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Abstract Amyotrophic lateral sclerosis (ALS) and fron-
totemporal dementia (FTD) are fatal neurodegenerative
disorders that have common molecular and pathogenic
characteristics, such as aberrant accumulation and ubiq-
uitylation of TDP-43; however, the mechanisms that drive
this process remain poorly understood. We have recently
identified CCNF mutations in familial and sporadic ALS
and FTD patients. CCNF encodes cyclin F, a component of
an E3 ubiquitin—protein ligase (SCF¥ii"F) complex that is
responsible for ubiquitylating proteins for degradation by
the ubiquitin—proteasome system. In this study, we exam-
ined the ALS/FTD-causing p.Ser621Gly (p.S621G) muta-
tion in cyclin F and its effect upon downstream Lys48-spe-
cific ubiquitylation in transfected Neuro-2A and SH-SYS5Y
cells. Expression of mutant cyclin F56*16 caused increased
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Lys48-specific ubiquitylation of proteins in neuronal cells
compared to cyclin F¥T, Proteomic analysis of immunopre-
cipitated Lys48-ubiquitylated proteins from mutant cyclin
F5921G_expressing cells identified proteins that clustered
within the autophagy pathway, including sequestosome-1
(p62/SQSTM1), heat shock proteins, and chaperonin com-
plex components. Examination of autophagy markers p62,
LC3, and lysosome-associated membrane protein 2 (Lamp2)
in cells expressing mutant cyclin F21C revealed defects in
the autophagy pathway specifically resulting in impairment
in autophagosomal-lysosome fusion. This finding highlights
a potential mechanism by which cyclin F interacts with p62,
the receptor responsible for transporting ubiquitylated sub-
strates for autophagic degradation. These findings demon-
strate that ALS/FTD-causing mutant cyclin FS21S disrupts
Lys48-specific ubiquitylation, leading to accumulation of
substrates and defects in the autophagic machinery. This
study also demonstrates that a single missense mutation in
cyclin F causes hyper-ubiquitylation of proteins that can
indirectly impair the autophagy degradation pathway, which
is implicated in ALS pathogenesis.

Keywords Ubiquitylation - Phosphorylation - CCNF -
Cyclin F - Amyotrophic lateral sclerosis - Frontotemporal
dementia - Motor neuron disease

Introduction

Amyotrophic lateral sclerosis (ALS) is characterised by the
progressive death of motor neurons in the brain and spinal
cord leading to paralysis and muscle degeneration. We iden-
tified pathogenic mutations in a new ALS/FTD gene, CCNF,
in both familial and sporadic ALS/FTD patients [1]. More
recently, we have shown that expression of a pathogenic
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mutation in the CCNF gene in zebrafish caused motor neu-
ron axonopathy, consisting of shortened primary motor
axons that led to increased cell death in the spinal cord and
an aberrant motor phenotype [2]. The CCNF gene encodes
the protein cyclin F, a component of an Skp1-Cull-F-box
(SCF) E3 ubiquitin—protein ligase complex that is an integral
part of a cell’s protein recycling system that ubiquitylates
unnecessary and damaged proteins for degradation by the
proteasome [3].

Protein degradation is an essential cellular process that
is carried out by two major intracellular protein degrada-
tion pathways: the ubiquitin—proteasome system (UPS) and
autophagy. Ubiquitylation is carried out in three main steps:
activation by Els, ubiquitin conjugation by E2s, and sub-
strate ligation by E3s. The result of this sequential cascade
is the covalent attachment of ubiquitin-to-lysine residues on
proteins, with the use of different lysine residues in ubiquitin
resulting in specific chain types that direct the tagged pro-
teins to different functional outcomes. Distinct polyubiqui-
tylation linkages on substrates target their destruction via
different proteolytic pathways. For example, Lys48-ubiqui-
tylated substrates are degraded by the proteasome, and those
that are Lys63-ubiquitylated are degraded by autophagy [4,
5]. However, the cell’s compensatory pathways allow both
Lys48- and Lys63-ubiquitylated substrates to be degraded by
either UPS and/or autophagy pathways via different mech-
anisms [6—11]. One example is the adaptor protein, p62/
SQSTM1, which binds Lys63-ubiquitylated substrates and
sequesters them for autophagic degradation, but upon casein
kinase II-mediated phosphorylation at Ser403, sequesto-
some-1 (p62/SQSTM1) switches its binding to target Lys48-
ubiquitylated substrates for autophagy [6].

Autophagy is a degradative process by which redundant
and dysfunctional components are catabolized by lysosomes
by either (1) engulfing and delivering cytosolic components
in bulk to lysosomes (macroautophagy), or (2) direct engulf-
ment of small volumes of cytosolic substrates by lysosomes
(microautophagy), or (3) selecting substrates containing a
pentapeptide motif (KFERQ) bound to chaperone complexes
that are translocated to the lysosome (chaperone-mediated
autophagy). Defective autophagy has been associated with
pathological mutations of several ALS and FTD-linked
genes including SODI [12], p62/SQSTM1 [13], FUS [14,
15], TARDBP [16], DCTN [17, 18], VCP [19], TBK1 [20,
21], OPTN [22-24], and CHMP2B [25] suggesting that
such defects play a causative role in ALS pathogenesis.
Furthermore, the proteins encoded by many of these ALS/
FTD genes (SQSTM1, VCP, TBK1, OPTN, and CHMP2B)
are also components of the autophagic machinery. In addi-
tion, genetic ablation of Atg5 and Atg7, proteins that are
required for autophagosome formation, in mice led to motor
deficits and spontaneous accumulation of ubiquitylated pro-
tein inclusions in motor neurons, further suggesting that
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compromised autophagy contributes to ALS pathogenesis
[26, 27]. Impairments to any of the multitude of steps in the
autophagy process can lead to defective autophagic flux and
vesicle trafficking, particularly in neurons, where retrograde
transport of autophagosomes over relatively long distances
is required to fuse with the lysosome in the cell body [28].

