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Loss of FBXO7 (PARK15) results in reduced
proteasome activity and models a
parkinsonism-like phenotype in mice
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Abstract

Mutations in the FBXO7 (PARK15) gene have been implicated in a
juvenile form of parkinsonism termed parkinsonian pyramidal
syndrome (PPS), characterized by Parkinsonian symptoms and
pyramidal tract signs. FBXO7 (F-box protein only 7) is a subunit of
the SCF (SKP1/cullin-1/F-box protein) E3 ubiquitin ligase complex,
but its relevance and function in neurons remain to be elucidated.
Here, we report that the E3 ligase FBXO7-SCF binds to and ubiqui-
tinates the proteasomal subunit PSMA2. In addition, we show that
FBXO7 is a proteasome-associated protein involved in proteasome
assembly. In FBXO7 knockout mice, we find reduced proteasome
activity and early-onset motor deficits together with premature
death. In addition, we demonstrate that NEX (neuronal helix-
loop-helix protein-1)-Cre-induced deletion of the FBXO7 gene in
forebrain neurons or the loss of FBXO7 in tyrosine hydroxylase
(TH)-positive neurons results in motor defects, reminiscent of the
phenotype in PARK15 patients. Taken together, our study estab-
lishes a vital role for FBXO7 in neurons, which is required for
proper motor control and accentuates the importance of FBXO7 in
proteasome function.
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Introduction

Parkinson’s disease (PD) is a highly debilitating movement disorder
of mostly idiopathic origin. Recently, mutations in the FBXO7 gene
were associated with early-onset parkinsonism (PARK15) (Shojaee
et al, 2008; Di Fonzo et al, 2009; Paisan-Ruiz et al, 2010; Gunduz
et al, 2014; Yalcin-Cakmakli et al, 2014). The disease is character-
ized by motor deficits typically found in Parkinson’s disease patients
in addition to pyramidal tract signs (Shojaee et al, 2008; Di Fonzo
et al, 2009; Paisan-Ruiz et al, 2010).

Interestingly, examination of skin fibroblasts isolated from
affected PARKI15 patients revealed the loss of the F-box protein
FBXO?7, indicating a decrease in protein stability due to the mutations
(Zhao et al, 2011). PARKI15 patients respond to Levodopa treatment,
suggesting a dopamine deficiency characteristic of PD, but show
severe side effects such as dyskinesia and behavioral disturbances
(Di Fonzo et al, 2009; Paisan-Ruiz et al, 2010). While some of the
PARKI15 patients present with mild cortical atrophy and presynaptic
abnormalities in brain scans (Di Fonzo et al, 2009; Lohmann et al,
2009), the neuropathology of patients remains to be determined.

FBXO7 is a subunit of the cullin-1-based SCF (SKP1/cullin-1/
F-box protein) complex (Zheng et al, 2002; Cardozo & Pagano,
2004; Jin et al, 2004). The scaffold proteins cullin-1 and SKP1, the
RING subunit Rbx1 together with the substrate-recruiting subunit
FBXO7 form a functional E3 ubiquitin ligase. Initially introduced as
a potential oncogene (Laman et al, 2005), interesting lines of
research link FBXO7 to mitochondrial and proteasomal regulation.
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Together with parkin and PINK1, FBXO7 was implicated in
mitochondrial maintenance and mitophagy (Burchell et al, 2013).
Due to its interaction with the proteasomal inhibitor 31 (PI31),
FBXO7 is speculated to be involved in regulation of proteasomal
activity (Kirk et al, 2008). Taken together, while the PARKIS5
mutations link FBXO7 to parkinsonism, FBXO7’s relevance in the
brain and its role in neurons remain to be explored.

In this study, we examined the systemic loss of the PARKIS5 gene
in mice on motor behavior and neuropathology. In addition, we
generated conditional mouse models to establish the relevance of
FBXO7? in neurons. At the molecular level, we characterized a newly
identified interactor and substrate of the E3 ligase FBXO7-SCF in the
control of proteasome activity.

Results

Systemic loss of FBXO7 in mice triggers motor defects and
premature death

Motor symptoms in patients carrying mutations in the FBXO7 gene
suggest a role for FBXO7 in the brain. To investigate the function of
FBXO7 in neurons, we studied its expression in the rodent brain.
We first confirmed endogenous FBXO7 protein expression in the
brain and spinal cord as well as heart, kidney, liver, and spleen in
rat (Fig 1A). Moreover, FBXO7 shows a stable expression from
embryonic to adult stages in cortex and hippocampus and a declin-
ing expression in the cerebellum (Fig EV1A-C).

A rtecent report demonstrated the loss of FBXO7 in patients
harboring compound mutations in the FBXO7 gene (Zhao et al,
2011). We thus generated a conventional FBXO7 knockout mouse
(C57B6/6N JM8.N4 Fbxo7tm1la(EUCOMM)Hmgu) (Fig 1B), in which
the fourth exon of FBXO7 was deleted, resulting in a truncated
protein. Genotyping and immunoblotting analyses confirmed disrup-
tion of the FBXO7 gene together with expression of the LacZ reporter
cassette in brain lysates of postnatal day (P) 5 mice (Figs 1C and
EV1D), thus validating the specificity of the FBXO7 antibody. We
also confirmed the absence of full-length FBXO7 mRNA in FBXO7 /"~
mouse brains (Fig EV1E). To characterize the spatial distribution of
FBXO7 expression in the brain, we took advantage of the FBXO7
promoter-driven LacZ cassette. Sagittal brain sections of P18
FBXO7~/~ mice displayed a specific and widespread B-galactosidase
staining in different regions including cortex, hippocampus, cerebel-
lum, olfactory bulb, midbrain, and striatum (Figs 1D and EV1F-I).
To resolve the subcellular localization of FBXO7 in murine neuronal
tissue, we used the validated FBXO7 antibody and found endogenous
FBXO?7 to be mainly localized to the cytoplasm (Fig EV1J and K).

PARKI15 patients show an early onset of severe motor symptoms
followed by rapid decline; hence, we characterized the FBXO7 '~
mice from an early age. Pups obtained from matings of FBXO7"/~
mice were born at expected Mendelian ratio (+/+: +/—: —/— = 1.02:
2.12: 0.86), excluding embryonic lethality. At P5, we observed no
difference in body or brain weight of FBXO7~/~ and control litter-
mates (Figs 1E and EVIL), while at P18 the FBXO7 /= mice
displayed significantly lower body and brain weights (Figs 1F and
G, and EVIM), and obvious motor deficits. FBXO7/~ mice expired
without exception at the beginning of the 4™ postnatal week, inde-
pendently of gender (Fig 1H).
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To quantify the motor phenotype of the FBXO7/~ mice, we
tested P18 pups as older mice deteriorated rapidly. With the open
field test, we monitored the mice’s ambulance, but despite a slight
stiffness in gait, there was no difference in distance travelled
between genotypes (Fig 1I). FBXO7/~ mice however were unable
to perform the rotarod test (Fig 1J). In accordance with this,
FBXO7~/~ mice were also unable to complete the wire hang test
(Fig EVIN), suggesting reduced muscle strength. FBXO7 heterozy-
gosity was sufficient to sustain weight (Fig 1K) and motor skills
since FBXO7"/~ mice performed well on the rotarod during the test-
ing period of 12 months (Fig 1L). Our results demonstrate that
systemic loss of FBXO7 in the mouse is characterized by early-onset
motor deficits and premature death.

