age). b Platform
crossover in the probe trial (n = 7-11 mice/genotype, 12 months of age)
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no differences in the learning curve during the acquisition
phase or in the platform crossover during the probe trial be-
tween FT+/- and WT mice. This result indicates FT
haplodeficiency does not affect spatial memory acquisition
and retention. Notably, although there was a 10% reduction
of dendritic spine density in the hippocampus of FT+/- mice
compared to their WT controls, there were no changes in
hippocampal LTP and learning and memory performance in
FT+/- mice. These findings suggest that the modest effect of
FT haplodeficiency on dendritic spine density in hippocampus
is not sufficient to affect synaptic plasticity and cognitive
function. Furthermore, FT haplodeficiency had no significant
effects on exploratory activities except for an increased entry
to the center zone in the open field test, suggesting a reduced
anxiety level; however, there were no differences between
FT+/- and WT mice in anxiety levels assessed by the elevated
plus maze test (Supplementary Table S1).

Forebrain Neuron-specific FT Deficiency Leads to
Reduced Hippocampal LTP

Germline FT or GGT homozygous deletion leads to embry-
onic lethality, suggesting the importance of FT and GGT dur-
ing development [20, 33]. To circumvent potential compen-
satory effects of germline FT haplodeficiency during early
development and evaluate the impact of neuron-specific FT,
we generated forebrain neuron-specific FT knockout
(FT""Cre+) mice by crossbreeding the FT' line [19] with
the CAMKII-Cre line [21]. In these mice, Cre recombinase
is expressed under the Ca**/calmodulin-dependent protein ki-
nase II alpha (CAMKII«) promotor, which starts to become
active late in development and drives Cre activity to increase
as animals age [30, 34]. To assess the effects of neuron-
specific FT deletion on synaptic function, we conducted the
same sets of electrophysiological experiments on the hippo-
campus of these mice and their FT"Cre— (WT) littermate
controls at 9 to 10 months of age. Importantly, when we con-
ducted hippocampal LTP experiments, FT"'Cre+ mice
showed a significant decrease in the magnitude of LTP
(Fig. 5a, b). Comparable I/O responses were observed in
FT"Cre+ mice and FT”'Cre— mice controls (Fig. 5¢), indicat-
ing that forebrain neuron-specific FT deletion does not affect
neuronal basal transmission. We next conducted PPF experi-
ments to assess their short-term presynaptic plasticity. The
PPF ratios showed a trend but not statistically significant de-
crease in FT"'Cre+ mice compared to their FT""Cre— litter-
mate controls (Fig. 5d). These results indicate that in contrast
to systemic/germline FT haplodeficiency, forebrain neuronal-
specific FT deletion impairs post-synaptic plasticity without
affecting basal transmission and short-term presynaptic
plasticity.
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Forebrain Neuron-specific FT Deficiency Does Not
Affect Dendritic Spine Density in Cortical Neurons but
Reduces Dendritic Spine Density in Hippocampal
Neurons

Changes in synaptic plasticity raised the question wheth-
er FT deficiency affects neuronal structure, which may
contribute to the role of FT in regulating synaptic func-
tion. We next conducted Golgi staining on brain sections
of these mice and quantified the dendritic spine density
in the pyramidal neurons of cortical layer II/IIl and hip-
pocampus. Firstly, we found comparable cortical neuron
spine density between FT"'Cre+ mice and FT" Cre—
mice (Fig. 6a, b), indicating that neuronal FT is not re-
quired for the cortex to maintain normal dendritic spine
density. However, it is possible that neurons in different
brain areas have different sensitivities to loss of FT.
Since we evaluated electrophysiological properties in
CA1l of the hippocampus, we next assessed dendritic
spine density in CA1 of the hippocampus. As expected,
spine density was significantly decreased on both apical
(16%) and basal (13%) dendrites of hippocampal CA1l
pyramidal neurons from FT”'Cre+ mice compared to
their FTY'Cre— littermate controls (Fig. 6¢, d). Taken
together, these results indicate that neuronal FT is re-
quired to retain normal spine density in the hippocampal
CA1 area but not in the cortical area. This brain regional
difference suggests that FT serves distinct roles in main-
taining dendritic spine density in the cortex and
hippocampus.

