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BASIC BRIEF REPORT

The autophagy gene Wdr45/Wipi4 regulates
learning and memory function and axonal
homeostasis
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WDR45/WIPI4, encoding a WDA40 repeat-containing PtdIns(3)P binding protein, is essential for the basal autophagy
pathway. Mutations in WDR45 cause the neurodegenerative disease 3-propeller protein-associated neurodegeneration
(BPAN), a subtype of NBIA. We generated CNS-specific Wdr45 knockout mice, which exhibit poor motor coordination,
greatly impaired learning and memory, and extensive axon swelling with numerous axon spheroids. Autophagic flux is
defective and SQSTM1 (sequestosome-1)/p62 and ubiquitin-positive protein aggregates accumulate in neurons and
swollen axons. Nes-Wdr45™" mice recapitulate some hallmarks of BPAN, including cognitive impairment and defective
axonal homeostasis, providing a model for revealing the disease pathogenesis of BPAN and also for investigating the

possible role of autophagy in axon maintenance.

Introduction

Autophagy is a lysosome-mediated degradation system, in
which a portion of cytosol is engulfed in an enclosed double-
membrane vesicle, termed the autophagosome, and subsequently
delivered to the lysosome for degradation.' A group of evolution-
arily conserved Azg (autophagy-related) genes and metazoan-spe-
cific ¢pg (ectopic P granule) genes, including epg-3, -4, -5, and -6,
has been identified from yeast and worm genetic studies that act
at distinct steps of the autophagy pathway in higher eukaryotes.'”
? The basal constitutive level of autophagy functions as a quality
control mechanism by removing misfolded proteins and/or dam-
aged organelles.* Under physiological conditions, autophagy is
crucial for maintaining neuron homeostasis. Mice deficient in
autophagy genes essential for autophagosome formation, such as
Atg5, Atg7, and Ei24 (etoposide-induced gene 24, the mamma-
lian ortholog of Caenorbabditis elegans epg-4), exhibit massive
neuron loss and axonal degeneration, accompanied by dramatic

accumulation of ubiquitinated protein aggregates.””
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Recent human genetic studies reveal that de novo mutations
in WDR45 (WD repeat domain 45) cause BPAN, previously
known as SENDA (static encephalopathy of childhood with neu-
rodegeneration in adulthood), which is a subtype of neurodegen-
eration with brain iron accumulation (NBIA).*'° Mammalian
WDR45 is the ortholog of worm epg-6 and one of the orthologs
of yeast AzgI8 and is essential for an early step of autophagosome
formation.” NBIA encompasses a heterogeneous group of pro-
gressive extrapyramidal disorders characterized by parkinsonism,
intellectual deterioration, deposition of iron in the basal ganglia,
and pathologically, the presence of axonal spheroids in the CNS
(central nervous system).”’12 BPAN patients have static encepha-
lopathy in childhood, characterized by psychomotor retardation
with or without concurrent spasticity, and then develop sudden-
onset dystonia-parkinsonism and dementia in adulthood.'? Sam-
ples from affected BPAN patients display lower autophagic activ-
ity and accumulation of aberrant early autophagic structures,
suggesting that WDR45 functions in maintaining neural homeo-
stasis through its role in autophagy.'”
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To study the relationship between WDR45 and neurodegener-
ation, we generated CNS-specific Wdr45 knockout (KO) mice.
These mice displayed learning and memory defect and axonal
swelling. Wdr45 deficiency impaired the autophagic flux with
accumulation of SQSTMI1- and ubiquitin-positive aggregates
in neurons and swollen axons. Our study indicates that the
Nes-Wdr45"" mice exhibit hallmarks of BPAN, providing a
model for understanding the neurodegeneration process underly-
ing the pathogenesis of BPAN.

Results

Nes-Wdr45""  mice
impairments

We generated conditional KO mice by flanking exons 8 to 14
of Wdr45 with 2 Loxp sequences (Fig. 1A and B). Wdr45 locates
on the X chromosome. Wr45™" mice were crossed with Nes-Cre
mice to produce CNS-specific Wdr45 knockout mice. Real-time
PCR confirmed the absence of W#r45 mRNA in various parts of
the CNS in Nes-Wdr45"" mice (Fig. 1C). Nes-Wdr45"" mice

were born normally, and showed no obvious growth retardation.

develop

learning and memory

Neither motor dysfunctions, such as tremor, hypokinesia, rigidity
and dystonia, nor limb-clasping reflexes were evident in Nes-
Wdr45"" mice. Rotarod experiments were performed to examine
motor coordination. Nes-Wdr45"" mice at 7 to 8 mo showed no
significant difference at 20 rotations per min (rpm) (Fig. 1D),
but Nes-Wdr45"" mice at 11 to 13 mo spent less time on the
rotarod compared to their wild-type (WT) lictermates when
assessed at higher than 5 rpm (Fig. 1E), indicating that aged
Nes-Wdr45"" mice showed impaired motor coordination.

