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Abstract—The motor features of Parkinson’s disease (PD) result from the loss of dopaminergic (DA) neurons in
the substantia nigra with autophagy dysfunction being closely linked to this disease. A PD-causing familial muta-
tion in VPS35 (D620N) has been reported to inhibit autophagy. In order to identify signaling pathways responsible
for this autophagy defect, we performed an unbiased screen using RNA sequencing (RNA-Seq) of wild-type or
VPS35 D620N-expressing retinoic acid-differentiated SH-SY5Y cells. We report that VPS35 D620N-expressing
cells exhibit transcriptome changes indicative of alterations in extracellular matrix (ECM)-receptor interaction
as well as PI3BK-AKT signaling, a pathway known to regulate autophagy. Hyaluronan (HA) is a major component
of brain ECM and signals via the ECM receptors CD44, a top RNA-Seq hit, and HA-mediated motility receptor
(HMMR) to the autophagy-regulating PI3K-AKT pathway. We find that high (>950 kDa), but not low (15—40 kDa),
molecular weight HA treatment inhibits autophagy. In addition, VPS35 D620N facilitated enhanced HA-AKT signal-
ing. Transcriptomic assessment and validation of protein levels identified the differential expression of CD44 and
HMMR isoforms in VPS35 D620N mutant cells. We report that knockdown of HMMR or CD44 results in upregulated
autophagy in cells expressing wild-type VPS35. However, only HMMR knockdown resulted in rescue of autophagy
dysfunction by VPS35 D620N indicating a potential pathogenic role for this receptor and HA signaling in Parkin-
son’s disease. © 2020 The Author(s). Published by Elsevier Ltd on behalf of IBRO. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

In the USA, with a prevalence of 1% in people over the
age of 60 and an increase to over 4% by the age of 85,
Parkinson’s disease is the most common disease of
motor system degeneration (de Lau and Breteler, 2006).
This disease is clinically characterized by a resting tre-

tures result from a loss of dopaminergic (DA) neurons in
the substantia nigra pars compacta (SN) region of the
midbrain. Specifically, the loss of dopamine produced by
this neuronal subset causes dysfunction of the basal gan-
glia, a cluster of nuclei responsible for coordinating move-
ment. No therapies to date deal with the underlying
neuronal loss and thus only symptomatic treatments exist

mor, rigidity, postural instability, and bradykinesia as well
as non-motor symptoms that include cognitive
dysfunction and constipation. PD’s primary motor fea-
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for PD (Jankovic and Stacy, 2007).

Macroautophagy (hereafter referred to as autophagy)
is an orderly process of cytoplasmic engulfment by lipid
membrane-bound vesicles termed autophagosomes
leading to degradation of the encapsulated material (La
Spada and Taylor, 2010). Autophagy proceeds in distinct
steps that include induction, cargo recognition,
autophagosome formation and transport,
autophagosome-lysosome fusion, degradation of cargo,
and the release of degraded material into the cytoplasm.
Following the induction of autophagy, Atg8 (LC3) under-
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goes cleavage, and a phosphotidylethanolamine (PE)
moiety is conjugated (now LC3-Il). LC3-Il is unique to
autophagosomes and is commonly used as a marker for
autophagy (He and Klionsky, 2009). Autophagosomes
fuse with endosomes and multivesicular bodies that in
turn fuse with lysosomes containing lytic enzymes which
facilitate the degradation of cargo.

Autophagy is primarily devoted to adapting to nutrient
limitation, degrading misfolded proteins, and removing
dysfunctional organelles (Choi et al., 2013). Studies of
neurodegenerative disease and protein turnover path-
ways have indicated that the maintenance of protein qual-
ity control presents a particular challenge for neurons and
other specialized cells of the nervous system (Taylor
et al., 2002; Malgaroli et al., 2006). This appears to be
of importance to PD pathology as protein aggregates of
a-synuclein are believed to be removed by autophagy,
at least before fibril formation, and whose presence may
signal autophagy dysfunction (Riedel et al., 2010; Tanik
et al., 2013). A link between PD and autophagy can also
be traced genetically as there are at least seven mono-
genic causes of PD strongly connected with autophagy
regulation and some are directly involved in lysosomal
biology (Dehay et al., 2010, 2013). As a result, consider-
able effort has been made to understand autophagy dys-
function in PD, with the goal of targeting this process for
therapy.

In 2011, two independent groups reported the
mutation of VPS35 (D620N) as being causal for a
familial form of PD (Vilarino-Guell et al., 2011; Zimprich
et al., 2011). VPS35 has a well-established and critical
role in retromer function. The retromer is a highly con-
served complex of proteins and an essential element of
the endosomal sorting machinery that directs the recy-
cling of plasma membrane receptors. The retromer is
comprised of a cargo recognition trimer containing
VPS35-VPS29-VPS26 and a dimer made of an assort-
ment of SNX1, SNX2, SNX5, and SNX6 (McGough and
Cullen, 2011). This complex associates with endosomes
and facilitates the retrograde transport of transmembrane
cargo to the trans-Golgi network, thereby rescuing cargo
from degradation by the lysosome.