Forebrain Neuron-specific FT Deficiency Does Not
Affect Learning Acquisition but Leads to Impaired
Memory Retention in the Morris Water Maze

Hippocampal LTP is required for normal learning and mem-
ory [31] and an apparent reduction in LTP and hippocampal
spine density predicts potential learning and memory dysfunc-
tion in FT”!Cre+ mice. Therefore, we next conducted a battery
of behavioral tests including the Morris water maze test to
evaluate their cognitive functions. As shown in Fig. 7,
FT"'Cre+ mice had a similar learning curve as their FT"'Cre
— controls. However, in the probe trial, FT"'Cre+ mice
displayed significantly fewer platform crossovers compared
to FT”'Cre— mice. This result suggests that forebrain
neuron-specific FT is required for precise memory retention
but not for normal learning acquisition. No visual acuity or
swimming speed difference was observed between FT"'Cre+
and FT"'Cre— mice. In addition, FT”'Cre+ mice showed sim-
ilar exploratory activities and anxiety levels as FT”'Cre— mice
in the open field test and the elevated plus maze test, respec-
tively (Supplementary Table S2).
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Fig. 5 Forebrain neuron-specific FT deficiency leads to reduced hippo-
campal LTP with no significant effect on basal synaptic transmission and
PPF. a Induction of LTP. Following a 20-min stable baseline, the LTP
was induced by three trains of TBS protocol with a 20-s interval. The
slopes of the fEPSP rising phase were calculated and normalized to base-
line in hippocampal slices from FT”'Cre— and FT"'Cre+ mice (n=14
slices/5 mice per genotype, 9 months of age). b The magnitude of LTP
of the last 5 min (35-40 min post-induction) was averaged for each
genotype. Student’s ¢ test, **p <0.01. ¢ Input/output (I/O) curves. Five

Novel Prenylomic Analysis of Post-mortem Brain
Tissue Reveals Distinct Unprenylated Protein Pools in
Forebrain Neuron-specific FT and GGT Deficient Mice

It has been shown previously that forebrain neuron-specific
GGT deletion leads to a reduced magnitude of hippocampal
LTP and a reduced dendritic spine density in cortical neurons
[18]. Here we showed that forebrain neuron-specific FT dele-
tion also leads to a reduced magnitude of hippocampal LTP
and a reduced dendritic spine density in hippocampal neurons
but not in cortical neurons. In addition, neuron-specific FT
deficiency only impairs memory retention but not learning
acquisition. The difference between FT and GGT in regulating
neuronal functions, morphology, and cognitive functions in-
dicates that unprenylated protein pools might be differently
affected by FT or GGT deletion. To further investigate this
idea, we developed a novel prenylomic approach to profile
downstream prenylated proteins in post-mortem brain tissues
from FT"'Cre+ and GGT"'Cre+ mice in comparison with their

’ x
&0‘0 \\‘\c}@

<& &

stimuli were given every 10 pA ranging from 0 to 150 pA and the fEPSPs
were recorded and averaged at each stimulation intensity from hippocam-
pal slices of FT"'Cre— and FT"Cre+ mice (n = 16-20 slices/3 mice per
genotype). d Paired-pulse facilitation (PPF) ratios. Two continuous stim-
uli with an interval of 30 ms were given to FT”'Cre— and FT"'Cre+
hippocampal slices at every 10 s and the ratios of the second to the first
fEPSP response were plotted. Five minutes of PPF (120 ratios) were
recorded and averaged for each genotype (n=18-19 slices/3 mice per
genotype, 10 months of age). Student’s ¢ test, p = 0.051

respective Cre— controls. We extracted proteins from fore-
brain tissue lysates, which were then subjected to in vitro
prenylation with an alkyne-modified isoprenoid probe analog
at different concentrations of recombinant FT or GGT en-
zymes [35]. This single isoprenoid analogue can be efficiently
incorporated by both FT and GGT in lieu of FPP or GGPP as
shown in vitro and in metabolic labeling experiments [26, 36].
Subsequent “click” reaction with an azide-modified
fluorophore or biotin enables visualization or enrichment, re-
spectively, of proteins labeled by the probe.