The hallmark neurological defect associated with BPAN is
intellectual deterioration.'” We thus performed a series of behav-
ioral tests to determine the learning and memory ability of Nes-
Wdr45"" mice. Since the performances of female animals change
during various phases of the estrous cycle,'” we analyzed only
males. The Morris water maze test involves recognizing and
remembering visual cues to locate a hidden platform, thus mea-
suring learning and memory function. In training sessions, Nes-
Wdr459"" mice showed significantly prolonged latency to find
the hidden platform compared to controls (Fig. 1F). Further-
more, Nes-Wdr45"" mice spent significantly less time in the tar-
get quadrant than control littermates without the platform
during the probe sessions, suggesting impaired retention of spa-
tial memory (Fig. 1G). Swimming speeds were similar for Nes-
Wdr45™"" and control mice (Fig. 1H). In a Y-maze test for spon-
taneous alternation behavior, Nes-Wdr4. SV mice were less likely
than controls to explore alternate arms of the Y-maze within an
8-min test period, reflecting impaired immediate spatial working
memory performance (Fig. 1I). In a fear conditioning test, on
the training day, mice were placed in a chamber and received
paired conditioned stimulus (a 70 dB tone) and adverse stimulus
(an electric foot shock). On the testing day, in the contextual
test, Nes-Wdr45"”" mice showed a significant decrease in freezing
time compared to controls when the mice were put in the same
chamber, indicating that Wdr45 deficiency causes impaired fear
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recall in the same context. In the cued test, Nes-Wdr45"" mice
displayed no significant difference in the freezing response with
the conditioned stimulus, compared with WT mice (Fig. 1]J).
Thus, Nes-Wdr45"" mice show significant deficits in cognitive
function.

The hippocampus plays a crucial role in the consolidation of
information from short-term memory to long-term memory and
spatial nalvigaltion.14 Long-term potentiation (LTP), a well-char-
acterized form of synaptic plasticity, has been postulated as a cel-
lular correlate of learning and memory.'> To investigate whether
the behavioral deficits in Nes-Wadr45"" mice were associated with
altered hippocampal synaptic plasticity, LTP was evaluated at
Schaffer Collateral (SC)-CA1l synapses in hippocampal slices
induced by 6-burst stimulation. LTP was significantly attenuated
in Nes-Wdr45"" mice, as indicated by the decreased field excit-
atory postsynaptic potential (fEPSP) amplitude (Fig. 1K and L).
This is consistent with the defect in learning and memory in

Nes-Wdrd5"" mice.

Axonal swelling in Nes- Wdr45™Y mice

To investigate the neural defect in Nes-Wdrds™"" mice, we
performed histological analyses on sections from CNS of control
and Nes-Wdr45"" mice at 13 mo. No extensive or selective neu-
ron loss was observed, unlike in mice deficient in several other
autophagy genes.sj’16 The number of Purkinje cells in the cere-
bellum and hippocampus pyramidal cells in the CAl region
showed no significant change in Nes-Wdr45"" mice compared to
controls (Fig. 2A and B). GFAP (glial fibrillary acid protein)
staining showed mild reactive astrogliosis in various brain regions
of Nes-Wdr45"" mice, including the cortex, hippocampus, thala-
mus, hypothalamus, caudate nucleus, deep cerebellar nuclei
(DCN), and pons (Fig. 2C-E, and data not shown). Thus,
Wdr45 deficiency causes mild neural damage.

White matter changes are pathological features associated with
BPAN."? We next determined whether homeostasis of myelin-
ated axons is affected by Wdr45 deficiency. Hematoxylin and
eosin (H&E) staining revealed that eosinophilic spheroids, repre-
senting axon swellings, were scattered in various cerebral regions,
including cortex, thalamus, and hypothalamus (Fig. 2F, and data
not shown). Clusters of vacuolated structures were found in the
thalamus, inferior colliculus, and medulla of Nes-Wdr45"" mice
(Fig. 2G and data not shown). We also examined the cerebellar
white matter. Numerous large eosinophilic spheroid structures
were observed in the DCN, indicative of axonal swellings
(Fig. 2H and I). We further stained the DCN region with anti-
CALB/calbindin antibody, which specifically labels Purkinje cell
axons, and found that a large number of huge bulging CALB-
positive structures (some of them surrounded by MBP (myelin
basic protein)-labeled myelin) were present in Nes-Wdrd5""
mice, indicating Purkinje cell axonal swellings (Fig. 2] and K).
Ultrastructural study further confirmed accumulation of swollen
axons in the DCN of Nes-Wdr45"" mice (Fig. 2L and M), and
abundant swollen mitochondria were found in these axons
(Fig. 2N and O). Demyelinated axons were also detected, as
shown in Figure 2P. We occasionally found degenerated axons

in the DCN (Fig. 2Q) and medulla of Nes-Wdr45"" mice
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Figure 1. For figure legend, see page 884.