Interest into the role of VPS35 in mediating autophagy
was initially hinted at in work published by Dengjel et al.
where VPS35 was identified in an autophagosome-
interactor screen (Dengjel et al., 2012). Subsequently,
Zavodszky et al. presented direct evidence of this by
reporting that the PD-causing VPS35 D620N mutation
impairs autophagy in HelLa cells through defective WASH
complex recruitment to endosomes (Zavodszky et al.,
2014). Interestingly, we do not detect an association with
the principal WASH complex member WASH1 in retinoic
acid (RA)-differentiated SH-SY5Y cells suggesting the
existence of a distinct mechanism, at least in these cells
(Fig. S1). SH-SY5Y cells are a widely used human neu-
roblastoma cellular model of PD that, when differentiated
using retinoic acid, exhibit similar protein expression and
physiological characteristics to dopaminergic neurons
(Korecka et al., 2013; Krishna et al., 2014). Conversely,
HelLa cells are sourced from a human cervical cancer
tumor which may, in part, explain the contrasting findings.

As a result, we explored alternative signaling pathways for
autophagy disruption by VPS35 D620N. Our current
study reveals perturbed hyaluronan-CD44/HMMR signal-
ing in VPS35 mutant cells which may contribute to the
associated autophagy defect.

EXPERIMENTAL PROCEDURES
Tissue culture

SH-SY5Y human neuroblastoma cells (cat# CRL-2266,
American Type Culture Collection) were grown in T175
tissue culture flasks and maintained at 37 °C with 5%
CO, environment. Cells were cultured in DMEM/F12
50/50 media (cat# 10-090-CV, Corning) with
L-glutamine, 15% Fetal Bovine Serum (cat# S11150,
Atlanta Biologicals), 1% non-essential amino acids (cat#
25-025-Cl, Corning) and 1% penicillin/streptomycin
solution (cat# SV30010, Hyclone). Cells were passaged
when flasks reached ~80% confluency using 0.25%
Trypsin  containing 2.2mM EDTA and sodium
bicarbonate (cat# 25-053-Cl, Corning). Cells at passage
numbers 6 thru 13 were used for experiments. For this,
cells were plated on multi-well tissue culture plates at
the necessary cell concentrations (e.g., 4 million cells
per well on a 6-well plate). Prior to experimentation, the
cells were treated with 10 uM all-trans retinoic acid (cat#
AAA44540-02, CAS# 302-79-4, VWR) for 7 days to
induce differentiation into post-mitotic catecholaminergic
neuron-like cells. Transgenic cells were also treated
72 h prior to experimentation with 2 mM sodium butyrate
(cat# AAA11079-22, CAS# 156-54-7, VWR) to
reactivate transgene expression (Choi et al., 2005).
293TA cells used to generate lentivirus were grown in
DMEM media with 1.0g/L Glucose containing
L-glutamine and with sodium pyruvate (cat# VWRLO0111-
0500, VWR), supplemented with 10% Fetal Bovine
Serum, 1% non-essential amino acids and 1% penicillin/
streptomycin solution.

Western blotting

Life Technologies Bolt gels and reagents were used for
western blotting. Cells were lysed using RIPA lysis
buffer (cat# 89901, Thermo Fisher) containing a
protease and phosphatase inhibitor cocktail (cat#
A32961, Thermo Fisher) and then sonicated. This was
then followed by centrifugation at 15,000g for 10 min
and collecting supernatant. Total protein levels were
measured and normalized across samples.
Polyacrylamide gel electrophoresis was performed on
the protein extracts followed by transfer onto a PVDF
membrane. Transfers to PVDF membranes were
performed using the iBlot2 Dry Transfer device (Life
Technologies). Primary antibodies were used to detect
LC3 (1:1000, cat# NB100-2220, Novus Biologicals),
VPS35 (1:1000, cat# GTX108058, GeneTex), VPS29
(1:500, cat# ab10160, Abcam), VPS26 (1:500, cat#
ab23892, Abcam), V5 (1:1000, cat# 13202S, Cell
Signaling Technology), CD44 (1:200, cat# TA506726,
Origene), phospho-AKT (Ser 473) (1:1000, cat# 4060,
Cell Signaling Technology), HMMR (1:1000, cat#
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GTX54121, Genetex), WASH1 (1:500, cat# NBP1-90464,
Novus Biologicals) and B-actin (1:2000, cat# MA1-91399,
Thermo Fisher). Secondary antibodies (1:1000, anti-
mouse, cat# 7076, Cell Signaling Technology; 1:1000,
anti-rabbit, cat# 7074, Cell Signaling Technology) were
used for probing PVDF membranes after primary
antibody incubation. ECL substrate (cat# 32106, Pierce)
or, for more sensitive detection, WesternSure
chemiluminescent substrate (cat# 926-95000, Li-cor)
was then used to visualize protein bands and images
obtained with a ChemiDoc Touch Gel Imager (BioRad).
Protein expression was quantified by densitometry using
Image J (NIH). Original western blot images for
representative figures are provided in the supplemental
data.