Forebrain neuron-specific FT or GGT deletion/knockout is
expected to give rise to enlarged unprenylated protein pools
compared to their Cre— controls. Supplementing brain lysates
with the isoprenoid probe and exogenous FT or GGT allows
the incorporation of the probe into unprenylated proteins for
further identification. Since Cre— controls have endogenous
FT or GGT, their unprenylated protein pools should be small-
er and have reduced in vitro labeling. To assess the levels of
unprenylated proteins in the brain lysates, we firstly
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conducted fluorescence labeling using TAMRA-N; with the
knockouts and their corresponding controls. Labeled lysates
were resolved by SDS-PAGE and TAMRA fluorescence was
detected (Fig. 8a and b). Although background labeling was
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Fig. 7 Forebrain neuron-specific FT deficiency does not affect learning
acquisition but leads to impaired memory retention in the Morris water
maze. a Escape latencies during the acquisition phase of the Morris water
maze test (n = 11-12 mice/genotype, 9 months of age). b Platform cross-
over in the probe trial (n=11-12 mice/genotype, 9 months of age).
Student’s ¢ test, *p <0.05

Day

@ Springer

Basal

CA1 dendrites

apparent in both knockouts and their corresponding controls
across all concentrations of the enzyme tested, FT"'Cre+ and
GGT"'Cre+ displayed differences in the banding pattern com-
pared with their controls. For FT"'Cre+, an intense band was
observed near 50 kDa region, and bands near the 20 and
25 kDa regions were present, which were not detected in the
FT"Cre— control (Fig. 8a). On the other hand, minor differ-
ences were observed between GGT"'Cre+ and GGT” fCre—,
manifested by the extra bands observed above and below the
20 kDa region in GGT"'Cre+ (Fig. 8b). These data suggest
that the deletion of prenyltransferases results in enlarged pools
of unprenylated proteins.

After successfully labeling natively unprenylated proteins in
the brain lysates with our probe, we next investigated the mo-
lecular identities of these proteins. Proteins from the knockouts
and their controls that were in vitro prenylated with the isopren-
oid probe in the presence of exogenous FT or GGT were sub-
jected to “click” reaction with biotin-N5. Since there were no
significant differences in labeling observed across the enzyme
concentrations tested, we selected 250 nM FT or 500 nM GGT
as optimal enzyme concentrations for in vitro prenylation.
Biotinylated lysates were subjected to enrichment using avidin
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Fig. 8 Novel prenylomic analysis reveals distinct unprenylated protein
pools in forebrain neuron-specific FT and GGT deficient mice. In-gel
fluorescence analysis of protein lysates labeled with C15AIkOPP probe
from FT"'Cre+ and FT"'Cre— (a) or GGT"'Cre+ and GGT"'Cre— (b) at
varying concentrations of supplemented FT and GGT, respectively.
Arrows indicate bands observed in Cre+ but not in Cre—, indicating
in vitro probe incorporation to residual unprenylated proteins from Cre+