In this study, we identify differences in Lys48-ubiquit-
ylated proteins in cells expressing wild-type cyclin F and
ALS/FTD pathogenic mutant cyclin F$62!S, Using a com-
bination of Lys48-specific immunoprecipitations and mass
spectrometry profiling, we demonstrate that expression of
cyclin FS6216 Jeads to accumulation of Lys48-ubiquitylated
proteins that cluster within essential cellular pathways
including autophagy. Accordingly, we show that autophago-
somal formation and lysosomal fusion are significantly
impaired in neuronal-like cells expressing mutant cyclin
F36216 compared to wild-type cyclin F. These findings pro-
vide the first mechanistic insight into how a disease-causing
mutation in cyclin F contributes to defects in protein degra-
dation pathways that may underlie the pathogenesis of ALS/
FTD.

Methods
Reagents and antibodies

All chemicals and reagents were of the highest grade and
obtained from Sigma-Aldrich unless otherwise stated. The
antibodies used in this study include: rabbit anti-Lys48 ubig-
uitin clone Apu2 (catalog #05-1307, Millipore, MA, USA),
rabbit anti-Lys63 ubiquitin clone Apu3 (catalog #05-1308,
Millipore, MA, USA), mouse anti-ubiquitin (FK2) (cata-
log #BML-PW8810, Enzo Life Sciences, NY, USA), rab-
bit anti-profilin (catalog #3237, Cell Signaling Technology,
MA, USA), rabbit anti-mCherry (catalog #NBP2-43727,
Novus Biologicals, CO, USA), rabbit anti-p62/SQSTM 1
(catalog #5114, Cell Signaling Technology, MA, USA and
catalog #P0067, Sigma-Aldrich, MO, USA), rabbit anti-
microtubule-associated protein 1A/1B-light chain 3 (LC3)
(catalog #NB100-2220, Novus Biologicals, CO, USA), rab-
bit anti-Lamp2a (catalog #ab18528, Abcam, Cambridge,
UK), mouse anti-Gapdh (catalog #NB300-221, Novus Bio-
logicals, CO, USA), mouse anti-FLAG clone M2 (catalog
#F3165, Sigma-Aldrich, MO, USA), and pre-immune nor-
mal rabbit IgG (catalog #sc-2027, Santa Cruz Biotechnol-
ogy, TX, USA).

Cell culture and transfection
Neuro-2A, SH-SYS5Y, or HEK293 cells were plated at

1 x 10° cells in 100 mm plates and maintained in DMEM
(Sigma-Aldrich, MO, USA) supplemented with 10%
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heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich,
MO, USA) and 1% antibiotics (100 mg/mL streptomycin
and 100 U/mL penicillin) (Sigma-Aldrich, MO, USA) in a
37 °C heat-jacket humidified incubator with 5% CO,. Fol-
lowing 48 h of growth, Neuro-2A, SH-SY5Y or HEK293
cells were transfected with cDNA constructs as previously
described [1]. Neuro-2A cells were used for all proteomics
analysis, immunoprecipitations and immunoblotting analy-
sis. SH-SYS5Y and HEK293 cells were used for immunob-
lot analysis for autophagy markers (Lamp2a, LC3, and p62/
SQSTM1). SH-SYSY cells were used to measure the level
of autophagosome fusion by confocal microscopy. Primary
fibroblast cultures were maintained and written consent and
human research ethics are previously described [29].

Cell lysis and immunoprecipitation

Transfected Neuro-2A cells were lysed with probe sonica-
tion (10 s, Setting 3, Branson Sonifier 450) in extraction
buffer (1% (v/v) Nonidet P-40 in Tris-buffered saline (TBS)
containing 2 mM EDTA), 10 mM N-ethylmaleimide and
complete protease inhibitor cocktail and phosSTOP (Roche,
WI, USA). Cellular debris was pelleted at 14,000xg (30 min
at 4 °C). Typically, 2 pg of antibody per 500 pg of pro-
tein extract was used for immunoprecipitations. Protein
A/G magnetic beads (Catalog #88802, Pierce Biotechnol-
ogy, IL, USA) were used to capture the antibody:protein
complex. Immunoprecipitation mixtures were washed with
extraction buffer and then either resuspended in 1x LDS
buffer with 50 mM DTT, and heated at 95 °C for 10 min for
western blot analyses or washed in PBS, eluted with 0.2 M
glycine pH 2.5 and neutralised with 0.2 M Tris pH 9.0 for
in-solution trypsin digestion and LC-MS/MS analyses. A
pre-immune control IgG immunoprecipitation was carried
out in triplicate, and the non-specific proteins identified from
this analysis were excluded from the collection of identified
proteins from mCherry-transfected cells. All cell lysis and
immunoprecipitations procedures were carried out on trans-
fected Neuro-2A cell lines from different passages.

SDS PAGE and western blotting analysis

Denatured proteins (15 pg) were separated on 4-12%
Bis—Tris pre-cast gels according to manufacturer’s instruc-
tions. SDS PAGE-separated proteins were transferred onto
nitrocellulose membranes using the Bio-Rad Turbo Trans-
fer apparatus (13 V, 1.3 A for 7 min or 25 V, and 2.5 A
for 10 min). Blots were incubated with primary antibod-
ies (1:1000) in 3% (w/v) bovine serum albumin (BSA)
in phosphate-buffered saline with 0.05% (v/v) Tween-20
(PBS/T) overnight at 4 °C. After incubation, membranes
were incubated with fluorescently labelled IRDye 800CW
Goat Anti-Rabbit IgG or IRDye 700CW Goat Anti-mouse

IgG secondary antibodies (1:15,000). Proteins were imaged
using an Li-Cor Odyssey imaging system at the appropriate
wavelength. Densitometry analysis was conducted using the
Imagel] software (v1.47; National Institute of Health) [30]
and statistics were conducted using Microsoft Excel and
GraphPad Prism. Graphs were made using GraphPad Prism
and Microsoft Excel.