Lentivirus production and transduction

Life Technologies Virapower lentiviral production kit was
used to generate lentivirus. 293TA cells (cat# LTO008,
Genecopoeia) were transfected with plasmids using
Lipofectamine 2000 (cat# 11668019, Life Technologies).
Media was replaced the next day. The supernatant
media containing active, fully assembled lentiviruses,
was collected 48 h after transfection, filtered through
400 nm pore filters, aliquoted and stored at —80 °C until
use. For transduction of SH-SY5Y cells, virus containing
supernatant was added directly to the culture media.
This media was replaced the next day and antibiotic
selection (blasticidin or puromycin) for transduced cells
was initiated 72 h following viral supernatant addition.
Wild-type human VPS35 CMV promoter-driven
overexpression lentiviral plasmid construct was obtained
from Addgene (Plasmid #21691) (Scott et al., 2009).
Site-directed mutagenesis was performed to create
VPS35 D620N in this vector. The mutant was verified
by Sanger sequencing. The following lentiviral shRNA
constructs were used: scrambled (control) shRNA (cat#
SHCO016, Sigma-Aldrich), VPS35 shRNA 1 (cat#
TRCNO0000337085, Sigma-Aldrich), VPS35 shRNA 2
(cat# TRCN0000337019, Sigma-Aldrich), VPS29 shRNA
(cat# TRCNO000304146, Sigma Aldrich), HMMR shRNA
(cat# LPP-A4000-Lv193-100, Genecopoeia), and CD44
shRNA (cat# LPP-Z0786-Lv193-100, Genecopoeia).

Autophagic flux assay

Bafilomycin A1 (100 nM; cat# 200003—-360, CAS# 88899-
55-2, VWR) was used to block autophagy in experimental
cells, four hours prior to lysis. This was then followed by
comparison of LC3-Il levels normalized to p-Actin
between bafilomycin A1 treated and untreated cells
obtained from western blot imaging as previously
described (Klionsky et al., 2012).

Hyaluronan treatment

Cells were plated at a density of 4 million cells per well on
six well plates. Cells were then differentiated with RA for
7 days. On the day prior to lysis, cells were treated with
high (cat# GLR004, R&D Systems) or low molecular
weight (cat# GLR001, R&D Systems) HA in serum-free

media and then lysed using RIPA lysis buffer, as
described above. For autophagic flux assays, cells were
treated with or without HA in the presence or absence
of Bafilomycin A1 (100 nM) for 4 h immediately prior to
lysis and then autophagic flux was assessed as
described above.

Hyaluronan quantification

ELISA measurement of hyaluronan was performed using
a Quantikine ELISA kit (cat# DHYALO, R&D Systems)
according to the manufacturer’'s instructions. Briefly,
cells were plated on 96 well plates at 50,000 cells/well.
The cells were then treated with retinoic acid media for
seven days. After differentiation, the media was
replaced with growth media containing 0.5% FBS and
RA. Supernatant was then collected after 48 h for ELISA
analysis. It should be noted that this ELISA system
detects all forms of HA (>35kDa). ELISA assay
manufacturer-reported validation parameters: intra-
assay precision from three trials, 20 wells for SD (0.11,
0.26, 0.52) and coefficient of variation (7.2, 5.4, 3.6),
inter-assay precision from three trials, 20 wells for SD
(0.08, 0.23, 0.72) and coefficient of variation (4.8, 4.9,
4.8), minimum detectable dose of hyaluronan ranged
from 0.027 to 0.200 ng/mL, immunoassay is calibrated
against Streptococcus pyogenes-derived hyaluronan
with a molecular weight range of 75-350 kDa, recovery
of hyaluronan spiked through levels throughout the
range of the assay was 104%, and linearity for human
samples (n = 4) for dilutions 1:2, 1:4, 1:8, 1:16 were
99%, 98%, 102%, and 109% of expected, respectively.