beads and the isolated proteins were digested into peptides and
prepared for proteomic analysis. A multinotch SPS-MS3 ap-
proach was employed in the LC-MS analysis to accurately
quantify the extent of enrichment of the prenylated proteins
identified [27]. A volcano plot (FDR =0.01, s0 =0.5) was gen-
erated to visualize enriched proteins from FT'Cre+ (Fig. 8c) or
GGT"Cre+ (Fig. 8d) versus their corresponding Cre— controls.
Eleven and five statistically enriched known farnesylated and
geranylgeranylated proteins, including several well-known
small GTPases, were identified from the FT?!Cre+ and
GGT"'Cre+ samples, respectively. The identities and functions
of those proteins are summarized in Table 1 and Table 2. Other
known prenylated proteins such as Uchll, DiRas, Cnp, and
Cdc42 were identified but were not significantly enriched
(Supplementary Table S3 and S4). Most of the enriched
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tissues. Volcano plots (FDR =0.01, s0=0.5) generated from prenylomic
analysis of labeled and enriched prenylated proteins from FT"'Cre+ and
FT"Cre— (¢) or GGTYCre+ and GGT"'Cre— (d). Fold-changes in the x-
axis reflect abundance of proteins from Cre+ against their Cre— after
enrichment. Known farnesylated (Far, red circles) and geranylgeranylated
(GG, blue circles) proteins known to be substrates of FT and GGT are
noted (n =3 mice/genotype, 14 months of age)

farnesylated proteins in FT”'Cre+ have molecular weights close
to 50 and 20 kDa while those from GGT"'Cre+ have 20 kDa or
lower, corroborating the gel-based labeling observed in Fig.
8a, b. Moreover, the most enriched farnesylated proteins in
FT"'Cre+ have molecular weights close to 50 kDa, further val-
idating the intense labeling clearly seen in the 50 kDa region in
Fig. 8a. These proteins perhaps represent the most significantly
affected prenylated proteins detectable on this LC-MS-based
proteomic approach upon FT or GGT deletion. As shown in
the volcano plot, several proteins have been identified and there
is little overlap between FT"'Cre+ and GGT"'Cre+ enriched
unprenylated protein pools. These results indicate that forebrain
neuron-specific FT and GGT act on different downstream
prenylated protein pools, which may explain functional differ-
ences observed in these mice.
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Table 1 Functions of the enriched prenylated proteins in the brain of FT”'Cre+ mice
Proteins MW Functions References
[kDa]
Brox 46.2 Protein binding [37]
Dnajal 44.9 Facilitate protein folding, trafficking, G protein—coupled receptor binding, chaperone binding, LDL particle receptor [38-42]
binding, metal ion binding, ubiquitin protein ligase binding, unfolded protein binding, proteolytic degradation,
regulates ATPase activity
Dnaja2 45.7 Stimulate ATPase activity and regulate molecular chaperone activity, cell proliferation, and protein folding. [40, 43,
44]
Dnajad4  44.9 Bind to ATP and chaperone. Regulate protein refolding and gene expression [43, 45]
Dped  23.0 Protein binding [46-48]
Ehbpl  139.1 Actin cytoskeleton organization, protein transport, and endocytosis [49]
InppSa  48.8 Bind and mobilize calcium inside the cells and serve as a second messenger that mediates intracellular signaling [49, 50]
cascades.
Napl|l 453 Participate in DNA replication, nucleosome assembly, and regulate neural precursor cell proliferation, and [51]
neurogenesis.
Napll4 42.7 Bind to histones and serve as a histone chaperone that shuttle between cytoplasm and nucleus. [49, 52]
Pex19 327 Serve as a cytosolic chaperone and an import receptor for peroxisomal membrane proteins, which are important for [53-55]
functions of peroxisomes.
Rheb 20.5 Regulate neuronal morphology, synaptic plasticity, and memory functions, as well as mTOR signaling pathway. [56-59]

Protein functions that may contribute to the neuronal functional differences observed in FTf/fCre+ mice versus their controls are highlighted in italic