Immunofluorescence microscopy and co-localization
analysis

Neuro-2A cells were plated at 1.6 x 10° cells/well in 6-well
plates with glass coverslips pre-coated with poly-L-lysine
(catalog #P4707, Sigma-Aldrich, MO, USA). Following
48 h of growth, cells were transfected with 1.3 ug of DNA
and allowed to incubate as described above. Cells were
washed with sterile PBS, fixed with 4% (v/v) paraformalde-
hyde, and washed with PBS. Fixed cells were permeabilized
with PBS containing 0.2% (v/v) Triton-X-100 for 10 min,
before incubating with blocking solution (1% (w/v) BSA in
PBS/T and 0.2 M glycine). The coverslips were incubated
with anti-Lys48 ubiquitin in 1% (w/v) BSA in PBS/T (1:100)
overnight at 4 °C, washed with PBS, and further conjugated
with secondary antibody (1:250, anti-rabbit Alexa Fluor-
488, Molecular Probes) for 1 h at RT. The coverslips were
mounted in ProLong® Gold antifade Mountant with DAPI
(Life Technologies) and imaged on Leica TCS SP8 Confo-
cal Microscope. The level of co-localization was calculated
using the iMaris software (Bitplane) and analysed based
on the degree of overlapped signals between the proteins
of interest via the threshold Mander’s coefficient [31]. The
Mander’s correlation coefficient measures the degree of
overlapping between signals captured in the two channels.

Autophagic flux measurements by immunofluorescence
microscopy

Human neuroblastoma SH-SYSY cells were seeded in
24-well plates containing 13-mm round coverslips and
maintained in complete DMEM. Cells were maintained in
a humidified 37 °C incubator with 5% CO,. Cells were co-
transfected transiently with pcDNA3.1-FLAG-CCNF™T,
pcDNA3.1-FLAG-CCNFS%2!S or pcDNA3.1 vector, and
mCherry-EGFP-LC3 deposited by Dr. Jayanta Debnath
(Addgene plasmid # 22418) [32] using Lipofectamine 2000
(Life Technologies; 11668) according to the manufacturer’s
instructions. After 42 h post-transfection, cells were serum-
starved for 6 h to induce autophagy followed by fixation in
4% paraformaldehyde in phosphate-buffered saline (PBS)
for 10 min. As a positive control, untransfected and co-trans-
fected cells with FLAG-CCNF and mCherry-EGFP-LC3
were also treated with 100 nM bafilomycin (BFA) for 4 h
and measured according to Klionsky et al. [33]. Cells were
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washed three times with PBS after each step and permeabi-
lised with 0.1% Triton-X-100, then blocked with 1% bovine
serum albumin (Sigma) in PBS for at least 1 h at room tem-
perature. Cells were then incubated with anti-FLAG (1:250,
Sigma) antibody overnight and washed three times with
PBS. Secondary Alexa Fluor-647 conjugated anti-mouse
(1:1000, Life Technologies) was incubated for 1 h at room
temperature, and then, cells were washed two times with
PBS. Coverslips were mounted in fluorescence mounting
medium (DAKO, North Sydney, NSW, Australia). Zeiss
LSM 880 laser scanning microscope was used to acquire
images (Carl Zeiss, Oberkochen, Germany). Images were
collected using a 100x/1.4 Plan-Apochrome oil objective
lens as sequential scans using Zeiss LSM 880 inverted con-
focal microscope. In dual-channel imaging, photomultiplier
sensitivities and offsets were set to a level at which bleed-
through effects from one channel to another were negligible.
The Z-stack images were generated using a constant Z-stack
interval. Green fluorescence was detected using an Argon
laser, red fluorescence was detected using a DPSS 561-10
laser, and far red fluorescence was detected using a HeNe633
laser. All images were processed using the Zen imaging soft-
ware. In a merged image, double-tagged mCherry-GFP-LC3,
which appears that yellow and mCherry in red were counted
per cell. Twenty-five cells were scored in each experiment
and all experiments were performed in triplicate. Only single
cells expressing both FLAG and mCherry-GFP-LC3 were
selected for analysis. The bar graph shows the average per-
centage of autophagosomes (yellow) and autolysosmes (red)
of total LC3-labelled vesicles.

E3 ligase activity assay

E3 ligase activity was determined using the E3LITE Cus-
tomisable Ubiquitin Ligase ELISA Kit (LifeSensors,
PA, USA) as per manufacturer’s instructions. UBE2D3
was selected as the E2 enzyme and Lys48—ubiquitin was
selected as the ubiquitin substrate. Briefly, mCherry-only
vector, mCherry—cyclin F or pre-immune rabbit control
IgG was immunoprecipitated from transfected Neuro-2A
cells as described above. Protein A/G beads were washed
(3%) in 100 mM Tris—HCI (pH 8.0), 10 mM MgCl, and
resuspended in 25 pl in assay buffer (100 mM Tris—HCI,
10 mM MgCl,, 0.2 mM DTT, pH 8.0). Immunoprecipitated
mCherry, mCherry-cyclin F, and pre-immune rabbit control
IgG were then added to wells containing the enzyme cocktail
(E1 activating enzyme, E2 conjugating enzyme UBE2D3,
and recombinant Lys48—ubiquitin). Each ligase reaction was
activated by the addition of ATP (0.4 mM) and incubated at
room temperature for 30 min. Each well was washed with
PBS/T (3x), incubated with detection solution 1 for 60 min
at RT, and followed by incubation with streptavidin-HRP for
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60 min at room temperature. Luminescence was measured
on a FLUOstar OPTIMA reader (BMG Labtech).

Trypsin digestion and LC-MS/MS

Immunoprecipitated proteins from transfected Neuro-2A
cell lysates were reduced and alkylated with 10 mM DTT
and 55 mM iodoacetamide (IAA), respectively, and digested
with trypsin (1:50 enzyme:protein) overnight at 37 °C. The
digestion was inactivated by the addition of 2 pL of formic
acid. Tryptic peptides were desalted on a pre-equilibrated
C,g Sep-Pak cartridge and eluted in 90% (v/v) ACN, 0.1%
(v/v) formic acid, and dried under vacuum centrifugation.

Peptide fractions were separated on a nanoLC system
(Thermo) employing a 90 min gradient (5-40% v/v ace-
tonitrile, 0.1% v/v formic acid for 85 min followed by 90%
v/v acetonitrile, and 0.1% v/v formic acid for 5 min) with a
flow rate of 300 nL/min. The peptides were eluted and ion-
ized into either an Orbitrap Velos or Q-Exactive mass spec-
trometer (Thermo). The electrospray source was fitted with
an emitter tip 10 pm (New Objective, Woburn, MA, USA)
and maintained at 2.0 kV electrospray voltage. Precursor
ions were selected for MS/MS fragmentation using a data-
dependent “Top 10” method operating in FT-FT acquisition
mode with CID or HCD fragmentation. IT-MS and FT-MS
on the Orbitrap Velos were carried out with a survey scan
range between m/z 350 and1800 Da with MS/MS threshold
of 500 ions for CID, and MS/MS threshold of 5000 ions for
HCD, with an isolation width of 2.0 Da and normalised col-
lision energy of 35%.