Since PARKI1S patients are diagnosed with a variant of juvenile
parkinsonism and have been reported to respond to L-dopa treat-
ment (Di Fonzo et al, 2009; Lohmann et al, 2015), we first inquired
whether loss of FBXO7 affected the dopamine level in the striatum.
Using HPLC analysis, we measured dopamine and its metabolites
but found no change in the striatum of P18 FBXO7™/~ mice as
compared to their littermates (Fig 2A-D). Consistently, stereological
analysis revealed no difference in TH™ neurons in the substantia
nigra of FBXO7 /~ mice (Fig 2E). Further neuropathological investi-
gations of the FBXO7~/~ brain did not reveal any a-synuclein®
protein deposits, the hallmark of PD (Appendix Fig S1A). We also
did not find a change in the number of Ibal* microglia in FBXO7~/~
brains, but we observed astrogliosis as the area occupied by GFAP ™"
astrocytes increased significantly (Fig 2F and Appendix Fig S1B).
While the SN showed no loss of TH™ neurons, we found a slight but
significant increase in TUNEL™ apoptotic cells in the cortex (Fig 2G)
and a non-significant increase in apoptotic cells in cerebellum and
hippocampus of FBXO7 /™ brains (Fig 2H). We also determined the
number of apoptotic, cleaved caspase-3"* cells, and found an upward
trend in the FBXO7 ™/~ cortices (Appendix Fig S1C). We then deter-
mined if FBXO7 contributes to neuronal integrity by examining its
potential prosurvival function in a less supportive environment
using cultured cortical neurons. Using FBXO7 shRNA, which were
validated both in HEK293T cells and in cultured cortical neurons
(Appendix Fig S1D and E), we transfected these neurons with
control vector, a functional FBXO7 shRNA plasmid, or a non-
functional FBXO7 shRNA plasmid and counted apoptotic neurons
S days later. We found a 2.5-fold increase in cell death upon knock-
down of FBXO7 (Fig 2I). These experiments indicate that systemic
loss of FBXO7 induces astrogliosis and may negatively affect the
neurons’ health.

FBXO?7 interacts directly with the proteasome by binding to its
novel ubiquitination target PSMA2

Disruption of the FBXO7 gene in mice shows that a loss of the E3
ubiquitin ligase FBXO7 has detrimental consequences for the
organism. While recent studies have implicated FBXO7 in several
cellular systems (Nelson et al, 2013), mechanistic insight into its
neuronal function is sparse. As a component of an SCF E3 ligase,
FBXO7 is anticipated to serve as its substrate-recruiting subunit
(Jin et al, 2004), but this function however remains under-
explored. To identify neuronal FBXO7-SCF ligase substrates, we
carried out a yeast two-hybrid screen using a fetal brain library.
The analysis revealed two already known FBXO7 interaction

© 2016 The Authors
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Figure 1. Characterization of FBX07 '~ mice.

A Lysates of the indicated tissues isolated from P30 rat were immunoblotted with FBXO7 and y-tubulin antibodies. The latter served as a loading control.

B Schematic of the genetically modified PARK15 gene locus located on chromosome 22.

C Brain lysates from P5 FBXO7*"*, FBX07*/~, or FBX07 '~ mice were immunoblotted with FBXO7, Bgal or y-tubulin antibodies. The latter served as a loading control.
D LacZ staining of P18 FBX07 '~ sagittal brain section. Ctx = cortex, Hpc = hippocampus, Cb = cerebellum, OIf = olfactory bulb, CC = corpus callosum,

Str = striatum, Th = thalamus. Scale bar = 1 mm.

G Image of representative P18 FBXO7**, FBXO7*/~ or FBXO7 '~ mice.

Body weight of P5 or P18 FBXO7**, FBXO7*/~, or FBXO7 '~ mice. n = 17, 46, 16 (E) and n = 16, 25, 11 (F), respectively (ANOVA, ***P < 0.001, mean =+ s.e.m.).

H  Kaplan—Meier survival curve of male and female FBX07 '~ mice. n = 14 and 16, respectively.
] P18 FBXO7*!*, FBXO7*!~, or FBX07 /" littermates were tested in the open field (I) and on the rotarod (). n = 20, 23, 16, respectively (ANOVA, ***P < 0.001,

mean =+ s.e.m.).

K Average weight of 6-month- and 12-month-old FBX07*'* and FBX07*/~ littermates. n = 15 and 18, respectively (ANOVA, mean =+ s.e.m.).
L 6-month- and 12-month-old FBX07*"* and FBXO7*/~ littermates were examined on the rotarod. n = 15 and 18, respectively (ANOVA, mean + s.e.m.).

Source data are available online for this figure.

proteins: the SCF subunit SKP1 and the proteasomal regulator PI31
(Kirk et al, 2008). In addition, we identified the proteasomal
subunit o2 (PSMA2) as a potential novel interactor. PSMA2 is part
of the proteasomal core particle (CP) that consists of two
heptameric o-rings that bind the regulatory particle (RP), and two
heptameric f-rings, harboring proteolytic activity (Forster et al,
2013; Tomko & Hochstrasser, 2013). This finding is particularly
interesting given that mass spectrometry studies identified FBXO7
and SCF components as proteasome-associated proteins (Bousquet-
Dubouch et al, 2009; Fabre et al, 2015).

© 2016 The Authors

We first validated the interaction by forward and reverse co-
immunoprecipitation analyses in heterologous cells (Figs 3A and
EV2A) and by in vitro interaction analysis of purified FBXO7 and
PSMA2 (Fig 3B). We then carried out mapping analyses, for which
we generated various FBXO7 deletion mutants (Fig 3C) and uncov-
ered the ubiquitin-related domain (UbRD) as the PSMA2-binding
region (Fig 3D). The naming of this N-terminal domain is in
contrast to other reports, since our sequence search (including
Ensembl, NCBI, Smart, Pfam) for FBXO7 revealed only a UbRD
domain and not a ubiquitin-like (Ubl) domain. As a positive control
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Figure 2. Histological analyses of the FBX07 /= mice.
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A-D Striatal tissue from P18 FBX07** and FBX07 '~ mice was subjected to HPLC analyses to determine dopamine (A), 3,4-dihydroxyphenylacetic acid (DOPAC) (B), and
homovanillic acid (HVA) (C) concentrations along with the metabolite ratio (D). n = 12 and 13, respectively (unpaired t-test, *P < 0.05, mean + s.e.m.).

E Representative images from FBX07** and FBX07 '~ midbrains. Insets display higher magnification of TH* neurons of substantia nigra. Scale bar = 500 pm.
Stereological analysis of the ratio of TH*NissI* cells/NissI* cells in the substantia nigra. Three independent litter pairs were analyzed (paired t-test, mean + s.e.m.)

F Sagittal paraffin sections of brains from P18 FBXO7*/* and FBXO7 /'~ mice were subjected to immunohistochemistry using GFAP antibody. Five independent litter
pairs were analyzed (paired t-test, *P < 0.05, mean + s.e.m.). Scale bar = 40 pum.

G Representative images of sagittal paraffin sections of cortices from P18 FBX07*"* and FBXO7 '~ mice that were subjected to TUNEL staining. Three independent
litter pairs were analyzed (paired t-test, *P < 0.05, mean + s.e.m.). Arrows indicate TUNEL" cells. Scale bar = 40 pm.

H Analyses of TUNEL staining of cerebellum and hippocampus. Three independent litter pairs were examined (paired t-test, mean + s.e.m.).

| Cortical neurons were transfected at day in vitro (DIV) 3 with control vector, a functional FBXO7 shRNA plasmid, or a non-functional FBXO7 shRNA plasmid
together with a transfection marker. At DIV6, apoptotic neurons were counted. Four independent experiments were included in the analysis (ANOVA, **P < 0.01,

mean £ s.e.m.).

for the searches, we entered the E3 ubiquitin ligase parkin, which
harbors a Ubl. Having identified the UbRD as binding site excludes
the binding of the potential FBXO7 isoform 2 to PSMA2 as it lacks
the UbRD domain and hence stresses the selectivity of the FBXO7
isoform 1/PSMA?2 interaction.