Discussion

In this study, the impact of systemic/germline haplodeficiency
and forebrain neuron-specific deficiency of FT on synaptic
and cognitive function has been examined. We found that
FT haplodeficiency had minimal to no effects on synaptic
plasticity, dendritic spine density, and learning and memory
in the Morris water maze. These results are in stark contrast
with those from GGT-haplodeficient mice, in which both
synaptic/cognitive function and spine structure are impaired,
as shown previously [18] and in the present study. These
findings indicate that the physiological level of GGT is more
critical than that of FT for normal brain function and suggest
that farnesylated and geranylgeranylated proteins play distinct

roles in shaping neuronal and cognitive function. We further
showed that forebrain neuron-specific FT deficiency led to
impaired hippocampal LTP, similar to the effect of forebrain
neuron-specific GGT deficiency indicating that certain levels
of FT and GGT in neurons are required for normal synaptic
function. In addition, forebrain neuron-specific FT deficiency
reduced dendritic spine density in CA 1 but not in cortex, and it
impaired memory retention but not learning acquisition.
These results indicate that reduction of neuronal FT exerts
differential effects on different areas of the brain and on dif-
ferent aspects of cognitive function. Alternatively, actual FT
levels could be differently affected in the cortical and CA1
pyramidal neurons in FT”’Cre+ mice. Despite this possibility,
the likelihood of this scenario is small, as CaMKII« is highly

Table 2 Functions of the enriched prenylated proteins in the brain of GGT"Cre+ mice
Proteins MW Functions References
[kDa]

Racl 21.5 Small GTPase that regulates a variety cellular signaling cascades including mediates cytoskeleton organization, cell [49, 60—66]
proliferation and growth, neuronal polarization, neuronal migration, dendritic spine genesis and morphogenesis,
and AMPA receptor clustering.

Gng3 8.3 Guanine nucleotide—binding protein, gamma subunit of the G proteins, which is important for neuronal inhibitory ~ [67]
singling cascade in the brain.

Rapla/b 20.8 Regulate calcium ion-dependent exocytosis, synaptic vesicle exocytosis, MAPK signaling cascade, cell adhesion, [49]
growth, proliferation, and differentiation

Mienl 123 Regulate apoptotic process and cell migration [49, 68]

RhoA  21.8 Regulate actin filament assembly and cytoskeleton organization, dendritic spine morphology, hippocampal synaptic [60-62,

plasticity, G protein—coupled receptor signaling pathway, cell migration and adhesion.

69-73]

Protein functions that may contribute to the neuronal functional differences observed in GGTf/fCre+ mice versus their controls are highlighted in italic
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expressed similarly in the pyramidal neurons of cortical layer
II/1IT and hippocampus CA1 [74]. In addition, CaMKIIo-Cre
mice have been well characterized and Cre recombinase-
mediated gene deletion in the cortex and hippocampus follows
the pattern of CaMKIIo expression in adult brains and dis-
plays age-dependent activity [34, 75, 76]. Therefore, FT levels
are expected to reduce similarly in cortical and hippocampal
neurons.

Further investigation is required to gain more insights into
the molecular mechanisms underlying the region- and
function-specific effects. Interestingly, although both FT-
haplodeficient and forebrain neuron-specific FT deficient
mice displayed reduced dendritic spine density in CAl, hip-
pocampal LTP and memory retention were only impaired in
neuron-specific FT deficient mice. It is possible that a 10%
reduction of dendritic spine density in FT-haplodeficient mice
was not sufficient to cause measurable functional conse-
quence although 13-16% reduction in neuron-specific FT
knockout was detrimental. It is also possible that hippocampal
neurons in systemic/germline haplodeficient FT mice have
developed some compensatory mechanisms to maintain syn-
aptic plasticity and cognitive function. Additionally, it is
worth noting that all cell types besides neurons have partial
loss of FT in FT+/- mice, whereas FT deletion was specific to
CaMKlIIx expressing forebrain excitatory neurons in the
FT"'Cre+ mice. Therefore, the difference in cell types affected
by FT reduction and the level of FT reduction may both con-
tribute to differential functional outcomes observed in FT+/-
mice and FT”'Cre+ mice. Future studies employing other con-
ditional cell type—specific FT deletion strategies should pro-
vide more insights into the gene dosage effect of FT and the
role of FT in other brain cell types.