Differential gene expression, splicing and gene set
enrichment analysis

Transgenic WT and VPS35 D620N-expressing cells
grown in 100 mm culture plates were RA-differentiated,
RNA was extracted using an RNeasy kit (cat # 74104,
Qiagen) with DNAse treatment, rRNA depleted, random-
primed cDNA made and sequencing subsequently
performed using lllumina with HiSeq2000/2500
(>40 million reads/sample). Sequencing and analysis
were done by Idaho State University’'s Molecular
Research Core Facility. Alignment of mRNA-Seq was
conducted with a standard protocol as previously
described (Fig. S3) (Trapnell et al., 2012). Briefly, raw
reads were initially trimmed with FASTX-toolkit to remove
adapter sequences, and aligned to a reference genome
(human hg19) with TopHat (v2.0.11). To take into account
novel splice isoforms, the de novo transcript assembly
from the mapped reads was performed using cufflinks
(v2.2.1) and the assembled transcripts were then merged
into single reference transcripts using cuffmerge.

For differential gene expression analysis, the mapped
reads were quantified using cuffdiff and the FPKM
(Fragments Per Kilobase of transcript per Million
mapped reads) were calculated. Genes were discarded
from downstream analysis when the calculated mRNA
abundance was lower than FPKM of 0.5, treating them
as background noise. The quantified results were further
visualized with CummeRbund (Trapnell et al., 2012) or
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custom scripts in R. To investigate whether the expres-
sion level of pre-defined sets of genes correlated to the
observed phenotype, the Impact Analysis method was
conducted using iPathwayGuide (Advaita) (Draghici
et al., 2003; Khatri et al., 2007; Tarca et al., 2009). The
number of gene-set permutations was set at 1000, and
the most enriched KEGG genesets (Kanehisa et al.,
2014) were selected based on Normalized Enrichment
Scores (NES).

Gaussia luciferase protein-fragment
complementation assay

Plasmids containing transgenic fusion constructs of syn-
hGluc (SynLuc), syn-hGLuc1 (S1) and syn-hGLuc2 (S2)
were transfected (40 ng DNA/well) into transgenic (WT
or VPS35 D620N) SH-SY5Y cells in 96 well plates using
FUGENE 6 (cat4 E2691, Promega) according to
manufacturer's instructions as previously described
(Outeiro et al., 2008). Media (conditioned media) was
transferred to a new 96 well plate 48 h later for analysis.
The cells were then washed with phosphate buffered sal-
ine (cat# 97062-818, VWR) and new media (without phe-
nol red or FBS) was added. Aggregation of alpha-
synuclein was determined by assessing complementation
of luciferase activity. Luciferase activity was measured
within the conditioned media and living cells by automated
injection of coelenterazine (40 uM, cat# 55779-48-1,
CAS# 55779-48-1, P.J.K.) into each well and detected

A B

using a plate reader (Victor X3 microplate reader,
Perkin-Elmer) with a 1 second signal integration time.

Quantitative PCR

SH-SY5Y cells were transduced, selected with
puromycin, differentiated with RA and treated
accordingly. RNA was extracted using a Qiagen
RNeasy kit (cat # 74104, Qiagen) and cDNA was made
using a kit (cat# 18080051, Thermo Fisher) according to
manufacturer instructions. A LightCycler 2.0 (Roche)
was used to carry out gPCR reactions in triplicate from
three independent experiments using a Fast Evagreen
master mix (cat# 31003, Biotium) and the following
primer sets: HMMR (cat# HQP100236, Genecopoeia),
CD44 (cat# HQP022975, Genecopoeia) and B-Actin
(cat## HQP016381, Genecopoeia). Relative expression
levels for HMMR and CD44 transcripts were normalized
to B-Actin transcript levels for each sample.

Statistical analysis and data management

Statistical analysis was performed using Prism (version
6.0; GraphPad Software). Data between two variables
was based on the student’s f-test. Data was considered
significantly different at p < 0.05. The datasets
generated and/or analyzed during the current study are
available from the corresponding author upon request.
RNA-Seq data for the described experiments is
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Fig. 1. VPS35 D620N inhibits autophagy. (A) Transgenic and endogenous VPS35 were evaluated by western blot. RA-differentiated SH-SY5Y
cells stably expressing transgenic VPS35 (WT or D620N) were treated with or without bafilomycin A1. (B) Western blot of LC3-1l was performed and
(C) autophagic flux was quantified. Total protein loading was confirmed with B-Actin expression obtained from the same membrane. Results from
three independent experiments are displayed (*p < 0.05 compared to indicated group, student’s t-test).
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Fig. 2. VPS35 knockdown inhibits autophagy. (A) VPS35 expression was knocked down in differentiated SH-SY5Y cells neurons by two distinct
lentivirus-delivered shRNA vectors. Following selection with puromycin, transduced cells were treated in the presence or absence of bafilomycin A1.
Western blot of LC3-Il was performed and (B) autophagic flux quantified. Results from three independent experiments are shown (*p < 0.05 versus
indicated group, student’s t-test). (C) Knockdown of VPS29 by shRNA using a lentiviral vector was also performed. Representative image groupings
were obtained from single western blot membranes probed with multiple antibodies as indicated. Total loading for all western blot membranes was

assessed using B-Actin.