To underscore the association of FBXO7 with the proteasome, we
carried out fractionation analyses and found that myc-tagged FBXO7
co-fractionated with 20S and 26S proteasomes in HEK293T cells
(Fig 3E). Deletion of the UbRD domain (FBXO7 AUbRD) led to a

4 The EMBO Journal

complete loss of co-fractionation in the proteasome-enriched frac-
tions (Fig 3E). We also ruled out PI31-mediated association of
FBXO7 with the proteasome, as the FBXO7 AFP mutant, which fails
to bind to PI31, co-fractionated with the proteasome (Fig EV2B and
C). To confirm the association of endogenous FBXO7 with the
proteasome, we performed further fractionation experiments using
HEK293T cells and cortical tissue. Again, we observed that a frac-
tion of FBXO7 co-fractionated with the proteasome both in heterolo-
gous cells and in the brain (Figs 3F and EV2D). To confirm this

© 2016 The Authors
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Figure 3. FBXO?7 interacts with the proteasomal subunit PSMA2 and binds to the proteasome.

A

Lysates of HEK293T cells, transfected with the indicated plasmids, were subjected to immunoprecipitation (IP) with FLAG antibody (PSMA2), followed by
immunoblotting (IB) with myc antibody (FBXO7).

Recombinant PMSA2 together with glutathione bead-coupled GST-FBXO7 or GST only was incubated in Co-IP buffer. Precipitated proteins were subjected to
immunoblotting with PSMA2 antibody. 2% input was used as a loading control for PSMA2. GST-coupled proteins were visualized by Coomassie staining.

Schematic depicts full-length FBXO7 and FBXO7 deletion mutants used in mapping analyses. UbRD = ubiquitin-related domain, FP = FBXO7/PI31 domain, F-box =
F-box domain, PRR = proline-rich region.

The indicated FBXO7 expression plasmids were used to transfect HEK293T cells together with the FLAG-PSMA2 plasmid. Lysates were then subjected to IP with myc
antibody followed by IB with FLAG antibody.

HEK293T cells were transfected with full-length myc-FBXO7 or AUbRD and subjected to fractionation using a 10-40% linear glycerol gradient. Fractions were
immunoblotted for myc (FBXO7), Rpt6 (265/30S proteasome), and PSMB5 (20S proteasome).

Cortical lysates were subjected to fractionation using a 10-40% linear glycerol gradient. Fractions were immunoblotted for FBXO7, Rpt6 (265/30S proteasome), and
PSMA2 (20S proteasome).

GST or GST-Rad23 bound to glutathione-Sepharose were used to precipitate proteasomes from brain lysates followed by IB with FBXO7, PI31, or PSMA2 antibody.
HEK293T control lysates and FLAG-FBXO7 cells were subjected to immunoprecipitation, followed by digestion. The resulting peptide mixtures were analyzed by MS;

Siv Vingill et al

ratio FBXO7 versus control; mean of three independent measurements based on the intensity of the relevant protein.
I STRING analysis of the proteins listed in (H) (string-db.org). PSMA2, PSMA6, PSMB1, PSMB3, PSMB4, PSMB6 are members of the gene ontology term (GO) “proteasome

core complex” (GO: 0005839).

Source data are available online for this figure.

finding, we carried out pull-down experiments for which the ubiqui-
tin-like (Ubl) domain of RAD23B was used to precipitate protea-
somes from mouse brain lysates. Subsequent immunoblotting
revealed that FBXO7 co-precipitated with the proteasomal subunit
PSMA2 and PI31 (Fig 3G).

To bolster the close contact of FBXO7 with the proteasome, we
used Flag-sepharose to precipitate proteins from control or FLAG-
FBXO7 expressing HEK293T cells and analyzed the precipitated
proteins by nano-LC-coupled mass spectrometry. We found not only
a more than 10-fold enrichment of SCF subunits, but also of at least
eight proteasomal subunits including PSMA2 (Fig 3H). Analysis of
this core interactome using STRING (v10, http://string-db.org)
demonstrated a tight protein association network (Fig 31). These
results demonstrate that FBXO7 binds to the proteasome via PSMA2
but not PI31 and that FBXO7-SCF associates with the proteasome
holoenzyme.

To determine whether PSMA2 is a substrate of the E3 ligase
FBXO7-SCF, we tested whether PSMA2 responded to the active
ligase. We expressed PSMA2 together with FBXO7 or FBXO7

Figure 4. FBXO7 ubiquitinates PSMA2.

AF-box, which fails to form an active SCF E3 ligase complex
(Appendix Fig S2A), and examined PSMA2 with immunoblotting.
PSMA2 displayed a smear only in the presence of wild-type
FBXO7 (Fig 4A), indicative of ubiquitination. To confirm this, we
carried out cell-based ubiquitination assays for which we transfected
HEK293T cells with the PSMA2 expression plasmid together with
empty control vector, the FBXO7 or FBXO7 AF-box plasmid. The
lysates were subjected to a boiling protocol to prevent non-specific
binding of ubiquitinated proteins to PSMA2. We then analyzed
PSMA2 and found that only the presence of active ligase induced a
significant polyubiquitination smear, detected by two different ubig-
uitin antibodies (Fig 4B and Appendix Fig S2B).

Ubiquitination serves as an instructive code to modify protein
function. Polyubiquitination of proteins by lysine (K) 48-linked
ubiquitin chains triggers their proteasomal degradation while K63-
linked ubiquitin chains predominantly represent non-proteolytic
modifications (Ciechanover et al, 2000; Pickart, 2000; Peng et al,
2003). To further analyze the observed polyubiquitination smear,
we performed a cell-based ubiquitination assay on PSMA2 and

6

A Lysates of HEK293T cells, transfected with empty control vector, myc-FBXO7, or myc-FBXO7 AF-box plasmids together with the FLAG-PSMA2 expression plasmid,

were immunoblotted with FLAG, myc, or pan 14-3-3 antibody.

Lysates of HEK293T cells, transfected with the indicated plasmids, were subjected to boiling, followed by IP with GFP antibody (PSMA2), followed by 1B with
ubiquitin (DAKO) antibody (upper panel). Inputs were immunoblotted with GFP or myc antibody (lower panels). Three independent blots were quantified and band
intensity normalized to control average (ANOVA, *P < 0.05, **P < 0.001, mean + s.e.m.)

Lysates of HEK293T cells, transfected as in (B), were first subjected to a denaturing protocol, then to IP with GFP antibody, followed by IB with K63-specific
ubiquitin antibody (C) or K48-specific antibody (D). Inputs were immunoblotted with GFP or myc antibody (lower panel). Three independent blots were quantified
and band intensity normalized to control average (ANOVA, *P < 0.05, mean =+ s.e.m.).

Lysates of HEK293T cells, transfected with the indicated HA-ubiquitin, GFP-PSMA2, or myc-FBXO7 plasmids, were subjected to boiling, followed by IP with GFP
antibody (PSMA2), followed by IB with HA antibody (upper panel). Inputs were immunoblotted with GFP, myc or HA antibody (lower panels). Three independent
blots were quantified and band intensity normalized to control (lane 2) average (ANOVA, Dunnett’s multiple comparison ***P < 0.001, mean =+ s.e.m.).

Brain lysates from FBXO7*'* and FBX07 '~ mice immunoblotted with PSMA2 or y-tubulin antibody. The latter served as a loading control. Ten brains from each
genotype were included in the quantitative analyses (paired t-test, mean =+ s.e.m.).

cDNA generated from cortex isolated from FBXO7*"*, FBXO7*/~, and FBXO7 '~ mice, was analyzed with quantitative PCR using FBXO7- and PSMA2-specific primers
along with the housekeeping gene B-actin. n = 4, 2, and 4, respectively (unpaired t-test, mean + s.e.m.)

For the in vitro ubiquitination assay, purified PSMA2, tagged and immunopurified FBXO7, and SCF core components from HEK293T cells, E1 enzyme, ubiquitin, and
ATP together with the indicated E2 enzymes were incubated for 1 h at 37°C. The reactions were immunoblotted with PSMA2, ubiquitin, or FBXO7 antibodies.

Source data are available online for this figure.
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Figure 5. FBXO7 ubiquitinates PSMA?2 and regulates proteasome assembly.