www.tandfonline.com

Autophagy

883



(Fig. 2R and S). We analyzed brain sections at 6 wk and 4 mo
and found that eosinophilic spheroids were formed progressively
(Fig. 2T-X). Thus, Wdr45 plays a critical function in axon

homeostasis.

Accumulation of SQSTMI1-
aggregates in Nes- Wdr45"" mice

To assess whether the autophagic flux is impaired in
Nes-Wdr45"" mice, we performed immunostaining of brain
sections to detect SQSTM1 and ubiquitin, 2 well-characterized
autophagy substrates that are elevated after inhibition of autoph-

and  ubiquitin-positive

agy."” Compared to Nes-Wdr45™"" mice, in some brain regions
of Nes-Wdr45™" mice, including thalamus, DCN, and medulla,
both SQSTM1- and ubiquitin-positive aggregates accumulated,
and these aggregates largely colocalized with each other (Fig. 3A
and B and data not shown). Accumulation of ubiquitin-positive
aggregates was also found in the caudate nucleus and the
molecular layer of the dentate gyrus of the hippocampus in
Nes-Wdr45"" mice, without evident SQSTM1 accumulation
(Fig. 3C and D). SgstmI mRNA levels were not upregulated
in Nes-Wdr45"" mice (Fig. 3E). Proteasome activity was not
altered in brain extracts of Nes-Wdr45"" mice (Fig. 3F). Our
previous study shows that loss of function of ¢pg-6 causes accu-
mulation of ATG-9 puncta.” Immunostaining assays demon-
strated that ATG9-positive structures were also moderately
increased in the DCN region of Nes-Wdr45™" mice (Fig. 3G
and H).

We costained SQSTM1 with different neural cell markers to
determine which type of neural cell is affected by Wdr45
deficiency. In  Nes-Wdr45"" mice, neurons detected by
anti-RBFOX3/NeuN (RNA binding protein, fox-1 homolog
[C. elegans] 3), including pyramidal cells in hippocampus and
cortex, contained SQSTMI1 aggregates (Fig. 31 and J), while
SQSTM1 accumulation was hardly observed in oligodendrocytes
(data not shown). In the DCN region, ubiquitin and CALB cos-
taining assays revealed that ubiquitin-positive aggregates were
present in small axon spheroids but were mostly absent from
large ones (Fig. 3K), suggesting that the ubiquitin inclusions
became diffuse or were removed during later axon swelling.

To directly detect whether Wdr45 deficiency blocks neuronal
autophagic flux, we cultured primary neurons from WT and

Nes-Wdr45"" mice. Immunoblotting assays revealed that levels
of LC3 (Microtubule-associated protein 1 light chain 3)-I,
LC3-11, and SQSTM1 increased in Wdr45 KO neurons (Fig. 3L
and M). After treatment with bafilomycin A;, a potent inhibitor
of the vacuolar H™ ATPase that inhibits the lysosomal degrada-
tion of LC3-II, there is no difference of LC3-II level between
control and mutant cells (Fig. 3N and O), suggesting that auto-
phagic flux is impaired in Wer45-deficient neurons.

Axonal swelling and autophagy defects in female Nes-
Wdr45™" mice

As Wdr45 locates on the X chromosome, we examined
whether there is a gender-dependent difference in the axonal
swelling and autophagy defects. Numerous eosinophilic sphe-
roids accumulated in female Nes-Wadr45™" mice, just as in males
(Fig. 4A). Real-time PCR confirmed the absence of Wdr45
mRNA in the cerebrum of Nes-Wdr45"" mice (Fig. 4B). The
Wdr45 mRNA level in the cerebrum of Nes-Wdr45"+ mice was
also reduced compared to WT mice (Fig. 4B). Dilated axons,
detected by anti-CALB and anti-MBP costaining, were present,
and SQSTM1- and ubiquitin-positive aggregates accumulated in
the DCN of female Nes-War45"* mice and Nes-Wdr45™" mice.
The defects in the heterozygous mice are less severe than in the
homozygous mice (Fig. 4C—F).Therefore, similar to male
Wdr45mutant mice, female Wdr45-deficient mice also displayed
axon swelling and autophagy defects.