Table 1. ECM-receptor interaction and AKT pathway perturbation by VPS35 D620N. RNA-Seq was performed on WT and VPS35 D620N-expressing
SH-SY5Y cells. The top 5 pathways affected by VPS35 D620N expression and relevant significance values are listed

Pathway name Pathway ID p-value p-value (FDR) p-value (Bonferroni)
Pathways in cancer 05200 9.878e—8 2.683e—5 2.914e-5

Systemic lupus erythematosus 05322 1.819e—-7 2.683e—5 5.367e—5
ECM-receptor interaction 04512 2.294e—6 2.256e—4 6.768e—4
PI3K-AKT signaling pathway 04151 3.124e—6 2.304e—4 9.215e—4

Focal adhesion 04510 9.627e—6 5.680e—4 0.003

available in both raw and processed formats at the NCBI
Gene Expression Omnibus (GEO) public repository.

RESULTS
VPS35 D620N inhibits autophagy

To determine whether VPS35 D620N represses
autophagy in a PD model system, we first engineered a
human neuroblastoma cell line (SH-SY5Y) to stably
express WT or D620N VPS35 (V5-tagged). This was
done by obtaining a VPS35-expressing lentivirus

construct from Lynda Chin (Scott et al., 2009) and gener-
ating the D620N mutation by site-directed mutagenesis.
We next infected low passage SH-SY5Y cells (ATCC)
and selected transgene-positive cells using blasticidin.
Before conducting experiments, we differentiated SH-
SY5Y cultures into postmitotic dopaminergic neuron-like
cells using 10uM retinoic acid for 7 days. Western blot
revealed that WT and D620N transgenic proteins are
expressed equally and at a similar level to endogenous
VPS35 (Fig. 1A). In stable cell lines, no endogenous
VPS35—only transgenic (shifted) VPS35—was detected,
which is likely due to transgenic VPS35 titrating out
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Fig. 3. Transcriptome alteration of ECM-receptor and PI3K-AKT pathways by VPS35 D620N.
Specific transcript expression changes (LogFoldChange) for (A) ECM-receptor interaction and (B)

VPS35 D620N misregulates
ECM-receptor interaction and
PI3K-AKT pathway gene
expression

PI3K-AKT signaling KEGG pathways from RNA-Seq data are shown. The distribution of all gene

perturbations in the pathway are represented in the box plot where the first, median and third quartile

are indicated.

endogenous VPS35 from the retromer complex. The
knockdown of VPS35 results in the knockdown of another
core retromer component, VPS29, and vice versa, sug-
gesting that free VPS35 as well as VPS29 are rapidly
degraded by the cell (Fig. 2C) (Fuse et al., 2015). There-
fore, serendipitously, these cell lines express the trans-
gene at endogenous protein levels, thereby avoiding
overexpression artifacts. Upon examination of autophagy
in these cells, we found autophagy to be robustly inhibited
by D620N, as evidenced by the reduced LC3-Il induction
following Bafilomycin A1 treatment (Fig. 1B, C). We fur-
ther tested autophagy dysfunction by VPS35 D620N
through assessing the clearance of intracellular alpha-
synuclein aggregates (Fig. S2) (Outeiro et al., 2008).
We report that mutant-expressing cells accumulated sig-
nificantly higher levels of alpha-synuclein aggregates
which supports the notion that VPS35 D620N is a potent
inhibitor of autophagy.

Having established autophagy
dysfunction by VPS35 D620N,
likely through a loss-of-function,
we next sought to determine a
precise molecular mechanism for
this phenomenon. To this end, we
performed RNA sequencing of the transcriptomes of
transgenic WT and D620N VPS35-expressing SH-SY5Y
cells. Gene ontology was performed (1.5 fold change
cutoff) using iPathways (Advaita) and KEGG annotated
pathways were assigned to gene expression changes
(Mootha et al.,, 2003; Subramanian et al., 2005; Luo
et al., 2009). Top pathway hits were ECM-receptor inter-
action and PI3K-AKT signaling which suggests that
ECM signaling is perturbed by VPS35 D620N (Table 1).
Examination of specific transcripts altered for ECM-
receptor interaction and PI3K-AKT KEGG annotated
pathways reveals that CD44 mRNA expression is misreg-
ulated in VPS35 D620N cells (Fig. 3). The major structural
component of brain ECM is hyaluronan (HA), which not
only serves as the main anchoring point for brain cells,
but is also an important facilitator of intracellular signaling.
CD44 and HMMR are primary receptors for HA that signal
to AKT upon binding (Lin et al., 2007; Trapasso and
Allegra, 2012; Onodera et al., 2015).
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Fig. 4. HA inhibits autophagy. (A) RA-differentiated SH-SY5Y cells were treated with high molecular weight ( > 950 kDa) HA in serum-free media for
24 h. The next day, cells were treated with or without bafilomycin A1 and autophagic flux was assessed by LC3-Il/p-Actin western blot and (B)
quantified from three experiments. (C) Similarly, low molecular weight (1540 kDa) HA treatment was performed and autophagic response was
evaluated by LC3-1l/B-Actin western blot and (D) represented graphically (*p < 0.05 versus indicated group, student’s t-test).

