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ABSTRACT

Aims: The small Heat Shock Protein B8 (HSPB8) is the core component of the chaperone-assisted
selective autophagy (CASA) complex. This complex selectively targets, transports, and tags
misfolded proteins for their recognition by autophagic receptors and insertion into autophagosome
for clearance. CASA is essential to maintain intracellular proteostasis, especially in heart, muscle,
and brain often exposed to various types of cell stresses. In neurons, HSPB8 protects against
neurotoxicity caused by misfolded proteins in several models of neurodegenerative diseases; by
facilitating autophagy, HSPB8 assists misfolded protein degradafinn c!so counteracting proteasome
overwhelming and inhibition.

Materials and Methods: To enhance HSPB8 protective Aactivity, we screened a library of
approximately 120,000 small molecules to identify compu.nds capable of increasing HSPB8 gene
transcription, translation, or protein stability. We 1c 10y 83 compounds active in preliminary dose-
response assays and further classified ther in 19 chemical classes by medicinal chemists' visual
inspection. Of these 19 prototypes, 14 ina.~ed HSPB8 mRNA and protein levels in SH-SY5Y cells.
Key findings: Out of these 14, 3 si'aceeeiully reduced the aggregation propensity of a disease-
associated mutant misfolded Sug-roxide Dismutase 1 (SOD1) protein in a flow cytometry-based
“aggregation assay” [Flow cvto.~e‘ric analysis of Inclusions and Trafficking” (FloIT)] and induced
the expression (MRNA an.' oiutein) of some autophagy receptors. Notably, the 3 hits were inactive
in HSPB8-depleted cells, confirming that their protective activity is mediated by and requires
HSPBS.

Significance: Thus, these compounds may be highly relevant for a therapeutic approach in several
human disorders, including neurodegenerative diseases, in which enhancement of CASA exerts

beneficial activities.



INTRODUCTION

The Heat Shock Protein B8 (HSPB8 or sHSP22) belongs to the family of the human HSPBs which
comprises ten low molecular weight (M.W.) chaperone proteins (HSPB1-HSPB10) [1-6]. HSPBs
share a highly conserved alpha-crystallin domain, but display poorly conserved N- and C-terminal
domains [6]. HSPB8 is ubiquitously expressed in human tissues and presents higher protein levels
in heart, muscle, and brain [5, 6] where it is involved in intracellular proteostasis maintenance,
especially under various types of cell stresses [7]. To exert this ~ction, HSPBS interacts (in a 2:1
stoichiometric complex) with the Heat Shock Protein 70 (r:Sr70/HSPA) co-chaperone Bcl-2
Associated Athanogene 3 (BAG3) [8-12] which stahih.~s HSPB8. This complex identifies
misfolded protein and promotes their clearance. After schstrate recognition, the HSPB8-BAG3
complex associates to a second one formed by *hc chaperone HSP70/HSPA and an E3 ubiquitin
ligase, named Carboxy-terminus of HSC7C (ntr racting Protein (CHIP or STIP1 Homology And U-
Box Containing Protein 1 (STUBL1)). The:., via a specific interaction between BAG3 and the dynein
motor protein [13-17], this multi-hetercreric complex is transported along microtubules to the
microtubule organization center (T "TOC), where substrates accumulate into aggresomes. In parallel,
misfolded proteins are ubiquitinocted by CHIP, allowing their recognition by the autophagy receptor
Sequestosome 1 (SQS7M!/buz). SQSTM1/p62 interacts with the lipidated form of Microtubule-
associated protein 1 light chain 3 beta (MAP1LC3B) promoting substrates engulfment into nascent
autophagosomes for their autophagic clearance [5, 18-22]. Because of its high specificity, this
peculiar autophagic pathway has been named Chaperone-Assisted Selective Autophagy (CASA),
and the HSPB8-BAG3-HSP70-CHIP complex is known as the CASA complex [13-15].
Physiologically, the importance of this pathway has been clearly shown in muscle, in which the
CASA complex facilitates the clearance of damaged components of the Z-disc structures (e.g.,
filamin), in response to extensive physical exercise and after tension-induced unfolding upon