FT-MS analysis on the Q-Exactive was carried out with a
35,000 resolution and an AGC target of 1 X 10° ions in full
MS; and MS/MS scans were carried out at 17,500 resolu-
tion with an AGC target of 2 x 10 ions. Maximum injection
times were set to 120 and 60 ms, respectively. The ion selec-
tion threshold for triggering MS/MS fragmentation was set
to 25,000 counts and an isolation width of 1.9 Da was used
to perform HCD fragmentation with normalised collision
energy of 30%.

Spectra files were processed using the Proteome Discov-
erer 1.4 software (Thermo) incorporating the Mascot search
algorithm (Matrix Sciences, UK). Peptide identifications
were determined using a 30-ppm precursor ion tolerance
and a 0.8-Da MS/MS fragment ion tolerance for IT-MS and
CID fragmentation, or 10-ppm precursor ion tolerance and
a 0.05-Da MS/MS fragment ion tolerance for FT-MS and
HCD fragmentation. Carbamidomethylation modification
of cysteines was considered a static modification, while
oxidation of methionine, deamidation of asparagine and
glutamine, GlyGly residues on lysine, and acetyl modifica-
tion on N-terminal residues were set as variable modifica-
tions allowing for maximum three missed cleavages. The
data were processed through percolator for estimation of
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false discovery rates. Protein identifications were validated
employing a g value of 0.01, a minimum of two peptides
and protein identification in at least three of the five repli-
cates was used as additional filtering criteria. The data have
been deposited to the ProteomeXchange with identifier
PXDO002011 (Username: reviewer04404 @ebi.ac.uk; Pass-
word: wGNmnflg).

Gene ontology annotation and ingenuity analysis

Gene ontology (GO) annotations were analysed using the
DAVID Bioinformatics Resources software (http://david.
abcc.ncifcrf.gov/). Each identifier was mapped from non-
redundant Protein Information Resource (PIR) databases.
InterPro annotations of domain and motif information were
obtained in a sequencewise manner and collated together
with annotations retrieved from Gene Ontology Mapping.

Ingenuity Analysis® was used to interrogate the filtered
lists of immunoprecipitated Lys48-ubiquitylated proteins.
The IPA core analysis employed the Ingenuity Knowledge
Base references set to identify direct and indirect relation-
ships in mouse cell lines only composing of 35 molecules
per network with each analysis composing of 50 networks
based on the IPA content version 14855783 (release date
April 5, 2013). Protein networks were extracted using the
IPA software based on the core analysis of the filtered data
set.

Results and discussion

We recently identified a mutation in the CCNF gene
(p-S621G) in a large Australian family with ALS and FTD
[1], and expression of the cyclin F5%2!S mutant protein in
zebrafish caused motor neuron axonopathy. This consisted
of shortened primary motor axons that led to increased
cell death in the spinal cord and an aberrant motor pheno-
type [2]. In this previous study, we identified by label-free
quantitative proteomics increased expression of caspase-3
in transfected Neuro-2A cells expressing mutant cyclin
F5621G compared to the wild type. We verified this finding
by transient overexpression of human CCNF in zebrafish
embryos and confirmed increased levels of cleaved (acti-
vated) caspase-3 and increased cell death in the spinal cord
of zebrafish-expressing mutant cyclin F2!6 [2]. However,
the underlying molecular mechanism by which cyclin F5%216
triggers apoptosis is unknown.

To address this issue, we have investigated whether the
S621G mutation alters the ubiquitylation activity of cyclin
F. Given the role of cyclin F as the substrate recognition
subunit of the SCFi"F) E3 ybiquitin ligase complex, we
previously observed increased global levels of ubiquitylated
proteins [1]. We predict that the S621G mutation directly

alters the ubiquitylation activity of cyclin F5°2!6, Hence, in
this study, we examined the specific E3 ligase activity of
immunoprecipitated wild type and mutant cyclin F3*16 and
whether different classes of proteins were Lys48-ubiquity-
lated. Accordingly, we report that expression of cyclin FS9216
resulted in specific increase of Lys48-ubiquitylated proteins,
but not Lys63-ubiquitylated proteins. Furthermore, we have
used a proteomics workflow to identify and compare the
different subsets of Lys48-ubiquitylated proteins from neu-
ronal-like cells expressing cyclin FVT and cyclin FS9216,
We identified Lys48-ubiquitylated proteins clustered to the
autophagy pathway that were uniquely present in mutant
cyclin F3%*1S_expressing cells, and subsequently have veri-
fied specific dysfunction in autophagosomal formation and
fusion in cells expressing cyclin F5921C,

Lys48 ubiquitylation of proteins is elevated in mutant
cyclin FS21C_expressing cells

E3 ligases mediate the recognition of proteins targeted for
degradation by covalently attaching mono- and poly-Lys48-
ubiquitin chains to these proteins. Several studies have indi-
cated that mutations, deficiency or dysfunction of ubiqui-
tin E3 ligases, lead to neurodegenerative diseases [34-37].
To examine global polyubiquitylation differences between
cells expressing cyclin F¥T and cyclin F562'S Neuro-2A
cell lysates were immunoblotted for Lys48 ubiquitin and
Lys63 ubiquitin. Lys48 ubiquitylation was approximately
twofold higher (2.01-fold, n = 3, p = 0.014) in mutant cyc-
lin FS62!G-expressing cells compared to wild-type controls
(Fig. 1a), while there were no statistically significant differ-
ences observed in Lys63 ubiquitylation (1.19-fold, n = 3,
p =0.0897, Fig. 1b). We next verified the elevation of Lys48
ubiquitylation by immunofluorescence microscopy of Neuro-
2A cells expressing mCherry-tagged cyclin F by quantify-
ing the levels of Lys48 ubiquitylation in cells expressing
mCherry alone (Fig. 1c). The degree of co-localization
between mCherry-cyclin F and Lys48 ubiquitin was ana-
lysed using Mander’s correlation coefficient. This revealed
a significant increase (>1.4-fold, n = 19, p < 0.0001) in
the Lys48 ubiquitylation in cells expressing cyclin FS6216
compared to the cyclin F¥T control (Fig. 1c). Mutant cyclin
F5621G_expressing cells revealed a high (R* = 0.89) correla-
tion between the level of Lys48 ubiquitylation and cyclin
F-tagged mCherry, compared to cyclin FY T-expressing cells
(R*=0.67). Collectively, these data indicate that expression
of cyclin F3921G contributes, either directly or indirectly, to
the increased Lys48 ubiquitylation of cellular proteins in
transfected Neuro-2A cells.