Hyaluronan inhibits autophagy in differentiated SH-
SY5Y cells

Our findings from RNA-Seq data suggest that HA-CD44/
HMMR-AKT signaling is perturbed in the VPS35 mutant
cell line. These results pose the novel question of
whether the HA-AKT signaling axis controls autophagic
response. To test this directly, we added HA at
concentrations reported to elicit biological effects in
human monocytes and fibroblasts to differentiated SH-
SY5Y cells (Maharjan et al., 2011). We chose to treat
cells with either high (HMW) or low molecular weight
(LMW) HA since the polymer size can direct divergent
bioactivities (Maharjan et al., 2011). We observed a
dose-dependent repression of autophagy following treat-
ment with HMW but not LMW HA (Fig. 4). The finding that
HA modulates autophagy may indicate that the composi-
tion of ECM is an important factor in the regulation of this
key process.

Altered hyaluronan-AKT signaling by VPS35 D620N

We next examined whether VPS35 D620N-expressing
cells exhibited heightened sensitivity to HA. Addition of
HMW HA, following overnight serum deprivation,

resulted in elevated AKT activation in mutant cells
(Fig. 5A). Conversely, LMW HA failed to induce AKT
activation in either WT or mutant cells (Fig. 5B). This
suggests that VPS35 D620N facilitates enhanced HMW
HA signaling. These results are also consistent with our
findings that HMW and not LMW HA repress autophagy
via canonical HA-AKT signaling. Interestingly, we
observe a trend of mutant cells exhibiting lower levels of
steady state p-AKT signaling after serum deprivation
that did not rise to statistical significance when
compared to wild-type cells. No trending difference in
WT or VPS35 D620N-expressing cells was observed in
the presence of 15% FBS-containing media (data not
shown).

AKT pathway activation by VPS35 D620N is
independent of hyaluronan production

To determine whether HA production contributes to
heightened AKT signaling in VPS35-D620N cells, we
measured HA produced during a 48 hour period (Fig. 6),
but found no detectable difference in wild-type and
mutant cells. We also assessed the protein levels for
the hyaluronan synthase (HAS) enzymes responsible for
HA synthesis. HAS3 was not differentially expressed
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Fig. 5. Elevated HA signaling by VPS35 D620N. Differentiated SH-SY5Y cells expressing wild-type (WT) or D620N VPS35 were serum-deprived
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added in serum-free media for the indicated times and western blotting was then performed (p-AKT = Ser473). (B, D) Results are presented as a
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Misregulated CD44 and HMMR
expression by VPS35 D620N

Our RNA Seq analysis revealed
that ECM-receptor interaction

C— .
.. B < pathways were a top hit for

VPS35 D620N-expressing cells
(Table 1). From this dataset we
also found that CD44 transcript

B-Actin S St — expression increased significantly

in VPS35 D620N-expressing cells.
Consistent with CD44 pathway
misregulation, assessment of
protein expression revealed
heightened CD44 expression in
the mutant cells (Fig. 7A).
Interestingly, only a single
truncated isoform of CD44 protein
was observed that correlated to

Fig. 6. VPS35 D620N does not affect HA production. ELISA detection of HA (all forms, >35kDa) CD44v4. Identity of CD44v4 was
production in cell culture supernatant (over 48 h in 0.5% FBS-containing media) from differentiated  confirmed by analysis of the RNA
wild-type and mutant SH-SY5Y cells (results from three independent experiments; student’s f-test; Seq data. What's more, CD44v4

p > 0.05).

while we were unable to detect HAS1 and HAS2 in SH-
SY5Y cells (Fig. 7A). Taken together, these findings
suggest that enhanced HA production is not responsible
for the observed change in AKT signaling for VPS35
D620N-expressing cells.

was very lowly expressed at both

the protein level, requiring
60-80 ung of total lysate and a
sensitive ECL reagent

(WesternSure) to detect, and at the RNA level, nearing
the limit of accurate detection in our RNA-Seq dataset
(Table 2). These factors led us to speculate that CD44
likely provides only a minor contribution to HA signaling
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Fig. 7. VPS35 D620N alters CD44 and HMMR protein expression.
Western blots of differentiated SH-SY5Y cells expressing wild-type
(WT) or D620N VPS35. (A) Visualization of CD44 protein required
80 ng total lysate and ECL substrate with enhanced sensitivity
(WesternSure). (B) HMMR protein detection was performed using
10 pg of total lysate and standard ECL reagent.

in SH-SY5Y cells. We then examined the protein levels of
HMMR, another primary receptor for HA, and found
robust expression of multiple isoforms. However, HMMR
isoform 3 (HMMRv3) protein was strikingly absent from
VPS35 D620N-expressing cells (Fig. 7B). The identities
of all four NCBI annotated isoforms were confirmed at
the transcript level by RNA-Seq data. Collectively, these
data suggest that the HMMRv3 may contribute to the
enhanced activaton of HA-AKT signaling and
autophagy inhibition by VPS35 D620N mutation, with
minor contributions from CD44 misregulation.