Discussion

Here we show that CNS-specific Wdr45 KO mice develop
axonal swelling and behavioral abnormalities, including motor
deficits and learning and memory impairment. The cognitive
defects in Nes-Wdr45"" mice may be associated with impaired
axon homeostasis and/or accumulation of ubiquitin-positive
inclusions in the hippocampus and caudate nucleus. Previous
study has reported that lesions of the hippocampus affect fear
conditioning to the context but not to the cue, while damage of
the amygdala interferes with the conditioning to both the cue
and the Nes-Werd5""  mice

context.'® display obvious

Figure 1. (See previous page) Nes-Wdr45"" mice show cognitive impairment and LTP attenuation. (A) Scheme for generating Wdr45 conditional knockout
mice. (B) Southern blot analysis of genomic DNA from +/4 and F/+ ES clones. After digestion with Spel, the WT and flox alleles were detected as 12- and
7.7-kb bands with a 5’ probe, respectively. After digestion with Ndel, the WT and flox alleles were detected as 14- and 8.4-kb bands with 3’ probe, respec-
tively. (C) Wdr45 mRNA level in different tissues of WT and Nes-Wdr45™" mice at 13 mo. Results are representative of at least 3 experiments. Compared to
WT mice, the Wdr45 mRNA level is slightly decreased in the heart of Nes-Wdr45"mice, probably due to nonspecific expression of Nes-Cre (http://cre jax.
org/Nes/Nes-CreNano.html). (D) Rotarod performance of Nes-Wdr45™" and Nes-Wdr45"* mice (7 to 8 mo) at rolling speed of 20 rpm. Mean £SEM of 11
mice is shown. (E) Rotarod performance of Nes-Wdr45™" and Nes-Wdr45"* mice at rolling speeds of 5, 10, 20, and 40 rpm. ¥, P < 0.05; **, P < 0.01. (F-H) In
the Morris water maze test, Nes-Wdr45™" mice show decreased learning and memory ability in the learning and probe test, respectively. The swimming
speeds show no obvious difference between Nes-Wdr45+" and Nes-Wdr45"" mice. (1) Nes-Wdr45"" mice display a reduced percentage of correct alterna-
tions, compared with Nes-Wdr45"" mice in a Y-maze test. No obvious difference in the total number of alternations was detected between WT and Nes-
Wdr45"" mice. J) In a contextual fear conditioning test, the percentage of the test time taken up by a freezing response is significantly lower in Nes-
Wdr45™" mice. In a cued test, the freezing time is slightly reduced in Nes-Wdr45"Ymice. Mean -=SEM of 11 mice (11 to 13 mo) is shown (C-H). (K and L)
Impaired LTP in Nes-Wdr45"" mice. The upper part in (K) shows averaged fEPSPs comparing baseline and the last 5 min in Nes-Wdr45*"" and Nes-Wdr45""
mice. LTP was not induced in 7 out of 11 hippocampal slices from 3 Nes-Wdr45"" mice, while LTP was normally induced in all of 5 slices from 2 WT mice.
Only slices with LTP induction were analyzed here. Averaged responses from the last 5 min in control and Nes-Wdr45"" mice (L).
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Figure 2. Nes-Wdr45™mice show A
axon swelling. (A) The number of
Purkinje cells was quantified and
divided by the total length of the
lobules 1, IV and V. (B) The
mfmber of CA1 h|ppocampf/lypyra— O v e
midal cells of Nes-Wdr45™" and P ——— Y]
Nes-Wdr45™" mice at 13 mo was
quantified and divided by the
length of the layer. Mean + SEM
of 3 mice is shown (A and B).
(C-E) Compared to control mice,
the GFAP signals (red) in sections
of hippocampus (C) and cortex (D)
are stronger in Nes-Wdr45™" mice.
Quantification data are shown as
mean +SEM of 3 mice (E). Bar:
50pm. (F) H&E staining reveals the
presence of eosinophilic sphe-
roids (arrow) in the cortex. (G)
H&E staining shows vacuolated
structures (arrows) in thalamus.
(H and 1) H&E staining reveals the
presence of eosinophilic sphe-
roids (arrows) in the DCN of Nes-
Wdr45"" mice at 13 mo. Bar:
20 pm (F-1). J and K) Costaining
of CALB (green) and MBP (red)
shows that Nes-Wdr45"" mice at
13 mo exhibit dilated CALB-posi-
tive bulbs (arrows) in the DCN
region. Bar: 10 um. (L to Q) EM
pictures of DCN in Nes-Wdr45+""
(L and N) and Nes-Wdr45™" (M, O,
P and Q) mice at 13 mo. Arrows in
(M) indicate swollen axons. Swol-
len mitochondria accumulate in
these axons (arrows in 0).The
arrow in (P) indicates a demyeli-
nated axon. Degenerated axons
were also occasionally detected
(Q). Bar: 2 um (L and M), 500 nm
(N-Q). (R and S) EM pictures of
medulla in Nes-Wdr45*" (R) and
Nes-Wdr45"" (S) mice at 13 mo.
Arrows in (S) indicate degenerated
axons. Bar: 500 nm. (T-X) H&E
staining of the DCN from Wdr45
mutant mice and controls at 6 wk
and 4 mo. Arrows indicate eosino-
philic spheroids. Quantification
data are shown as mean +SEM of
3 mice (X). Bar: 20pm.
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impairment in the contextual
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in the cued test, supporting that
Wdr45 deficiency mainly influ-
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pus. This result is also in
consistent with the attenuated LTP at SC-CA1 synapses in the
hippocampus of Nes-Wdr4. 5"" mice. The poor motor coordina-
tion in Nes-Wdr45™"" mice is probably caused by the lesion in the
DCN region of the cerebellum, which contributes to