We have reported that ubiquitin-mediated protea-
some degradation was impaired in NSC-34 cells trans-
fected with mutant cyclin F5¢2!6, but proteasome func-
tion was unaffected in both wild type and mutant cyclin
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Fig. 1 Aberrant Lys48-specific ubiquitylation of proteins in mutant
cyclin FS%2!S_expressing Neuro-2A cells. a Immunoblot analyses of
cyclin F¥T and mutant cyclin FS%2'S cell lysates showed increased
Lys48 ubiquitylation of cellular proteins in the mutant compared to
the wild type (unpaired ¢ test, p = 0.014, n = 3). Vertical dashed line
indicates cropped lanes. b No statistically significant differences were
observed in Lys63 ubiquitylation of cellular proteins between cyclin
FYT and mutant cyclin F5%2!C_expressing Neuro-2A cells. ¢ Immuno-

F3921G expressing cells, as they displayed relatively simi-

lar protein turnover rates [1]. Therefore, the higher lev-
els of global Lys48 ubiquitylation of protein substrates
in mutant cyclin F5%?!C-expressing cells suggest either
impairment to the enzymatic process and/or transporta-
tion of ubiquitylated substrates to the proteasome. Notably,
no apparent differences were detected in bulk quantifica-
tion of Lys63 ubiquitylation, demonstrating the specificity
of mutant cyclin F3216 ypon Lys48-specific ubiquityla-
tion. We examined the E3 ligase activity of wild type and
mutant cyclin F$%2!6 by immunoprecipitating mCherry
and performing E3 ligase assays on protein A/G beads
using a commercial ELISA (Fig. 2). The E3 ligase activ-
ity of mutant cyclin F392!S was approximately 1.35-fold
higher than the wild type (Fig. 2), which is consistent with
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Transfected CCNF Neuro2A cells

fluorescence microscopy of transfected Neuro-2A cells demonstrated
elevated Lys48-ubiquitylation in cells expressing mCherry-cyclin
F5621G relative to those expressing mCherry-cyclin FVT by ~1.4-fold
(unpaired two sample ¢ test with Welch’s correction, p < 0.0001,
n = 19). Mander’s co-localization coefficient measured the level of
Lys48 ubiquitylation in only mCherry-expressing cells. Scale bars
50 pm

the increase in Lys48 ubiquitylation of cellular proteins
observed by immunoblotting (Fig. 1a).

Different subsets of proteins are Lys48-ubiquitylated
in cells expressing cyclin F¥T and cyclin
F3621G_transfected cells

Using Lys48-ubiquitin immunoprecipitations and LC-MS/
MS, we employed a shotgun proteomics approach to deter-
mine the proteomic differences in Lys48-ubiquitylated
proteins between cyclin FVT and cyclin FS%2!S_expressing
cells. From triplicate analysis, 88 immunoprecipitated pro-
teins were detected from cells expressing the mCherry-only
construct and we considered these proteins to be constitu-
ents of the basal Lys48-ubiquitylated proteome. Of the three
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Fig. 2 E3 ligase activity of
mutant cyclin F5621G is elevated.
E3 ligase activity of Lys48
ubiquitylation was elevated

in Neuro-2A cells expressing
mutant cyclin F5%2!'C compared
to the cyclin™ T control (Student
t test, p = 0.0228, n = 3).
Immunoblot analysis of the
immunoprecipitant after the

E3 ubiquitin reaction indi-

p<0.05

—
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MCyclinF-mCherry

75

cated equivalent enrichment of
mCherry-cyclin F

Immunoprecipitation

transfected cell lines, 62 proteins were commonly enriched.
In addition, we identified 395 and 205 immunoprecipitated
proteins from cyclin F¥T and cyclin F3¢21G cells, respec-
tively (Fig. 3a). Although 92 proteins were common, differ-
ent subsets of proteins were immunoprecipitated from cyclin
FVT (234 unique) and cyclin F%2!G (43 unique) expressing
cells (Fig. 3a; Supplementary Information). We validated a
subset of the co-immunoprecipitated proteins by confirm-
ing the Lys48-ubiquitin status of selected proteins (p62/
SQSTMI, profilin, and cyclin F) by immunoprecipitations
followed by immunoblot analysis in cells expressing cyclin
F"T and mutant cyclin F5%%1€ (Fig. 3b).

Gene ontology analysis of the three subsets of Lys48-
ubiquitylated proteins between transfected mCherry, cyc-
lin FVT, and cyclin F5921C cells, revealed subtle differences
in the types of proteins based on their molecular function
(Supplementary Information), although no ontologies dis-
criminated between the wild type and mutant. Therefore,
we used Ingenuity Pathway Analysis (IPA) to determine
whether Lys48-ubiquitylated proteins identified from cyclin
FYT and cyclin FS921€ cells clustered into specific biological
networks and signaling pathways. Interestingly, there was
a higher percentage of Lys48-ubiquitylated proteins found
in mutant cyclin F321G cells that are involved in cellular
maintenance and cytoskeletal organisation compared to the
wild type (Fig. 3c). Specifically, these proteins clustered into
functional IPA categories including Cell Death and Survival
(such as ATG7 and CCT complexes), Cellular Assembly
(such as NEFH and NEFL), Cell Function and Maintenance
(such as CFL1 and APC), and Cellular Compromise (such
as MAPIB and HSPAS) (Fig. 3c). Of these, only mutant
cyclin F5€21G cells showed Lys48-ubiquitylated proteins
clustered to specific protein networks such as the chaperonin
(CCT) complexes that transport proteins to the autophagy
machinery and various constituents of the autophagy path-
way itself (Fig. 4) [38]. ATG7, HSP90, CTLA4, MAPT,

50
37

25

RELN, CCTS8, LRP5, and SHC1 were uniquely identified
in the Lys48 immunoprecipitation from the mutant cyclin
F5621G cells. These findings provided a rationale to further
investigate whether mutant cyclin F3*'S could disrupt the
macroautophagy process within cyclin F-expressing cells.