Loss of FBXO7 (PARK15) models parkinsonism  Siv Vingill et al

A Lysates from HEK293T cells, transfected with empty control vector, PSMA2 shRNA A, PSMA2 shRNA B, or non-functional PSMA2 shRNA, were subjected to
chymotrypsin-like proteasome activity assay. Three independent experiments were included in the analysis (ANOVA, **P < 0.01, ***P < 0.001, mean =+ s.e.m.).

B Lysates from HEK293T cells, transfected with control vector, FBXO7 shRNA, or non-functional FBXO7 shRNA, were subjected to a chymotrypsin-like proteasome
activity assay. Three independent experiments were included in the analysis (ANOVA, **P < 0.01, ***P < 0.001, mean =+ s.e.m.).

C Brain lysates from wild-type or homozygous FBXO7 mice were analyzed for chymotrypsin-like proteasome activity. Three independent experiments were included

in the analysis (paired t-test, *P < 0.05, **P < 0.01, mean =+ s.e.m.).

D  Proteasomes purified from FBXO7*/* or FBX07 '~ brains were analyzed by native PAGE, followed by in-gel chymotrypsin-like activity assay and immunoblotting

with PSMA2 antibody.
5, [F

Lysates from HEK293T cells, transfected with empty control vector, FBXO7 shRNA, or non-functional FBXO7 shRNA, were analyzed by native PAGE followed by in-gel

chymotrypsin-like proteasome activity assay (LLVY-AMC), in the presence of SDS, and followed by immunoblotting with PSMA2 (E) or Rpt6 (F) antibody. In (E), ratio
of free CPs to RP; + RP, — CP was calculated for each lane and normalized to control average. Quantification includes four (activity) and three (IB) independent

experiments (ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, mean =+ s.e.m.).

G HEK293T cells were transfected with empty control vector or the FBXO7 shRNA plasmid and subjected to fractionation using a 10-40% linear glycerol gradient and

fractions were analyzed for chymotrypsin-like proteasome activity.

H  Brain lysates from FBX07** and FBXO7 '~ mice were analyzed on native PAGE followed by in-gel chymotrypsin-like proteasome activity assay and by IB with
PSMA?2 antibody. Quantification includes six wild-type and seven FBXO7 '~ brains (activity) and five wild-type and five FBX07 '~ brains (IB) (unpaired t-test,

*P < 0.05, mean + s.e.m.).

Source data are available online for this figure.

found an increase in reactivity for K63 but not for K48 chains
(Fig 4C and D). Furthermore, we analyzed PSMA2 polyubiquitina-
tion in the presence of ubiquitin mutants K48R or K63R, which are
unable to produce K48 or K63 polyubiquitin chains, respectively.
Our results revealed a decrease in PSMA2 ubiquitination only with
the K63R variant (Fig 4E). These results indicate that FBXO7 facili-
tates predominantly K63-linked polyubiquitin chains and thus a
non-proteolytic modification of PSMA2. Consistent with this finding,
we found no difference in PSMA2 protein levels in FBXO7 ™/~ as
compared to wild-type brains (Fig 4F), which was consistent with
unchanged transcription of the PSMA2 gene (Fig 4G).

To underscore the FBXO7-mediated ubiquitination of PSMA2 by
usage of K63-capable E2 enzymes, we carried out in vitro ubiquiti-
nation assays. Here, we purified PSMA2 as well as FBXO7 together
with exogenous SCF core complex proteins cullin-1, SKP1, and
ROC1 from heterologous cells. These proteins were mixed with E1l
enzyme, ubiquitin, ATP in reaction buffer and the E2 enzymes
UbcH3, UbcHS5c, or UbcH13. The mix was incubated at 37°C and
followed by immunoblotting analyses with ubiquitin or PSMA2 anti-
body. While we observed no response in the control conditions
(Fig 4H, lanes 1-3) and no response with the E2 UbcH13 (Fig 4H,
lane 5), a ubiquitination response appeared in the presence of the
E3 ligase together with the E2 enzyme UbcHS5c and less efficiently
with UbcH3 (Fig 4H, lanes 6 and 4). UbcHSc has been shown to
mediate the transfer of different ubiquitin chains in vitro, including
K63 (Jin et al, 2008), supporting our finding that FBXO7-SCF has
the potential to transfer K63 polyubiquitin chains.

FBXO7 affects proteasome function in vivo

To determine the functional relevance of the FBXO7-PSMA2
interaction, we investigated proteasome activity by measuring the
chymotrypsin-like activity of the proteasome using a fluorogenic
peptide substrate. Prior to testing, we confirmed the specific readout
of this assay using the proteasome inhibitor lactacystin. We then
examined lysates of HEK293T cells, transfected with empty control
vector or functional/non-functional RNAi plasmids for PSMA2 or
FBXO7 isoform 1 (Fig EV3A and B). Knockdown of PSMA2 was
used as a proof-of-principle to demonstrate that reduction in the

The EMBO Journal

proteasomal subunit PSMA2 lowered proteasome activity by
approximately 20% (Fig 5A). Interestingly, knockdown of FBXO7
also led to a 20% reduction in activity (Fig 5B), indicating the
requirement of FBXO7 for fully functional proteasomes. We also
observed a significantly reduced proteasome activity in the
FBXO7~/~ brains as compared to the wild-type brains (Figs 5C and
EV3C). While we observed the reported destabilization of PI31 in
the FBXO7/~ brains (Fig EV3D), PI31’s influence on proteasome
activity was negligible (Fig EV3E and F). This is consistent with
previous findings showing that neither overexpression nor knock-
down of PI31 affects proteasome activity in intact cells (Zaiss et al,
2002; Li et al, 2014).

PSMA2 together with the other a-subunits of the 20S core
particle regulates the access to the proteolytic chamber of the core
particle and directly bind to B-subunits, some of which harbor
protease activity (Finley, 2009). To examine whether the decrease
in proteasome activity was due to less efficient gating and thus
proteolytic activity, we determined the activity of holoenzymes
purified from FBXO7/~ or wild-type brains using a native PAGE
method followed by an in-gel proteasome activity assay.
Importantly, we found that an equal amount of proteasome
holoenzyme displayed equal activity (Fig 5D), indicating that the
core particle gating and the proteolytic activity of proteasome
holoenzymes are unaffected.

Since PSMA2 and the other o-subunits are also critical for the
binding of the 19S regulatory particle (RP) with the 20S core particle
(CP) (Tian et al, 2011; Pathare et al, 2012), we went on to analyze
the assembly state of the total proteasome pool in lysates. Protea-
some holoenzymes harbor one or two RPs (26/30S), and a minor
fraction of proteasomes exist as CPs without RPs. We used HEK293T
cells, transfected with empty control vector or FBXO7 RNAIi plas-
mids (Fig EV3G), and subjected the lysates to native PAGE. We
found that in-gel proteasome activity assay as well as subsequent
immunoblotting analyses revealed a significant increase in free CPs
at the expense of assembled proteasome holoenzymes in the FBXO7
knockdown lysates (Fig SE). Consistent with an increase in free
CPs, we observed an increase in free RPs (Figs SF and EV3H).

To confirm the change in proteasome assembly state, we carried
out fractionation analyses of control and FBXO7 RNAi HEK293T cell

© 2016 The Authors
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lysates (Fig EV3I) and measured the proteasome activity of the frac-
tions. A similar analysis was carried out by Bedford and colleagues
who investigated the loss of proteasome holoenzyme function in the
brain (Bedford et al, 2008). While 26S/30S fractions typically
formed a distinct activity peak, free CPs generated no obvious peak
(Fig 5G, control). An increase in free CPs is anticipated to lead to an
increase in activity in the 20S fractions and thus to a defined second
peak, which we observed upon knockdown of FBXO7 (Fig 5G,
FBXO7 shRNA).