coordination, precision, and accurate timing of movements.
Nes-Wdr45"" mice show no signs of iron deposition in the basal
ganglia. In NBIA, iron accumulation is variable and sometimes
occurs later in the course of the disease after symptoms have
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Figure 3. Nes-Wdr45™" mice exhibit defective autophagic flux. (A-D) Coimmunostaining with anti-SQSTM1 (red) and anti-ubiquitin (green) antibodies in
DCN (A), thalamus (B), hippocampus (C) and caudate nucleus (D) of Nes-Wdr45™" mice at 13 mo. (E) No increase in the Sgstm1 mRNA level is detected in
Nes-Wdr45™" mice. (F) Compared to control littermates, proteasome activity is not altered in brain extracts of Nes-Wdr45™" mice at 13 mo. Proteasome
activity was measured using AMC-linked substrate peptides. A: Ac-Gly-Pro-Leu-Asp-AMC; B: Suc-Leu-Leu-Val-Tyr-AMG; C: Ac-Arg-Leu-Arg-AMC; D: Boc-
Leu-Arg-Arg-AMC. Results are representative of 2 experiments. (G and H) Anti-ATG9 staining shows that ATG9 puncta accumulate in the DCN of Nes-
Wdr45™" mice at 13 months. Quantification data are shown as mean -SEM of 3 mice (1 unit = 10* mez) (H). (I and J) Anti-RBFOX3 (green) and anti-
SQSTM1 (red) costaining shows that SQSTM1 aggregates are located in pyramidal neurons in the cortex (1) and hippocampus (J) of Nes-Wdr45"" mice at
13 mo. (K) Anti-ubiquitin (green) and anti-CALB (red) costaining in the DCN of Nes-Wdr45™¥ mice at 13 mo (arrows indicate dilated axonal terminals). Bar:
10 pm (A-D, G, and I-K). (L and M) Immunoblotting assays show that levels of LC3-I, LC3-ll and SQSTM1 are increased in Wdr45-deficient neurons. Data
are relative to ACTB level and representative of 3 independent experiments. (N and O) Immunoblotting assays show that levels of LC3-I and LC3-Il are
comparable between WT and Wdr45-deficient neurons after 6 h treatment with 20 wM bafilomycin A;. Data are relative to ACTB level and representative
of 3 independent experiments.
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tion of eosinophilic spheroids (arrows) in both Nes-Wdr45"* and Nes-Wdr45™" female mice at 13 mo. Bar: 20 pm. (B) The Wdr45 mRNA level in the brain
of WT, Nes-Wdr45"+ mice and Nes-Wdr45"" mice. Results are representative of at least 3 experiments. (C and D) Costaining of CALB (green) and MBP
(red) in DCN of Nes-Wdr45"+ and Nes-Wdr45"" female mice at 13 mo. Quantification data are shown as mean &=SEM of 3 mice (1 unit = 10* pmz) (D).
(E and F) SQSTM1 (red) and Ubiquitin (green) costaining in DCN of Nes-Wdr45"+ and Nes-Wdr45"" female mice at 13 mo. Quantification data are shown

as mean = SEM of 3 mice (1 unit = 10* um?) (F). Bar: 10 wm (C and E).

already become evident. Moreover, iron accumulation is some-
times absent even in patients with demonstrable mutations in the
causative genes associated with NBIA.'?