Defective autophagy in SH-SYSY cells expressing ALS/
FTD-mutant cyclin F5¢216

For the autophagy degradation process to occur, cytoplas-
mic contents (including organelles) are first enclosed by a
phagophore to form an autophagosome. Second, the outer
membrane of the autophagosome fuses with the endosome,
and subsequently the lysosome. Finally, once fusion is initi-
ated, the contents of the autophagosome are released and
subsequently degraded by lysosomal acidic hydrolases
[39]. We assessed markers of macroautophagy by immu-
noblotting analysis of lysosome-associated membrane pro-
tein 2A (Lamp2A), LC3, and p62/SQSTMI1, respectively
(Fig. 5a). Interestingly, compared to cells transfected with
the pcDNA3.1 vector, we observed increased levels of
Lamp2A in cells expressing mutant cyclin FS216 (1.35-
fold, n = 3, p = 0.0475) and cyclin FVT (1.54-fold, n = 3,
p =0.0318), suggesting a defect in fusion of the lysosome to
the autophagosome during macroautophagy. Next, we immu-
noblotted for LC3, a marker of early phagophore formation,
and identified that the level of LC3-II normalised to the
GAPDH loading control [33] was decreased in cells express-
ing mutant cyclin F56216 (0.75-fold, n = 3, p = 0.0351). This
suggests decreased conversion of LC3-I-LC3-II, which is
indicative of decreased formation of the autophagosome,
and therefore, that fusion to the lysosome may be impaired
in mutant cyclin F32!S_expressing cells under normal con-
ditions. Finally, we measured the levels of p62/SQSTMI,
a marker of autophagy induction/flux, and found that p62/
SQSTMI1 was elevated in cells expressing mutant cyclin
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Fig. 3 Common and unique proteins identified from Lys48 immu-
noprecipitations. a Proteomic analysis of immunoprecipitated Lys48-
ubiquitylated proteins from Neuro-2A cell lysates shows unique
and common proteins between cells transfected with only mCherry,
mCherry-cyclin F¥T and mutant mCherry-cyclin FS2/C (n = 5). b)
Validation of proteomics analysis by Lys48-ubiquitin immunopre-
cipitations of mCherry-cyclin F¥T and mCherry-cyclin FS%!6 cell
lysates followed by immunoblots for ubiquitin, mCherry-cyclin F,

FS621G (1.39-fold, n = 3, p = 0.0486) compared to the wild
type. Increased p62/SQSTMI levels have been used as a
marker for inhibition of autophagy or defects to autophagic
degradation [40-43], and is often used as a marker for
autophagy induction [44, 45]. The increased levels of the
adaptor protein p62/SQSTM1 in mutant cyclin FS%21G cells
may indicate that either (1) substrates are being transported
to the autophagosome but not degraded leading to an accu-
mulation of p62/SQSTMI1 and/or (2) both degradative
pathways (autophagy and UPS) are unable to sustain the
increased levels of Lys48-ubiquitylated substrates caused
by hyper-ubiquitylation activity of mutant cyclin F. In this
manner, mutant cyclin FS°2!6 creates a circular cascade that
leads to progressive accumulation of Lys48-ubiquitylated
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p62/SQSTMI1, and profilin (n = 3). ¢ Ingenuity Pathway Analysis
(IPA) revealed statistically significant differences in proteins clustered
to biological processes involved in cellular assembly and organisa-
tion (Right tail Fischer Exact Test, cyclin VT, p =123 x 1073,
cyclin FS9216 p = 437 x 107%), and cell death and survival (Right
tail Fischer Exact Test, cyclin FVT, p = 1.79 x 107%, cyclin FS6216,
p=4.56x107%

proteins. Supporting our findings, Korolchuk and colleagues
demonstrated that dysfunctional macroautophagy resulted
in p62/SQSTMI1 accumulation and consequently led to
increased levels of ubiquitylated proteins that compromised
their delivery and degradation by the UPS [46].

To verify whether the increased levels of Lys48-ubiqui-
tylated proteins was due to decreased level of protein deg-
radation or defects in the autophagy pathway, we examined
the fusion of autophagosomes to lysosomes by expression
of a tandem mCherry-EGFP-LC3 construct [33, 47], using
serum starvation to induce autophagy (Fig. 5b). This assay
is based on the nature of the GFP protein, which is highly
sensitive to the acidic environment of the lysosomes. Under
these conditions, the signal from GFP is quenched within
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lar chaperone machinery and autophagy pathway. Bolded and dashed

the lysosome, whereas mCherry is stable. Thus, in the non-
acidic environment of autophagosomes, before fusion with
lysosomes, LC3 puncta show both GFP and mCherry sig-
nals, but once the maturation to autophagolysosomes occurs,
only the mCherry signal will be present [47]. The fusion
of the autophagosome to the lysosome is thought to cause
displacement of its contents within the acidic environment
of the lysosome for degradation. That is, the presence of
co-localization of both mCherry and GFP fluorescence is
indicative of improper fusion of the autophagosome to the
lysosome, whereas observations of mCherry fluorescence
alone correspond to proper fusion, mature autophagolyso-
some formation, and suggests downstream clearance of sub-
strates [33].

SH-SYSY cells were either untransfected or transfected
with pcDNA3.1, FLAG-CCNF"T, or FLAG-CCNF5621¢
for 48 h. Following transfections and serum starvation to
induce autophagy, we observed no statistical difference
in autophagosome and lysosomes between untransfected
and pcDNA3.1 controls, with both showing quench-
ing of the GFP signal indicative of proper fusion to the
lysosome (Fig. 5b, c). Elevated levels of autophagosomes
were observed in cells expressing mCherry-EGFP-LC3
and FLAG-cyclin F3¢216 compared to cells expressing

Autophagy

lines indicate direct and indirect interactions, respectively, and com-
ponents coloured in grey identified by LC-MS/MS. ATG7, HSP90,
CTLA4, MAPT, RELN, CCT8, LRP5, and SHC1 were uniquely
identified in the Lys48 immunoprecipitation from the mutant cyclin
FS921G cells

pcDNA3.1 (1.96-fold, p < 0.0001) and FLAG-cyclin FVT
(1.68-fold, p < 0.0001) (Fig. 5c). Accordingly, the levels
of autolysosomes were reduced in cells expressing mutant
FLAG-cyclin F3216 compared to pcDNA3.1 (0.51-fold,
p <0.0001) and FLAG-cyclin F¥T (0.59-fold, p < 0.0001),
suggesting that the fusion of the autophagosome to the lyso-
some is impaired in mutant cyclin F®2!S_expressing cells,
thus possibly affecting the degradation and clearance of
substrates.