HMMR contributes to autophagy dysfunction by
VPS35 D620N

We next sought to determine if CD44 and HMMR
regulated autophagic response. Scrambled as well as

shRNA targeted to CD44 or HMMR were delivered to
SH-SY5Y cells by lentivirus and pure populations of
transduced cells were selected using puromycin.
Successful knockdown was confirmed by gPCR
(Fig. 8A). Interestingly, knockdown of HMMR resulted in
a significant reduction in CD44 transcript expression and
vice-versa. This suggests a shared transcription
regulatory mechanism. Autophagic flux was then
assessed following shRNA-targeted knockdown in
differentiated SH-SY5Y cells. Knockdown of either
HMMR or CD44 resulted in an increase in autophagic
flux in wild-type VPS35-expressing cells (Fig. 8B, C)
while HMMR, and not CD44, knockdown rescued the
VPS35 D620N autophagy defect (Fig. 8D, E).

DISCUSSION

The study of monogenic causes of PD has yielded
valuable insights into the pathogenesis of this disease.
The identification of VPS35 D620N as a causal familial
factor has allowed for the molecular dissection of
signaling pathways that could be important therapeutic
points for this and other forms of PD. It is well-
established that VPS35 D620N inhibits autophagy and
hinders retromer function (Follett et al., 2014; McGough
et al.,, 2014; Zavodszky et al., 2014). Accordingly,
research focus in the field has been placed upon canoni-
cal retromer interactors and pathways. However, this
approach might be limiting as unexpected pathways could
play significant roles in VPS35 D620N pathology. There-
fore, in an effort to assay all potentially relevant signaling
pathways we created isogenic transgenic SH-SY5Y cell
lines (isolated from single clones) expressing VPS35 or
VPS35 D620N and performed RNA Seq transcriptome
analysis. Retinoic acid-differentiated SH-SY5Y cells were
chosen due to their post-mitotic, dopaminergic neuron-
like properties and suitability for the creation of

Table 2. VPS35 D620N affects CD44 and HMMR RNA splice variant expression. SpliceR program analysis was performed on the WT and VPS35
D620N RNA-Seq dataset. Relative expression profiles are presented for all NCBI annotated splice variants as a function of FPKM for (A) CD44 and (B)

HMMR. Significance for differential expression of WT versus D620N is shown

A

Isoform Ref. Seq. Rel. Exp. Rel. Exp. WT/D620N p-value
WT D620N Ratio

V1 NM_000610 0.0000 0.0000 INF 1

V2 NM_001001389 0.0000 0.0142 0 1

V3 NM_001001390 0.0000 0.0000 INF 1

v4 NM_001001391 0.3387 1.0256 0.3303 0.0452

V5 NM_001001392 0.1853 0.0000 INF 1

V6 NM_001202555 0.0000 0.0256 0 1

V7 NM_001202556 0.0000 0.0004 0.0954 1

V8 NM_001202557 0.0444 0.0000 INF 1

B

Isoform Ref. Seq. Rel. Exp. Rel. Exp. WT/D620N p-value

WT D620N Ratio

V1 NM_001142556.1 5.1525 5.5884 0.9220 0.6159

V2 NM_012484.2 0.9834 0.3711 2.6500 0.3170

V3 NM_012485.2 13.5848 13.0535 1.0407 0.6639

V4 NM_001142557.1 1.4806 0.6353 2.3306 0.2983
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Fig. 8. HMMR mediates autophagy repression by VPS35 D620N. (A) Control, CD44 or HMMR expression was inhibited in differentiated SH-SY5Y
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indicated primer sets and normalized to B-Actin transcript expression levels for each reaction. (B) Autophagic flux was examined in wild-type
VPS35-expressing cells by western blot and quantified (C) following shRNA-mediated knockdown, treatment with or without bafilomycin A1 (Baf A1)
and normalization of measurements to VPS35 WT shRNA control. (D) Autophagic flux was also assessed by western blot and quantified (E) in
VPS35 D620N-expressing SH-SY5Y cells following shRNA transduction, Baf A1 treatment and normalization of measurements to VPS35 D620N
shRNA control. Results from three independent experiments are shown (*p < 0.05 versus indicated group, student’s t-test). Representative image
groupings were obtained from single western blot membranes probed with multiple antibodies as indicated. p-Actin antibody was used as a loading

control.

stably-expressing transgenic cell lines (Brown et al.,
1994; Sonnier et al., 2003).