Mice deficient for autophagy genes that function at distinct
steps show distinct neuropathological deficits. Neural-specific
depletion of Atg5, Atg7, and Ei24 causes massive neuron loss,
while Epg5-deficient mice exhibit selective vulnerability of motor
neurons.””"'®Epg5 acts at a late step of autophagy and loss of
function of Epg5 causes accumulation of nondegradative autoly-
sosomes."® epg-G acts at an early step of autophagosome forma-
tion.> However, compared to Arg5-, Atg7-, and Ei24-deficient
mice, both the autophagy defect and the neural damage are
much milder in Nes-Wdrd5"" mice, which could be because the
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other 3 Wipi-family genes, Wipil, Wipi2, and Wdr456/ Wipi3,
function redundantly in the autophagy pathway.'’Axon sphe-
roids represent swollen or distended axons, possibly secondary to
defects in axonal transport. Autophagy is required for normal
axon terminal membrane trafficking and turnover, and plays an
essential role in the maintenance of axonal homeostasis and pre-
vention of axonal degeneration.”**! Accumulation of axonal
spheroid structures in Wdr45 mice indicates that axoN-terminals
are more vulnerable to autophagy impairment than dendrites
and neurons. Purkinje cell-specific deletion of Azg7 shows that
ablation of autophagy leads to abnormal swellings and dystrophy
of axon terminals in the DCN, preceding the dentritic atrophy,
neuron loss, and behavioral deficits.>?> Another possibility is that
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Wdr45 may have some functions independent of autophagy,
which are important for maintaining neural homeostasis and
learning and memory ability. Autophagy proteins also function
in autophagy-independent processes.23 For example, the essential
autophagy gene Azg5 is required for cellular immunity to intracel-
lular pathogens via autophagosome-independent processes such
as GTPase trafficking.”* The Nes-Wdr45"" mice provide a valu-
able model for understanding the neurodegeneration process
underlying the pathogenesis of BPAN, and also for preclinical

testing and exploration of therapeutic interventions.

Materials and Methods

Mice

The Wdr45 targeting vector was constructed by flanking exons
8 to 14 of Wdr45 by 2 loxP sequences. After electroporating the
linearized vector into 129 R1 embryonic stem cells, positive
clones with homologous recombinants were identified by South-
ern blot analysis, as shown in Figure 1B. Southern blot analysis
was performed by digestion of genomic DNA with Spel and
hybridization with the 5’ probe (or Ndel and hybridization with
3’ probe). The positive clone was then microinjected into
C57BL/6N blastocysts. Chimeric males were mated with wild-
type C57BL/6N females, and heterozygous and hemizygous
mutant offspring were backcrossed to C57BL/6 mice.

All mice were kept under specific pathogen-free conditions in
the animal facility at the Institute of Biophysics, Chinese Acad-
emy of Sciences, Beijing. All animal experiments were approved
by the institutional committee of the institute.

Antibodies

The following antibodies were used: rabbit ant-SQSTMI
(MBL, PMO045), mouse anti-SQSTM1 (Abcam, ab56416),
mouse anti-ubiquitin (Cell Signaling Technology, 3936), rabbit
anti-GFAP (Bioss, bs-0199R), mouse anti-RBFOX3/NeuN
(Millipore, MAB377), rabbit anti-LC3 (Cell Signaling Technol-
ogy, 2775S), mouse anti-CALB/calbindin (Sigma, C9848), rab-
bit anti-CALB/calbindin (Abcam, ab25085), rabbit anti-ATG9
(MBL, PD042), and rabbit anti-MBP (Abcam, ab40390).

Rotarod test

Motor coordination was measured as described previously
with some modifications.” After trained on the rolling rod at
5 rpm for 5 min for one d, mice were tested for their ability to
remain on the rotarod at 5, 10, 20, and 40 rpm. The time when
the mice fell from the rod was recorded, with a maximum
observation time of 5 min.

Morris water maze test

A round tub (diameter 120 cm, height 45 cm) was filled with
opaque water (20°C) to a depth of 25 cm. A platform (diameter
9 cm, height 24 cm) was located in the center of one quadrant.
In the learning test, the mouse was placed in the maze starting
from one of 4 predetermined spots and was given 60 s to find
the fixed platform. The time taken to reach the platform
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(escaping latency) was recorded by a Smart 2.0 video tracking
system (Panlab, Harvard Apparatus, Cornella (Barcelona),
Spain). Each mouse received 4 trials per day for 6 consecutive d.
On the 7 d, the probe test was performed without the platform.
The mouse was allowed to search for 60 s, and the percentage of
time spent in the target quadrant was recorded to monitor spatial
memory ability.

Y-maze test

Mice were individually placed into the center of a symmetrical
Y-maze with 3 arms, and allowed to freely enter the arms during
an 8-min session. The series of arm entries was recorded visually.
The percentage of alternation was calculated as the ratio of cor-
rect alternations (successive entry into the 3 arms on overlapping
triplet sets) to total alternations.