Defective autophagy recapitulated in HEK293
and human primary fibroblast cells expressing mutant
cyclin FS¢21G

To confirm whether cyclin FS%2!C overexpression causes
defects in the autophagy pathway in other cell types, we
repeated these experiments in transiently transfected
HEK?293 cells and human primary fibroblasts derived from
an ALS patient with the CCNF3%*/¢ mutation. In HEK293
cells, we observed similar results to the experiments carried
out in SH-SYS5Y cells (Fig. 5a). Specifically, immunoblot
analyses revealed increased expression of p62/SQSTM1 by
1.41-fold (unpaired ¢ test, n = 3, p = 0.0476) and reduced
LC3-I-LC3-II conversion by 0.78-fold (unpaired ¢ test,
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4 Fig. 5 Impaired autophagosomal fusion and formation in SH-SY5Y
cells expressing cyclin F52!6, a Immunoblot analyses of autophagy
markers LC3, p62/SQSTMI1, Lamp2a in untransfected, mCherry-
only, mCherry-cyclin F¥T and mCherry-cyclin F5%2!C_expressing
cells shows the reduced conversion of LC3-I to LC3-II by 0.75-fold
(unpaired ¢ test, n = 3, p = 0.0351) and 0.31-fold (unpaired ¢ test,
n = 3, p = 0.0048) under normal and bafilomycin (100 nM, 4 h)
conditions, respectively, in mutant cyclin FS**'C cells compared
to the wild type. Increased expression of p62/SQSTMI by 1.32-
fold (unpaired ¢ test, n = 3, p = 0.0486) and Lamp2a by 1.55-fold
(unpaired ¢ test, n = 3, p = 0.0318) was observed in mutant cyclin
FS921G cells compared to the wild type. Densitometry values were
normalised to GAPDH and subsequently to the pcDNA3.1 controls.
b SH-SY5Y cells expressing pPCDNA3.1, FLAG-cyclin FVT, FLAG-
cyclin FS%216, and mCherry-GFP-LC3 were serum-starved for 6 h to
induce autophagy. The fluorescence of GFP was measured from the
fusion protein, and there was decreased proportion of mCherry-posi-
tive mature autolysosomes due to the reduced quenching of the green
fluorescence, indicating that fusion between autophagosomes and lys-
osomes is impaired in mutant cyclin FS%21C cells. Scale bars 10 pm.
¢ Quantification of the percentage of vesicles with mCherry-GFP-
LC3 only positive autolysosomes relative to total puncta per cell in
at least 25 cells from each sample, n = 3. Data are represented as the
mean + SEM; ****p < 0.0001 using one-way ANOVA with Tukey’s
post hoc test

n =3, p=0.0136) in mutant cyclin F5¢*1S cells compared
to the wild-type-expressing cells under normal conditions,
thus recapitulating the previous observations (Fig. 6a).

As described previously, in accordance with the new
international guidelines for the experimental measure-
ment of autophagy function by Klionsky et al., transfected
HEK?293 cells were treated with bafilomycin to inhibit the
fusion of autophagosomes to the lysosome, which resulted
in a further reduction (by 0.31-fold, n = 3, p = 0.0048) in
LC3-I-to-LC3-II conversion in mutant cyclin FS6216 cells
compared to the wild-type cells. It would be expected that

by blocking mature autophagosome fusion to the lysosome
with bafilomycin, an accumulation of LC3-II would occur.
This was observed to a lesser extent in the mutant cyclin
FS621G cells compared to the untransfected, pcDNA3.1, and
wild-type cyclin F-transfected cells. This would suggest
that the formation of mature autophagosomes is impaired in
mutant cyclin FS62!C cells, resulting in reduced fusion to the
lysosome (as observed in Fig. 5c) and possibly downstream
clearance of substrates through the autophagy pathway.
These findings further indicate that defects to the observed
autophagy pathway were indeed due to the effects of the cyc-
lin FS621S mutation and not as a consequence of the transfec-
tion protocol, which specifically demonstrate impairments
to the formation of mature autophagosomes.

We next examined by immunoblotting analysis human
primary fibroblast cultures from non-disease control, non-
disease CCNFS921G carrier, and ALS—affected CCNF36%/6
patients that were cultured in technical triplicates. In accord-
ance with observations from SH-SY5Y and HEK293 cells,
expression of p62/SQSTMI1 was increased by 1.57-fold
in both the non-disease carrier (one-way ANOVA, n = 3,
p = 0.0267) and 1.39-fold in the ALS patient fibroblasts
(one-way ANOVA, n = 3, p = 0.0146) compared to fibro-
blasts from non-disease control patients (Fig. 6b). Surpris-
ingly, however, immunoblotting analysis revealed increased
LC3-II by 4.23-fold (carrier) (one-way ANOVA, n = 3,
p < 0.0001) and 3.17-fold (affected) (one-way ANOVA ¢
test, n = 3, p < 0.0001) compared to the non-disease con-
trol (Fig. 6b). While this is the opposite response to that
observed in transiently transfected cell lines, this might
reflect the fact that the patient fibroblasts constitutively
express cyclin F3%2!6 and have been maintained in culture
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«Fig. 6 Impaired autophagy recapitulated in HEK293 cells express-
ing cyclin F®21G cells and increased p62 and LC3-II levels in
patient fibroblasts. a Immunoblot analyses of autophagy mark-
ers LC3, p62/SQSTM1, Lamp2a in untransfected, pcDNA3.1 only,
FLAG-cyclin F¥T, and FLAG-cyclin F5%2!S_expressing cells shows
the reduced conversion of LC3-I-LC3-II by 0.78-fold (unpaired ¢
test, n = 3, p = 0.0136) and increased expression of p62/SQSTM1
by 1.41-fold (unpaired ¢ test, n = 3, p = 0.0476) in mutant cyc-
lin FS*1C_expressing cells. Densitometry values were normalised
to tubulin and subsequently to the pcDNA3.1 controls. b Primary
fibroblast cultures (non-disease control, CCNFS?1C  carrier, and
CCNFS%1G gaffected patient) were grown in triplicate, and immuno-
blot analysis revealed increased p62/SQSTMI1 by 1.57-fold (car-
rier) (one-way ANOVA Dunnett’s multiple comparison test, n = 3,
p = 0.0267) and 1.39-fold (affected) (one-way ANOVA Dunnett’s
multiple comparison test, n = 3, p = 0.0146) compared to the non-
disease control patients. Immunoblot analysis also revealed increased
conversion of LC3-I-LC3-II by 4.23-fold (carrier) (one-way ANOVA
Dunnett’s multiple comparison test, n = 3, p < 0.0001) and 3.17-fold
(affected) (one-way ANOVA Dunnett’s multiple comparison test,
n =3, p <0.0001) compared to the non-disease control