To determine whether FBXO7 deficiency in the brain leads to a
similar change in the assembly state of the proteasome population,
we performed native PAGE analysis using wild-type and FBXO7~/~
brain lysates. In-gel proteasome activity as well as subsequent
immunoblotting analysis also revealed a significant increase in free
CPs in the FBXO7/~ brain lysates (Figs 5H and EV3J). These data
suggest that knockdown or loss of FBXO7 affects the proteasome
assembly state, which leads to a redistribution of the proteasome
pool and a subsequent reduction in proteasome activity.

Loss of FBXO7 in mouse forebrain causes early-onset motor
deficits reminiscent of pyramidal tract signs

PARK15 patients show a spectrum of symptoms including spasticity,
hyperreflexia, and Babinski sign, indicating pyramidal tract lesions.
This prompted us to examine whether the conditional loss of FBXO7
in the forebrain of mice triggers motor symptoms. First, we gener-
ated FBXO7 mice, which carry the loxP-flanked exon 4 (— FBXO7"1.
These mice were indistinguishable from wild-type mice and had no
motor deficits after 12 months (Fig EV4A-F). We then mated the
FBXO7"™ mice with the NEX (neuronal helix-loop-helix protein-1)-
Cre driver line to delete FBXO7 from pyramidal neurons of the
cortex and hippocampus (Goebbels et al, 2006) (NEX-Cre*’/~;
FBXO7""" short: Nex-Cre;fl/fl). Disruption of the gene was con-
firmed by genotyping and immunoblotting (Fig 6A and B). We
found that Nex-Cre;fl/fl mice showed normal weight at 2 months of
age, but then stagnated (Fig 6C). When we examined the cohorts of
2- and 4-month-old mice, we observed strong hind limb clasping in
Nex-Cre;fl/fl mice at both ages, but not in NEX-Cre and FBXO7V
age-matched control mice (Fig 6D). In the open field test, the Nex-
Cre;fl/fl mice ran significantly farther than the control mice at 2 and
4 months of age, indicating hyperactivity (Fig 6E), but performed
significantly worse than their controls on the rotarod at 2 months of
age (Fig 6F). At 4 months of age, Nex-Cre;fl/fl mice were barely
able to perform on the rotarod at all (Fig 6F). The defects in motor
coordination of the Nex-Cre;fl/fl mice seen on the rotarod was con-
firmed on the balance beam. Nex-Cre;fl/fl mice slipped significantly
more often than the controls (Fig 6G). This resulted in increased
time to cross both the 12-mm beam and the more challenging 6-mm
beam, and worsened with age (Fig 6G). These results indicate that
loss of FBXO7 from forebrain neurons triggers progressive motor
deficits, which can be translated into pyramidal tract signs found in
PARK]15 patients.

At the histological level, we found no increase in TUNEL ™, apop-
totic cells in the cortex, or hippocampus of the Nex-Cre;fl/fl mice
(Fig EV4G), but we observed an increase in GFAP ™ cells and thus
astrogliosis in the cortex (Fig 6H). We also found an increase in
Ibal™ microglia in the cortex (Fig 6I) adding to the notion that loss
of FBXO7 in the forebrain triggers an inflammatory response.

The EMBO journal

Loss of FBXO7 (PARK15) models parkinsonism  Siv Vingill et al

Conditional deletion of the FBXO7 gene in tyrosine hydroxylase
(TH)-expressing neurons triggers late-onset progressive motor
symptoms and chronic dopamine deficiency in mice

PARK15 patients present with bradykinesia, rigidity, postural insta-
bility, and the initial response to L-dopa, indicative of nigrostriatal
dysfunction. We therefore investigated how loss of FBXO7 in TH™"
neurons affects the motor behavior in mice. For this, we mated the
FBXO7™" line with the TH-Cre driver line (Savitt et al, 2005) and
confirmed the recombination with genotyping (Fig 7A). TH-Cre™;
FBXO7"™ mice (short: TH-Cre;fl/fl) were viable and the majority
lived for at least 12 months. Young adult TH-Cre;fl/fl mice
(2 months old) were indistinguishable from control groups in terms
of weight (Fig EV5A) and motor performance (Fig EV5B-D). At
6 months however, we observed that the weight of half the TH-Cre;
fl/fl group was significantly higher than the one of the TH-Cre™
control group (Fig 7B). To correct for these weight differences, we
only included mice between 30 and 40 g (Fig 7C). TH-Cre;fl/fl mice
were equally ambulant in the open field test (Fig 7D), crossed the
balance beam as readily as the control group (Fig 7E), and passed
the pole test, which examines bradykinesia (Fig 7F). The
performance of the TH-Cre;fl/fl mice on the rotarod however was
significantly worse (Fig 7G), indicating an emerging motor deficit.
To characterize this in a more precise fashion, we used the Digi-
Gait™ system that measures a variety of fine gait parameters
including stance, swing, stride, propulsion, and brake (Amende
et al, 2005). We found that the 8-month-old TH-Cre;fl/fl mice
showed reduced paw area and width of the footprints analyzed,
reduced stride duration and length, reduced stance and propulsion,
as well as less rapid deceleration (Figs 7H and EVSE). Interestingly,
many of these parameters are also changed in the DigiGait analyses
of the MPTP mouse modeling PD (Amende et al, 2005).

To follow the impending motor impairment, we examined the
mice at 12 months of age. The overall health and motor perfor-
mance of the TH-Cre;fl/fl mice worsened dramatically. Compared to
the age-matched TH-Cre™ control mice, we lost six out of the initial
15 mice, which resulted in two weight groups, one with higher and
one with lower than average weight (Fig 7I). For all motor tests, we
examined the weight groups separately at first, but then combined
the results, as the groups performed equally poor. TH-Cre;fl/fl mice
travelled significantly shorter in the open field compared to control
(Fig 7J). On the balance beam, it took the TH-Cre;fl/fl mice signifi-
cantly longer to cross, but in contrast to the Nex-Cre;fl/fl mice they
retained their coordination ability (Fig 7K). With the pole test, we
also observed clear differences between the TH-Cre;fl/fl and the
control mice (Fig 7L), and their rotarod performance had further
declined as compared to 6-month-old mice (Fig 7M). Slowness of
movements combined with reduced mobility and a characteristic
change in gait parameters show that deletion of FBXO7 in cate-
cholaminergic neurons causes symptoms reminiscent of the
bradykinesia and rigidity seen in PARK15 patients.

To determine the consequence of loss of FBXO7 in dopaminergic
neurons, we performed stereological counting of TH* neurons in
the substantia nigra in relation to total neuron number. We found
that loss of FBXO7 does not affect the number of dopaminergic
neurons in either 2-month-old or 12-month-old TH-Cre;fl/fl mice as
compared to their age-matched control mice (Fig 8A-C). We then
subjected striata from the aforementioned mice to HPLC analysis

© 2016 The Authors
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Figure 6. Deletion of FBXO7 in the forebrain triggers early-onset motor impairment.

A
B

H, I

Genotyping PCR of NEX-Cre, NEX-Cre;fl/+, or NEX-Cre;fl/fl mice using primers for floxed allele, wild-type FBXO7 and Cre.

Cortical and cerebellar lysates from NEX-Cre, NEX-Cre;fl/+, or NEX-Cre;fl/fl mice were immunoblotted with FBXO7 or y-tubulin antibody. The latter served as a
loading control.

Body weight of 2- and 4-month-old NEX-Cre, FBX07™", or NEX-Cre;fi/fl mice. n = 11, 14, and 15, respectively (ANOVA, **P < 0.01, mean + s.e.m).

Hind limb clasping of NEX-Cre, F8X07" or NEX-Cre;fl/fl mice. 0 = normal, 3 = worst manifestation of clasping. n = 11, 14, and 15, respectively (Kruskal-Wallis test,
Dunn’s multiple comparison, ***P < 0.001, mean =+ s.e.m.). Representative images of Nex-Cre and Nex-Cre;fl/fl mice.