Identification of perturbed HA-AKT signaling as a
contributor to VPS35 D620N-mediated autophagy
dysfunction may offer a therapeutic target for PD as well
as broaden the understanding of autophagy regulation.

We report that HMW HA serves as a negative regulator
of autophagy. Given the high concentration of HMW HA
in the mammalian brain, the physiological consequences
of this finding could be significant. In the scope of
neurological disease, defective autophagy is linked to a
wide variety of maladies (Levine and Kroemer, 2008). If
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HMW HA and autophagic activity are coupled then the
concentration and quality of HMW HA might guide the
path of neurodegenerative disease particularly as individ-
uals age and are less adept at maintaining ECM. In the
context of PD, recognition of HA-AKT pathway involve-
ment in the misregulation of autophagy in catecholaminer-
gic cells could provide a novel target for treatment.

Our finding that VPS35 D620N-expressing cells have
heightened response to HMW but not LMW HA indicates
that HA-AKT signaling is not initiated by a traditional
ligand-receptor mechanism. This finding would imply
that the responsible HA receptor(s) require scaffolding
to a large ECM structure for activation. Previous work
has indeed shown that cytoarchitecture is important for
HA signaling (Neame et al., 1995). Maharjan and col-
leagues have specifically explored the signaling diver-
gences between HMW and LMW HA (Maharjan et al.,
2011). During remodeling, such as following injury,
HMW HA is broken down to LMW by matrix metallopro-
teinases (MMP). This group reported that environments
can direct monocyte differentiation and activation based
upon HA polymer size. It is therefore possible that brain
HA composition could also serve important physiological
functions.

CD44 and HMMR are the most established HA
receptors. These proteins have been extensively studied
in the context of cancer metastasis as being refined
sensors for detecting the state of ECM by an invading
cancer cell (Savani et al., 2001). Upon identifying defec-
tive HA-AKT signaling we examined CD44 and HMMR
expression. We report that SH-SY5Y cells express only
a single isoform (V4) of CD44 (CD44v4) protein, albeit
at very low levels, and that this isoform is found in higher
amounts in mutant versus control cells. We also found
that CD44v4 protein and mRNA levels correlate closely.
However, the extremely low level of CD44 expression
coupled with the observation that the CD44 protein
expression is likely controlled largely by transcriptional
mechanisms suggest that CD44 plays a minor role in
VPS35 D620N dysfunction. In contrast, HMMR protein
is abundantly expressed yet isoform V3 (HMMRv3) is
strikingly absent from VPS35 D620N-expressing cells.
Interestingly, HMMRV3 transcript levels are indistinguish-
able for the wild-type and mutant cells indicating post-
splicing regulation of expression and potentially a direct
role for VPS35 through retromer activity. A role for both
CD44 and HMMR on autophagy is indicated by the
enhanced autophagic flux observed following CD44 or
HMMR knockdown. However, only HMMR knockdown
resulted in rescue of repressed autophagy by VPS35
D620N suggesting that HMMR is an important contributor
for the autophagy defect. We can extrapolate, using the
observed WT versus mutant autophagic flux inhibition
data presented in Fig. 1 (48% reduction for VPS35
D620N cells), that the rescue of HMMR knockdown on
VPS35 D620N autophagy inhibition is restored to a level
comparable to that of control WT VPS35 cells (HMMR
knockdown exhibits 93% autophagic flux of WT VPS35
cells). A possible explanation for the improvement in
autophagic flux in WT VPS35 cells following knockdown
of either HMMR or CD44 is that HMMR signaling is a

strong driver of autophagy inhibition. Knockdown of
CD44 results in a partial knockdown of HMMR (Fig. 8A)
likely through shared transcriptional regulatory mecha-
nisms. This partial knockdown of HMMR might facilitate
increased autophagic flux in a wild-type background but
is not sufficient to rescue the enhanced HMMR signaling
observed in VPS35 D620N cells.

In summary, we report that VPS35 D620N suppresses
autophagy in RA-differentiated SH-SY5Y cells in a
manner consistent with a loss of function mutation.
Using an unbiased RNA Seq screen we identified
misregulated ECM-receptor and PI3K-AKT signaling
pathways in the mutant cells. Subsequent investigation
revealed enhanced HMW HA-AKT signaling and an
expression defect in a single isoform of HMMR
(HMMRv3) in  mutant VPS35-expressing cells.
Knockdown of HMMR, and not CD44, rescued the
VPS35 D620N autophagy defect. These results provide
a compelling rationale to further investigate VPS35
function as it relates to HA-HMMR-AKT signaling and
autophagy in PD.
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