for several months, as compared to cell lines which have
been maintained for approximately 1 week. Furthermore,
the increased LC3-I-to-LC3-II conversion in CCNF5621G
carriers is consistent with autophagosome accumulation as
observed in SH-SYSY cells (Fig. 5b, ¢), which, therefore,
confirms that expression of cyclin FS62!C causes autophagic
defects in patient fibroblasts. We were unable to perform
bafilomycin treatment controls with the primary fibroblasts
because of poor cell viability in the presence of bafilomycin,
which we presume is due to the sensitive nature of primary
cells in culture.

Increased p62/SQSTM1 ubiquitylation in cells
expressing mutant cyclin F56216

One possible scenario by which neuronal-like cells
expressing mutant cyclin F might cause impairments

to autophagosome formation and fusion could be that
elevated E3 ligase activity of mutant cyclin F may alter
cellular ubiquitin homeostasis (“Ubiquitin Stress”)
[48]. Under ubiquitin stress, the receptor p62/SQSTM1
is ubiquitylated, which disrupts its dimerization, liber-
ating its ability to recognise polyubiquitylated cargoes
for selective autophagy [48]. P62/SQSTMI is local-
ised to ubiquitin-positive inclusions and critical for
the aggregation of ubiquitylated proteins, which are
commonly observed in neurodegenerative diseases [41,
49, 50].

We demonstrated that p62/SQSTM1 was indeed Lys48-
ubiquitylated in both cells expressing wild type and
mutant cyclin F%21C (Fig. 3b), and increased levels of p62
were evident in SH-SYSY (Fig. 5a), HEK293 (Fig. 6a),
and primary fibroblast cultures from cyclin FS6216
patients (Fig. 6b). Therefore, to determine the ubiquity-
lation status of p62/SQSTM1 in HEK293 cells transfected
with wild type and mutant cyclin FS%216 we immunopre-
cipitated p62/SQSTM]1 from untransfected, pcDNA3.1,
FLAG-cyclin F¥T, and FLAG-cyclin FS*!C_expressing
cells, and immunoblotted for ubiquitin and cyclin F.
Intriguingly, we determined that p62/SQSTM1 was
more ubiquitylated in the mutant cyclin FS¢21C cells by
approximately 2.22-fold (n = 5, p < 0.0001) compared
to the wild-type controls. We also determined increased
co-interaction of immunoprecipitated p62/SQSTM1 with
mutant cyclin F3216 by approximately 1.2-fold compared
to the FLAG-cyclin F¥T (n = 5, p < 0.0001) (Fig. 7).
These results suggest that one possible mechanism by
which mutant cyclin F5%2'6 may cause impairments to
the autophagy pathway could be through direct binding
and increased ubiquitylation of the p62/SQSTMI1 receptor
that controls the transport of ubiquitylated substrates for
autophagic degradation.
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Fig. 7 Increased ubiquitylation of p62 and co-interaction to mutant
cyclin F5216, Neuro-2A cells were transfected with pcDNA 3.1,
FLAG-CCNFV", and FLAG-CCNF*%?!¢ for 24 h. p62/SQSTMI1 was
immunoprecipitated from cell lysates and immunoblotted for ubiqui-
tin (green) and p62/SQSTM (red) and revealed increased ubiquity-
lation of p62/SQSTMI in mutant cyclin F cells relative to the wild-
type by approximately 1.44-fold (unpaired ¢ test, n = 5, p < 0.0001).
Immunoblot analysis of the p62/SQSTMI1 immunoprecipitates with

Conclusion

In summary, we have identified increased Lys48 ubiquityla-
tion of cellular proteins in mutant cyclin F5®*!S_expressing
neuronal-like cells as a consequence of elevated E3 ligase
activity of mutant cyclin F. The Lys48-ubiquitylated pro-
teome differed amongst cells expressing wild type and
mutant cyclin F321S with various components of the chap-
eronin complex and autophagy pathway identified in mutant
cyclin FS921G_expressing cells. We verified alterations in the
levels of markers of autophagy (Lamp2a, LC3, and p62/
SQSTM1) by immunoblotting and immunofluorescence
microscopy that indicate impairment to autophagosome
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FLAG and cyclin F demonstrated increased co-interaction of mutant
cyclin F5621G by approximately 1.2-fold compared to cyclin FVT
(unpaired ¢ test, n = 5, p < 0.0001). The relative levels of ubiquity-
lated p62 and co-immunoprecipitated cyclin F were normalised to the
total levels of immunoprecipitated p62, and subsequently normalised
to either p62 levels in the untransfected or cyclin FVT-expressing
cells. Vertical dashed line indicate cropped lanes

formation and fusion in cell lines transiently expressing
mutant cyclin FS6216 and in patient fibroblasts bearing the
pathogenic cyclin FS%2!G, This suggests that abnormal ubiq-
uitylation activity of cyclin F (caused by mutation or other
deficiency) leads to functional impairment in the autophagy
degradation pathway, which might represent an underlying
molecular mechanism contributing to the pathogenesis of
ALS/FTD.
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