Functions of FT and GGT in the nervous system have been
explored using pharmacological approaches, which are prone
to off-target effects and limitations of not separating FT and
GGT pathways [2, 77-80]. To parse out roles of FT and GGT
in the brain, we utilized genetic approaches by utilizing FT
and GGT haplodeficient and forebrain neuron-specific knock-
out mice, respectively, to better understand the role of these
enzymes in shaping neuronal functions and regulating cogni-
tion. Intriguingly, GGT haplodeficiency but not FT
haplodeficiency leads to a reduced magnitude of hippocampal
LTP, whereas both forebrain neuron-specific GGT and FT
knockouts cause hippocampal LTP impairment. These data
indicate that neurons may have different levels of tolerance
to the suppression of FT compared to that of GGT under the
condition that the same levels of FT and GGT are reduced in
neurons in these mice. Since a pool of proteins can be
prenylated by both GGT and FT, it is possible that in the
absence of one prenylation enzyme, proteins can be processed
via the other prenylation pathway [81]. The differential effects
were likely caused by the suppression of proteins that are
exclusively prenylated by one enzyme. In addition, enzyme

kinetics studies have shown that FT manifests higher catalytic
efficiency than GGT [82, 83]; thus, it is possible that stronger
suppression of FT is needed to affect signaling cascades of the
farnesylated protein pool. Notably, we have shown that the
levels of FT and GGT are reduced similarly in the brain of
FT+/- and GGT+/- mice, and FT haplodeficiency, but not
GGT haplodeficiency, is sufficient to rescue cognitive func-
tion as well as AD pathology in a mouse model of AD [17].
These results suggest that FT is dysregulated in the presence
of AD pathology and reducing FT levels to the normal range
but not to detrimental levels in the brain ameliorates AD pa-
thology. Future studies are warranted to investigate the dys-
regulation of FT and its downstream signaling cascades that
contribute to AD pathogenesis, which may lead to new treat-
ment avenues.

To investigate prenylated protein pools and signaling cas-
cades affected by forebrain neuron-specific FT or GGT
knockout, we developed a novel prenylomic approach—an
in vitro prenylation assay for use with post-mortem tissue
samples. To the best of our knowledge, no prenylomic analy-
sis on post-mortem brain tissue has ever been reported prior to
this study. By extracting proteins from brain lysates and sub-
jecting them to in vitro labeling and mass spectrometric pro-
teomics analysis, it was possible to identify a pool of
unprenylated proteins in forebrain neuron-specific FT or
GGT knockouts. There was little overlap between
unprenylated protein pools from these two groups of mice,
consistent with the substrate specificities of FT and GGT.
The results also suggest that different downstream signaling
pathways may be affected by the loss of FT or GGT in neu-
rons. Previous efforts employing in vitro prenylation of FT,
GGT, and GGT-II substrates used cellular models and relied
on the use of a biotinylated analogue of the isoprenoid (BGPP)
[84]. Such a method works well for detecting GGT-II sub-
strates but not for proteins prenylated by FT and GGT [85].
While that method, which employs a biotinylated analogue,
circumvents the need for the subsequent derivatization step
employed here (after enzymatic labeling), engineered mutants
of FT and GGT were required to efficiently incorporate the
bulky BGPP; the effects of those mutations on enzyme spec-
ificity remain unclear. In addition, in those studies, Western
blot analysis for the biotin tag on FT and GGT substrates was
used to provide qualitative assessment of in vitro labeling
efficiency in cell lysates, and the molecular identities of the
FT or GGT substrates were not pursued. Therefore, the
prenylomic analysis reported here is the first investigation of
profiling FT and GGT substrates in brain tissue facilitated by
genetic deletion of these prenylation enzymes in mice [84,
86].