Open field test of NEX-Cre, FBX07™", or NEX-Cre;fl/fl mice. n = 11, 14, and 15, respectively (ANOVA, **P < 0.01, mean =+ s.e.m.).

Rotarod test of NEX-Cre, FBXO7ﬂ/ﬂ, or NEX-Cre;fl/fl mice. n = 11, 14, and 15, respectively (ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, mean =+ s.e.m.).

Balance beam test of NEX-Cre, FBXO7™M, or NEX-Cre;fl/fl mice. Coordination score and time to cross were measured. n = 11, 14, and 15, respectively (ANOVA (time),
Kruskal-Wallis test, Dunn’s multiple comparison (coordination score), *P < 0.05, **P < 0.01, ***P < 0.001, mean =+ s.e.m.).

Sagittal paraffin sections from NEX-Cre, F8X07™"" or NEX-Cre;fl/fl mice cortices were subjected to immunohistochemistry with GFAP (H) or Ibal (l) antibody. Three
mice per genotype were included in the analysis (ANOVA, *P < 0.05, **P < 0.01, mean =+ s.e.m.). Scale bar = 40 um.

Source data are available online for this figure.

and found that the 12-month-old TH-Cre;fl/fl mice had a 50% reduc- show any motor symptoms. As TH immunostaining in 12-month-
tion in dopamine as compared to controls, and variable reductions old TH-Cre;fl/fl striatum was comparable to control (Fig 8H), a
in metabolites (Fig 8D-G). Interestingly, we also found a 50% severe loss of axons may have not occurred. The neuropathological
reduction in 2-month-old mice, which as described earlier, did not examination revealed no increase in Ibal® microglia in the

© 2016 The Authors The EMBO journal 11
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using a partial least squares (PLS) regression with orthogonal signal correction model.
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Figure 8. Loss of FBXO7 in TH* cells leads to reduced striatal dopamine.
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B, C Stereological analysis of ratio of TH*NissI* cells/NissI* cells in the substantia nigra (A) from 2-month-old female (B) and 12-month-old male (C) TH-Cre and TH-Cre;
fI/fl mice. Three animals from each genotype were analyzed (unpaired t-test, mean =+ s.e.m.).

D-G Striatal tissue from P18 TH-Cre and TH-Cre;fl/fl mice was subjected to HPLC analyses to determine dopamine (D), 3,4-dihydroxyphenylacetic acid (DOPAC) (E), and
homovanillic acid (HVA) (F) concentrations along with the metabolite ratio (G). N = 7 and 9 (2 months) and n = 15 and 12 (12 months) (unpaired t-test, *P < 0.05,

***p < 0,001, mean + s.e.m.)

H Images of representative TH-Cre and TH-Cre;fl/fl striatal sections immunostained with TH antibody. Scale bar = 1 mm.
| Immunohistochemistry of midbrain section TH-Cre and TH-Cre;fl/fl mice using TH and GFAP antibody. Quantitative measurements of GFAP stainings from four

animals per genotype (unpaired t-test, ***P < 0.001, mean + s.e.m.).

12-month-old TH-Cre;fl/fl mice (Appendix Fig S3A), but an increase
in astrogliosis in the substantia nigra and adjacent regions (Fig 8I).
These results demonstrate that loss of FBXO7 in catecholaminergic
neurons in the TH-Cre;fl/fl mice leads to chronic dopamine
deficiency in the striatum that precedes the onset of severe motor
deficits.

Discussion

Mutations in the FBXO7 (PARK1S) gene are associated with parkin-
sonian pyramidal syndrome, which is characterized by a spectrum
of motor symptoms. We demonstrate that both systemic loss and
neuronal loss of the FBXO7 gene in mice cause severe motor deficits
reminiscent of the symptoms seen in PARKIS5 patients. This
contrasts with several other PARK gene knockout mice with deletion

© 2016 The Authors

of, for example, the PARK1/4 (SNCA, a-synuclein), PARKS (LRRK2),
PARK2 (parkin), PARK6 (PINK1), or PARK7 (DJ-1) gene, which
show little or no effect on mouse behavior and viability (Abeliovich
et al, 2000; Goldberg et al, 2003; Kim et al, 2005; Gautier et al,
2008; Andres-Mateos et al, 2009; Tong et al, 2010).

Systemic loss of FBXO?7 is likely to have a negative impact on addi-
tional organs other than the brain. We thus used conditional FBXO7
knockout mice to demonstrate the neuronal contribution to the motor
phenotype. With the deletion of FBXO?7 in the forebrain, we recapitu-
late spasticity and early-onset motor defects, critical aspects of the
PARK1S syndrome. The FBXO7 midbrain knockout shows late-onset
bradykinesia and hypolocomotion and even presents with gait
features that are specifically changed in MPTP-treated mice (Amende
et al, 2005), a widely used PD mouse model. The diverse motor
symptoms as a consequence of FBXO7 dysfunction or loss in different
brain regions together with the genetic background might therefore
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contribute to the variable severity of pyramidal tract signs and
parkinsonian symptoms among affected PARK1S families.

So far, the neuropathology of PARK15 patients remains elusive.
FBXO7 knockout mice show a moderate increase in cell death in the
cortex. Interestingly, some PARKI5 patients present with cortical
atrophy (Paisan-Ruiz et al, 2010; Gunduz et al, 2014). Another
feature observed in all FBXO7 knockout mice is astrogliosis in the
affected brain regions. On the one hand, astrogliosis can accompany
dead or damaged cells as seen in the FBXO7 knockout as well as in
both neurotoxic (MPTP) (Kato et al, 2003) and genetic (ATP13a2)
PD mouse models (Kett et al, 2015). On the other hand, astrocytes
are also suggested to serve a protective role in PD and precede
neuronal loss (Sortwell et al, 2000; Saura et al, 2003), which could
partially explain the absence of cell loss in the conditional knockout
mice. The absence of protein aggregates in the FBXO7™/~ mouse
brain is not too surprising since deposits are only found in a few
mouse models to begin with and are typically not observed in brains
of juvenile parkinsonism patients (Poulopoulos et al, 2012).

While we do not observe a loss of TH* neurons in the substantia
nigra, we measured an early-onset deficit in striatal dopamine,
suggesting a failure to release or produce dopamine in the TH*
neurons or a decreased number of terminals. By the time the TH-Cre;
fl/fl mice show symptoms, they have been under chronic dopamine
deficiency for 4 months. Chronic dopamine deficiency is likely to
explain the observed functional impairment. Interestingly, PD
patients treated with levodopa for 40 weeks and tested after a
washout period of 2 weeks were functionally better than PD patients
who remained untreated and thus with a dopamine deficiency for
42 weeks—even though PD patients treated with levodopa showed a
trend for a more pronounced decline in the number of dopaminergic
neurons as reported by beta-CIT SPECT (Fahn et al, 2004). Together
with our findings, this suggests that chronic dopamine deficiency can
lead to rapid functional deterioration even if it is non-progressive.
A similar reduction in striatal dopamine has been found in the
SNCA™/~ mouse and is hypothesized to be due to dysfunctional
synaptic properties (Abeliovich et al, 2000). Given that FBXO7 is
involved in several cellular processes, further research will be
required to elucidate how loss of FBXO7 may interfere with dopa-
mine production and delivery, and if FBXO7 has any importance in
synapse function. The mouse models characterized in this study will
be useful tools for future investigations of altered synaptic connec-
tions in the brain.