Fear conditioning test

The fear conditioning test was performed using the Startle and
Fear combined system (Panlab, Harvard Apparatus, Cornella
(Barcelona), Spain). For training, after 10-min acclimation, mice
were placed in a chamber, and a 70 dB tone was delivered for
30 s as a conditioned stimulus. During the last 2 s, a foot shock
of 0.4 mA was delivered through a shock generator. This proce-
dure was repeated 6 times at 15-s intervals. Animal movement
was recorded through a high-sensitivity weight transducer system
by PACKWIN software. On the second d, for the contextual
test, mice were placed in the chamber, and the freezing response
was measured for 2 min without the conditioned stimulus. For
the cued test, the freezing response was measured with the condi-
tioned stimulus.

Electrophysiology

Mice were sacrificed, and transverse hippocampal slices
(400 pm) were prepared using a vibratome (VT1200S, Leica,
Wetzlar, Germany) in oxygenated (95% O, and 5% CO,) ice-
cold artificial cerebrospinal fluid (ACSF, 126 mM NaCl, 3 mM
KCl, 26 mM NaHCOj; 12 mM NaH,PO4 10 mM
D-glucose, 2.4 mM CaCl, and 1.3 mM MgCl,). The slices were
kept in an incubating chamber filled with oxygenated ACSF at
28 to 30°C. After a recovery period of at least 60 min, an indi-
vidual slice was transferred to a recording chamber and was con-
tinuously superfused with oxygenated ACSF (5 ml/min) at 30°C.

fEPSPs were recorded using ACSF-filled glass pipettes (1 to
3 M) placed at the stratum radiatum of area CA1. fEPSPs were
evoked using a concentric bipolar electrode (WPI; FHC,
CBBEB75) which was used to stimulate the SC fibers with a brief
current pulse (50 ws), and the current pulse was delivered by a
stimulus isolation unit (ISO-Flex,A.M.P.L., Jerusalem, Israel)
every 30s. The distance between stimulating electrode and
recording pipette was 200 to 300 wm. An input-output curve
was used to set the stimulating strength, which yielded 30 to
50% of the maximal slope. After obtaining baseline measure-
ments for 20 min, LTP was induced using 8-burst stimulation
(each burst contained 5 pulses at 100 Hz repeated at 5 Hz and 3
10-burst trains separated by 20 s). Evoked fEPSPs were recorded
for 1 h after tetanization. Signals were filtered at 2 kHz and
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digitized at 100 kHz using Digidata 1440A (Molecular Devices).
Data acquisition and slope measurement were carried out using
pClamp 10.2 (Molecular Devices). Pulse generation was achieved
using a Master 8 stimulator (A.M.P.1., Jerusalem, Israel).

Primary neuron culture Primary cortical neurons were har-
vested from embryonic d 18 pups. Cerebral cortices were col-
lected and dissociated by incubation in TypLE™ express
enzymes (Gibco, 12605010) for 30 min at 37°C. After termina-
tion with FBS, cells were centrifuged at 217 g for 2 min, and
plated with Neurobasal medium (Invitrogen, 10888022) supple-
mented with B27 (Invitrogen, 17504044), penicillin/streptomy-
cin, Glutamax (Invitrogen, 35050061) and 5% FBS (HyClone
Laboratories, SH3008403) on 35-mm dishes (BD Falcon,
353001) precoated with poly-d-lysine (100 pg/ml, Sigma,
P1524). After incubation at 37°C for at least 4 h, the plating
medium was changed to Neurobasal medium containing B27,
penicillin/streptomycin, and Glutamax. Half the volume of cul-
ture medium was changed every 3 d For lysosome function inhi-
bition, cells were treated with 20 wM bafilomycin A; (Sigma,
B1793) for 6 h before harvest.

Histology and immunofluorescence staining

After transcardial perfusion with 10% neutral buffered forma-
lin (Sigma, HT501128), CNS tissues were post-fixed, dehy-
drated, embedded in paraffin, and sectioned at 5 wm. Sections
were stained with hematoxylin and eosin for histological exami-
nation and signals were acquired by light microscopy (Imager
Al, Zeiss, Gottingen, Germany) with a 40x/0.75 objective lens
(Plan-NeoFluar, Zeiss, Gottingen, Germany) and a camera (Axi-
oCam MRc5, Zeiss, Gottingen, Germany) at RT. Images were
processed and viewed using AxioVision 40v4.6.3.0 software.