More than 100 proteins are known to undergo the three
classes of protein prenylation [3] but a recent study reported
32 known and novel farnesylated proteins and 19 GGT sub-
strates in a human endothelial cell line via probe metabolic
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labeling [81]. In the present study, it was found that subsets of
these proteins (11 farnesylated and 5 geranylgeranylated)
were statistically enriched as unprenylated in forebrain
neuron-specific FT or GGT knockout mice. As summarized
in Tables 1 and 2, some of those proteins play important roles
pertinent to neuronal functions, which may contribute to the
structural and functional differences observed between
neuron-specific FT or GGT knockout mice and their controls.
For instance, Rheb, an exclusively farnesylated small GTPase,
is significantly affected by forebrain neuron-specific FT dele-
tion. Rheb has shown to regulate neuronal morphology, syn-
aptic plasticity, and memory functions [56-58, 87, 88]. It is
likely that abrogation of Rheb prenylation results in reduced
Rheb signaling, which may have contributed to reduced syn-
aptic and cognitive function observed in FT”'Cre+ mice. In
addition, Racl and RhoA are major geranylgeranylated pro-
teins and their signaling cascades are important for shaping
the neuronal cytoskeleton that determines neuronal morphol-
ogy and functions [89]. Importantly, using both genetic and
pharmacological approaches, recent studies have clearly dem-
onstrated the critical roles of RhoA signaling in regulating
dendritic spine structure and function in the brain [60—62].
Perturbation of signaling pathways mediated by these small
GTPases via reduction in prenylation could contribute to
structural and functional deficits in GGT knockout mice.
Future studies are needed to dissect out the underlying molec-
ular pathways of FT and GGT that regulate neuronal
functions.

In this prenylomic analysis, other known prenylated pro-
teins that did not reach statistical significance for enrichment
were also identified. In particular, Uchll, a membrane-
associated protein that has been implicated in Parkinson’s dis-
ease was identified [90]. Interestingly, while a previous study
supported the farnesylation of Uchll using mutational experi-
ments or treatment with a faresyltransferase inhibitor, a more
recent study suggests that its C-terminal CAAX-box is not
farnesylated in vitro [81]. In the current study, Uchll may have
not been enriched due to its inability to be farnesylated in vitro
or it is equally farnesylated in both FT"'Cre+ and FT"'Cre—
mice. Further investigations are required to elucidate the
farnesylation status of Uchll and its role in health and disease.

Compared to the metabolic labeling approach, which lever-
ages the cellular machinery for probe incorporation and allows
the tagging and enrichment of multiple proteins in a single
experiment [25, 26, 91], the in vitro labeling used in the present
study relies on the integrity of the unprenylated and soluble
forms of the protein substrates in the lysate. In particular, since
brain tissues with only neuron-specific FT or GGT knockouts
were used, the prenylated form of proteins from other cell types
may suppress the apparent abundance of the unprenylated form
in soluble lysate. This limits the ability to enrich those
unprenylated proteins with inherently low abundance in the
lysate. Gene expression of proteins is also controlled with
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some having more stable expression than others [92]. The
prenylation substrates detected here that remained
unprenylated may have persisted at sufficient levels under
steady-state conditions post-mortem compared to others.
Furthermore, a significant fraction of GGT substrates belongs
to the family of small GTPases, which are prenylated as com-
plexes with chaperone inside cells [93]. While it was possible
to detect some of these small GTPases using the in vitro ap-
proach, others might require these chaperone-complexed
forms to be efficiently prenylated in vitro for detection. It is
important to note that despite its limitations, the in vitro
prenylomic approach reported here identifies differentially
prenylated proteins in the brain, reflecting the effect of neuro-
nal FT and GGT deletion in vivo. Here, we describe a tool that
enables studying protein prenylation in post-mortem tissues.

In summary, the present study provides novel insights into
the role of systemic and neuronal FT in regulating synaptic
plasticity and cognitive function. It also offers an innovative
approach for future studies to unravel physiological and path-
ological roles of prenylated proteins.
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