There is a long-standing relationship between the ubiquitin protea-
some system (UPS) and Parkinson’s disease. Ubiquitin-laden protein
aggregates in postmortem tissue of PD patients suggested a dysfunc-
tion of the UPS (Lennox et al, 1988; Lowe et al, 1988) corroborated
by the discovery that mutations in the PARK2 gene, encoding the E3
ubiquitin ligase parkin, are associated with familial parkinsonism
(Kitada et al, 1998). In this study, we show that the PARKIS gene
product FBXO7 associates with the proteasome by binding to the core
subunit PSMA2 via its UbRD domain. In contrast to parkin, which
harbors a Ubl domain, sequence analyses revealed a more distant
relative of the Ubl domain for FBXO7. While the Ubl domains have
been demonstrated to mediate the interaction with proteasomal cap
subunits as shown for the binding of parkin with Rpn10 (Sakata et al,
2003), the UbRD of FBXO7 mediates the interaction with PSMA2.
Additionally, we observe that loss of FBXO7 affects proteasome
assembly, potentially through ubiquitination of PSMA2. This
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establishes FBXO7 as a novel proteasome-interacting E3 ubiquitin
ligase, which is further supported by our study and recent mass spec-
trometry analyses by others that identified FBXO7 and its complex
subunits as proteasome-associated components (Bousquet-Dubouch
et al, 2009; Fabre et al, 2015). Ubiquitination sites of the subunit
PSMA2 have been identified by various mass spectrometry analyses,
in which both the ubiquitinated proteasome and proteome were
analyzed (Kim et al, 2011; Moiseeva et al, 2013; Zong et al, 2014)
(www.phosphosite.org). Specific E3 ligases that mediate PSMA2
ubiquitination however remained to be uncovered. Our results
suggest that the E3 ligase FBXO7-SCF ubiquitinates PSMA2 via K63-
linked ubiquitin chains resulting in functional modification of
PSMA2. SCF complexes are versatile ligases, which in addition to K48
polyubiquitination mediate the transfer of K63 polyubiquitin chains.
This has previously been demonstrated for the F-box proteins 3-TRCP
and in particular SKP2 (Kumar et al, 2007; Chan et al, 2012; Jin et al,
2015; Lee et al, 2015). The ubiquitination of PSMA2 is potentially
crucial as PSMA2 engages in essential interactions with subunits of
the regulatory particle of the proteasome holoenzyme (Satoh et al,
2001; Tian et al, 2011; da Fonseca et al, 2012; Pathare et al, 2012).
The modification of PSMA2 could thus be essential in establishing
and maintaining proper proteasome function. Consistent with this
notion, our findings show that loss or knockdown of FBXO7 and
hence a lost FBXO7-PSMA2 interaction subjects cells to a chronic
dysfunction of the proteasome. As a result of the redistribution of the
proteasome pool, increased amounts of isolated 20S core particles
bring about a reduction in proteasome activity in vivo, as 20S CPs are
unable to process ubiquitinated proteins under physiological condi-
tions (Finley, 2009). While our data show that FBXO7 has certainly
an important function in proteasome regulation, further in-depth
analyses are required to gain a better understanding of FBXO7’s
actions.

The recent implications of FBXO7-mediated recruitment of parkin
to mitochondria to initiate mitophagy underscore the essential func-
tion of FBXO7 in cells and suggest that loss of FBXO7 might also
lead to mitochondrial dysfunction (Burchell et al, 2013). Mitochon-
drial defects together with the increase in reactive oxygen species
has been reported to result in proteasomal disassembly (Livnat-
Levanon et al, 2014). Conversely, proteasomal inhibition has been
demonstrated to impair mitochondrial homeostasis and turnover
(Sullivan et al, 2004). Our results along with the published data
demonstrate a regulatory role of FBXO7 in two integral cellular
systems: mitochondria and proteasomes. Since FBXO7 may affect
these systems in a cell type-specific manner, the trigger of dysfunction
might be mitochondrial or proteasomal. But owing to the interde-
pendence of the systems, this may cause a chain reaction that ulti-
mately results in high levels of stress in the cell. Collectively, our
findings demonstrate that proteasome integrity and activity are
FBXO7 dependent and point toward a potential susceptibility to
proteasome dysfunction in parkinsonism.

Materials and Methods
Ethics statement

All experiments involving live animals have been conducted accord-
ing to the animal protocol approved by the “Verbraucherschutz und
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Lebensmittelsicherheit” of Lower Saxony, Germany (33.11.42502-
04-11/0632).

Plasmids, antibodies, and molecular weight marker

Full-length FBXO7, PSMA2, or PI31 was cloned either into the
p3XxFLAG-CMV™-10, pCMV-Myc, pEGFP-C1, or the pcDNA3.0
vector as indicated. Untagged full-length FBXO7 was cloned into
pcDNA3.0. Deletion mutants were created by standard PCR amplifi-
cation of fragments, or fusion PCR of two separate fragments to omit
an internal sequence followed by cloning into the pCMV-Myc
vector. UbI*P?38 was cloned into the pGEX-4T-1 vector. UIM>** was
cloned into the pET28a vector. Flag-PSMA2 and FBXO7 were cloned
into the pGEX-6P-1 vector. HA-tagged wild-type, K63R, and K48R
ubiquitin were a kind gift from Dr. Hiroshi Kawabe.

Short hairpin RNA was generated using the pSUPER RNAI
Systemrtm. Following target sequences against consensus sequences
of human, mouse and rat were used:

Fbxo7 shRNA, bp 461-480 human isoform 1: 5-GAAGAGACCTT
GGCTTCATA-3;

Fbxo7 shRNA (non-functional): 5-GAAACTACGCATCTTCCGAC-3;
Psma2 shRNA A: 5-GAAGTGTACACAAAGTAGAAC-3;

Psma2 shRNA B: 5-GGATTACTTGGCTGCCATAGC-3’;

Psma2 shRNA (non-functional): 5-GCTGACTACATTCAGCCC-3';
Pi31 shRNA A: 5-GGGCTACGATGACATGTACC-3/;

Pi31 shRNA B: 5-GGGAAGTGGTGACAAACGGCT-3/;

Pi31 shRNA (non-functional): 5-GAACAGCAATAAAGAACTGTA 3'.

Antibodies used for immunoblot analysis were as follows: ms
o-FBXO7 (1:50 dilution; Santa Cruz, sc-271763), ms o-y-tubulin
(1:1,000 dilution; Sigma-Aldrich, T6557), rb a-PSMA2 (1:1,000 dilu-
tion; Cell Signaling, 2455), rb a-PSMA2 (in vitro ubiquitination
assay, 1:500 dilution; LSBio, L-C138512), gt o-PI31 (1:500 dilution;
Sigma-Aldrich, SAB2500788), ms a-Myc (1:500 dilution; Santa Cruz,
sc-40), ms o-Flag (1:1,000 dilution; Sigma-Aldrich, F1804), ms
o-pan 14-3-3 (1:5,000 dilution; Santa Cruz, sc-1657), ms a-o-synuclein
(1:1,000 dilution; Cell Signaling, 4179), ms o-f-galactosidase (1:500
dilution; Santa Cruz, sc-65670), ms o-SP1 (1:500 dilution; Santa
Cruz, sc-14027), ms o-Rpt6 (1:500 dilution; Enzo Lifescience, p45-
110), ms a-K63-linked ubiquitin (1:200 dilution; Millipore, 05-1308),
ms o-K48-linked ubiquitin (1:200 dilution; Millipore, 05-1307), rb
o-ubiquitin (1:500 dilution; DAKO, Z0458), ms a-ubiquitin P4D1
(1:500 dilution; Santa Cruz, sc-8017), ms o-GFP (1:500 dilution;
Santa Cruz, sc-9996), ms o-HA (1:500 dilution; Santa Cruz, sc-805),
ms o-cullin-1 (1:500 dilution; Santa Cruz, sc-17775), ms a-GAPDH
(1:500 dilution; mAbcam 9484).

HRP-coupled secondary antibodies were goat o-rabbit (1:1,000;
Dianova, 115-035-144), goat o-mouse (1:1,000; Dianova, 11-035-
146), donkey a-goat (1:1,000 Santa Cruz, sc-2020).