For immunostaining, after deparaffinization and rehydration,
heat-induced epitope retrieval (0.1 M citrate buffer) was per-
formed on sections. Samples were then blocked with normal goat
serum and incubated with primary antibodies at 4°C overnight
in a humidity chamber. After incubation, sections were washed
in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCI,
10 mM Na,HPO,, 2.0 mM KH,POy, pH 7.2) 3 times, and
incubated with fluorescently-labeled secondary antibodies (Jack-
son ImmunoResearch Laboratories, 111-095-003, 111-025—
003, 115-025-003, 115-095-003) for 1 h at room temperature.
Finally, sections were counterstained with DAPI, mounted and
examined under a confocal microscope (Zeiss LSM 710 Meta
plus Zeiss Axiovert zoom, Goéttingen, Germany) with a
63%/1.40 oil-immersion objective lens (Plan-Apochromatlan,
Zeiss, Gottingen, Germany) and a camera (AxiocamHRm, Zeiss,
Gottingen, Germany) at RT. Images were processed and viewed
using ZEN 2011 software.

Immunoblotting

Cells were lysed with RIPA buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1 mM EDTA, 0.1% SDS [SERVA, 20765.03],
1% NP40 [Amresco, E109]) supplemented with protease inhibi-
tor cocktail (Roche, 04693116001), and incubated on ice for
30 min. Homogenates were centrifuged at 13,000 rpm for
10 min at 4°C. Supernatant fractions were collected and protein
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concentrations were determined by Bradford protein assay (Gen-
star, E161-01). Equal amounts (20 to 30 pg) of proteins were
subjected to SDS-PAGE electrophoresis, transferred to a PVDF
membrane and then blocked with 5% nonfat milk for 1 h at
room temperature, membranes were incubated with primary
antibodies at 4°C overnight. After washing with PBST (0.5%
Tween 20 [Amresco, 0777] in PBS) 3 times, the membranes
were incubated with HRP-labeled secondary antibodies (Sigma,
A0545, A9044) for 1 h at room temperature. Immunoreactivity
was determined using an Enhanced Chemiluminescent kit (GE,
RPN2232).

Proteasome activity assay

Mice cerebral tissues were homogenized in lysis buffer
(50 mM HEPES, pH 7.5, 5 mM EDTA, 150 mMNaCl, 1%
Triton X-100 [Amresco, 0694] and 2 mM ATP). 250 pl lysate
containing equal amounts of protein (2 to 4 pg) were incubated
for 30 min at 37°C in the dark with 2.5 pl of each substrate
(final concentration: 50 nM). Aminomethylcoumarin (AMC)-
linked synthetic peptide substrates, Ac-Gly-Pro-Leu-Asp-AMC,
Suc-Leu-Leu-Val-Tyr-AMC or Ac-Arg-Leu-Arg-AMC (and Boc-
Leu-Arg-Arg-AMC), were used for detecting caspase-like, chy-
motrypsin-like, or trypsin-like activity, respectively (Proteasome
Substrate Pack, Enzo Life Sciences, PW9905-0001). The reac-
tion was stopped by adding 252.5 wl precooled 96% ethanol
solution. Proteasome activity was measured by detecting fluores-
cence from AMC hydrolysis (380 nm excitation and 460 nm
emission).

Transmission electron microscopy

Mice were transcardially perfused, and cerebral tissues were
dissected and postfixed in 2.5% glutaraldehyde. Then samples
were fixed with 1% OsOy for 2 h, followed by dehydration with
graded ethanol solutions, and embedded in Embed812 (Electron
Microscopy Sciences, 14120). Ultrathin sections were cut at
80 nm, stained with 2% uranyl acetate for 30 min and lead cit-
rate for 10 min. The samples were examined using a 120 kV
electron microscope (FEI, Tecnai Spirit, Oregon, USA) at 80 kV
and images were captured with a CCD camera (FEI, Eagle,
Oregon, USA) using Digital Micrograph software at RT.

Quantitative RT-PCR

Total RNA was extracted using TRIzol (Invitrogen,
15596018) and cDNA was synthesized by Super Script® III
First-Strand Kit (Invitrogen, 11752050). Quantitative PCR was
performed on a StepOnePlus™ Real-Time PCR system
(Applied Biosystems, CA, USA) using SYBR® Premix Ex Taq™
(TaKaRa, RR820A).

The following primers were used:

F-Wdr45: 5'-CATCTTGACCACGAGCAGGT-3

R-Wdr45: 5'-GAAGGTGAACTCCAGCACCA-3'

E-Sgstm1: 5'-GCTGCCCTATACCCACATCT-3'

R-Sgstm1: 5'-CGCCTTCATCCGAGAAAC-3

F-Actbh (B-actin): 5'-CTGGCTCCTAGCACCATGAAGAT-3'
R-Acth: 5'-GGTGGACAGTGAGGCCAGGAT-3
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Statistical analysis

Statistical significance was calculated by the Student 7 test. A P

value less than 0.05 was considered significant.
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