Antibodies used for immunohistochemistry were as follows: ms
o-TH (1:1,000 dilution; Sigma, T2928), rb o-TH (1:1,000 dilution;
Zytomed, 620-0336), ms o-Ibal (1:1,000 dilution; WAKO,
019-19741), ms o-GFAP (1:200 dilution; Nova Castra, NCL-GFAP-
GAS), ms a-o-synuclein (1:250 dilution; Cell Signaling, 4179), ms
a-Mac3 (1:200 dilution; BD Pharmingen, 553322).

Antibodies used for immunocytochemistry were as follows: rb
a-cleaved caspase-3 (1:200 dilution; Cell Signaling, 9661), rb a-GFP
(1:1,000 dilution; Invitrogen, A6455).

© 2016 The Authors
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Cy3/Alexa488-coupled secondary antibodies were goat o-rabbit
and goat a-mouse (1:1,000; Dianova, 111-160-144/111-485-144).

We used the PageRuler 10-180 kD prestained protein ladder (red
70 kD protein band is highlighted in Source Data).

Generation of FBXO7 transgenic mice

FBXO7-deficient mice were created by homologous recombination in

C57BL/6 mouse JM8.N4 ES cells (Fbxo7tmla(EUCOMM)Hmgu).

FBXO7 genomic sequence containing exon 4 was exchanged with a

neomycin/lacZ cassette driven by the LI1L2_Bact_ P promoter.

Chimeras were generated by injection of targeted ES cells into C57BL/

6N blastocysts. Homozygous transgene mice were then bred to the

Ella-cre (Holzenberger et al, 2000) or 129S4/SvJaeSor-Gt(ROSA)

26Sortm1 (FLP1)Dym/J to create conventional or conditional FBXO7

knockout mouse lines, respectively. Homozygous conditional FBXO7

floxed animals were further bred to either the B6.Cg-Tg(TH-cre)

1Tmd/J (Savitt et al, 2005) or NEX-Cre (Goebbels et al, 2006) line.
Mice were genotyped using the following primers:

LacZ cassette; 5'-attccagctgagegceeggtege-3’ (forward)

5’-gcgagctcagaccataacttcgtata-3’ (reverse)

Floxed allele; 5'-tcagcatgggtttgttaagcatctacta-3’ (forward)

5'-ggtctagatatctcgacataacttcgtata-3’ (reverse)

Wild-type FBXO7; 5'-gggctgtatgaaggaagtgctatt-3’ (forward)

5'- ccctgagagtgaagggtgctgtte-3' (reverse)

Cre; 5'-cagggtgttataagcaatccc-3’ (forward)

5’-cctggaaaatgcttctgtecg-3' (reverse)

Quantitative mass spectrometry

HEK293T cells were transfected with empty vector pCMV-3XFLAG
or the FLAG-FBXO7 expression plasmid and lysed in NP-40 buffer
(1% NP-40, 10% glycerol, 150 mM NaCl, 20 mM Tris-HCI pH 7.5,
1 mM EDTA pH 7.5). Immunoprecipitation using anti-FlagM2
agarose was performed according to the manufacturer’s instruc-
tions. Precipitated protein complexes were treated for MS analysis
as described previously (Turriziani et al, 2014). Briefly, after the
immunoprecipitation, anti-FlagM2 agarose beads were washed
thrice with IP buffer followed by three washes with IP buffer with-
out detergent. Dried beads of each IP (three independent experi-
ments in total) were resuspended in 10% formic acid (FA) digested
for 1 h at room temperature in 2 M urea, 50 mM Tris—HCl pH 7.5,
and 5 pg/ml trypsin, followed by two washes with 2 M urea,
50 mM Tris-HCI pH 7.5, and 1 mM DTT. The pooled supernatants
were left to digest overnight at RT. After iodoacetamide modification
and acidification of the samples, the peptide mixtures were desalted
using homemade C18 tips. The desalted and lyophilized peptides
were resuspended in 10% FA and subjected to analysis by reversed-
phase nano-LC-MS/MS using a nano-Ultimate 3000 liquid
chromatography system and an Orbitrap Elite mass spectrometer
(both Thermo Scientific).

Peptide trapping was performed for 10 min on a C18 precolumn
(Acclaim PepMap100, C18, 5 um, 100 A, 300 pum i.d. x 5 mm,
Thermo Scientific) in Buffer A (0.1% FA) followed by separation on
an analytical column (Acclaim PepMap100, C18, S um, 100 A,
75 pm i.d. x 25 cm, Thermo Scientific) using a 130-min gradient
(0-10 min: 5% buffer B (80% acetonitrile, 0.1% FA), 10-105 min:
10-45% buffer B, 105-107 min: 45-100% buffer B; 107-113 min 100 %
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buffer B; 113-130 min 5% buffer B) at 230 nl/min. Every sample
was measured in duplicate. The mass spectrometer was operated in
data-dependent mode with a 20-s dynamic exclusion range. Full-
scan spectra recording in the Orbitrap was in the range of m/z 350
to m/z 1,500 (resolution: 120,000; AGC: 5e5 ions). The top 10
precursors of each full scan were fragmented using CID in the ion
trap utilizing collision energy of 35%. The raw data were analyzed
using MaxQuant (version 1.5.2.8) (Cox & Mann, 2008). The spectra
were searched against the human SwissProt database version 06/
2015 using the built-in Andromeda search engine (Cox et al, 2011).
MaxQuant default settings were used (including mass tolerance),
with trypsin as the protease (allowing two missed cleavages). Fixed
modification: carbamidomethylation (Cys), variable modifications:
oxidation (Met), phosphorylation (Ser, Thr, Tyr), and N-terminal
protein acetylation. The false discovery rate was 0.01 on both
peptide and protein level. The minimum peptide length was seven
amino acids. The protein intensity of the individual runs was used
to compare the composition of the complexes described in Fig 3H.

DigiGait recordings

Coordinated locomotion in mice was investigated using the Digi-
Gait™ imaging system (Mouse Specifics, Inc., Boston) (Hampton
et al, 2004; Kale et al, 2004). The animals are placed on a speed-
adjustable motorized treadmill equipped with a transparent
treadmill belt. A high-speed digital video camera positioned below
the belt captured images of the underside of the walking mouse.
The movies were acquired with the DigiGaitrm Imager software
(version 12.5).

TH-Cre and TH-Cre;fl/fl animals were tested at 8 months and
acclimated to the testing room for at least 1 week before the test.
Prior to recordings, the animals were allowed to explore the tread-
mill compartment for 5 min, with the motor speed set to zero. Then,
the speed was slowly increased up to 25 cm/s. The recording
session consisted in sequential running bouts separated by a few
minutes of rest in the cage. The animals were tested until the record-
ings match the standards described above, for a maximum of
3 days, with a maximum of three sessions per day.

The acquired movies were pre-processed, postprocessed, and
edited using the DigiGaittm Analysis software (version 14.0) and
basic gait metrics calculated. Values for fore- and hind limbs were
calculated separately with values for right and left limb pooled.

Statistical analysis using multiple regression modeling in R

The DigiGaittm analysis results were analyzed using partial least
squares (PLS) regression with Orthogonal Signal Correction PLS
(OSC-PLS). We modified an existing R script (Grapov, 2014; R
Development Core Team, 2011) and applied the OSC-PLS method to
the complete, first standardized, dataset in order to define and opti-
mize a 2-component model. The model was compared to 100
randomly permuted models according to the leave-one-out method.
We conducted training and testing validations by randomly splitting
our original data into 2/3 training set to fit the model, and then
using this to predict group memberships on the remaining 1/3
testing set.

Our model’s fit and predictability to the training data was defined
by its coefficient of determination, Q2, and the root mean square
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error of prediction, RMSEP (Wehrens, 2011). The results of the two-
sample Student’s t-test used for the comparisons indicated a < 0.1%
probability of achieving a performance similar to our model by
random chance.

Statistical analysis

GraphPad PRISM was used to perform all statistical analysis unless
indicated otherwise using ANOVA (Tukey post hoc) or Student’s
t-test, paired or unpaired.

Expanded View for this article is available online.
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