mechanical stress [13, 14]. In pathological conditions, the CASA complex exerts a fundamental role



in the protection against misfolded proteins causative of several human diseases [6, 23] and it may
be implicated either in cancer suppression or development [5]. Notably, mutations of each member
of the complex (except for HSP70) are associated to different inherited pathological conditions,
including central or peripheral neurodegenerative diseases (NDs), neuromuscular disorders
(NMDs), heart diseases, etc. [24-35] suggesting that CASA alterations severely impact on neuronal
and muscle tissues. For example, mutations in HSPB8 (and in some case in BAG3) are causative of
distal Hereditary Motor Neuropathy type Il (dHMNII), Charcot-Marie-Tooth type 2 (CMT2) or
different myopathies, characterized by high variability in onset an” o cqression [6, 25-30].

Of note, HSPB8 acts as a limiting factor in the CASA .ui. oiex, since its overexpression is
generally sufficient to greatly enhance the degradation ¥ misfolded proteins responsible for
Amyotrophic Lateral Sclerosis (ALS), Spinal and Bulb~r \."uscular Atrophy (SBMA), Alzheimer's
disease (AD), and Huntington’s disease (HD) [5, &, !5, 22, 36-47]. Defects in CASA or autophagy
blockage result in co-chaperon BAG1 ind «ctin, which also binds the HSP70/CHIP complex to
route misfolded proteins to the ubiqoitin-proteasome system (UPS)-mediated degradation.
Alternatively, UPS overwhelming or b.orkage induce HSPB8 expression to promote misfolded
proteins degradation via CASA. HSr-B8 (together with BAG3) is crucial both to maintain the
proper equilibrium between these two degradative pathways [15, 37] and also to stimulate the
cytosolic unfolded protein vesponse (CUPR) [48, 49]. In addition, HSPB8 modulates the dynamics
of stress granules (SGs), assuring their functionality [50, 51], while, in parallel, under proteotoxic
stress, HSPB8 promotes the activity of the eukaryotic initiation factor-2a (elF2a) kinase heme-
regulated inhibitor (HRI) [48, 49] and elF2a phosphorylation to shut down translation if excessive
amounts of aberrant proteins are formed in cells [7, 52].

HSPB8 (and BAG3) may also modulate cell division, by controlling actin structures homeostasis
and dynamics during mitosis and cytokinesis [53-55]. Notably, HSPB8 has a dual and opposite role

on cell proliferation, adhesion, and migration depending on the type of cancer cells considered [5].



Indeed, while in some cancers HSPB8 promotes their aggressiveness, in others it protects against
tumorigenesis and progression (see [5] for extensive review).

Therefore, in several human disorders it could be therapeutically relevant to pharmacologically
enhance HSPB8 expression, in order to improve the cell attitude to respond to misfolded protein
proteotoxic stresses. For example, in diabetic mice, the 9-PAHSA treatment upregulates BAG3 and
HSPB8 resulting in the promotion of the autophagic flux, in the amelioration of carotid vascular
calcification, and in the reduction of myocardial hypertrophy [56]. In order to enhance autophagic
pathway, we previously performed a high throughput screening /41 2) to find compounds capable
of inducing the expression of HSPB8 [41]. This HTS was I'imii2a only to commercially available
(FDA-approved) drugs and to some natural compounds ann .* was only focused on the activation of
the human HSPB8 promoter. Despite this, it led to *he identification of two HSPB8 inducers
(colchicine and doxorubicine), one of which (colzt. ~ire) is presently in a phase Il clinical trial for
ALS [41, 57]. Since, no HSPB8 protein * ans.ation/stability or activation was considered in the
previous HTS, we here designed a novel .{TS based on the genomic region controlling the human
HSPB8 expression driving the trans~rigticon of HSPB8 cDNA fused in frame with the NanoLuc
luciferase cDNA. This novel apg:naci. led to the identification of compounds that either enhance
HSPB8 gene transcription and; v regulate HSPB8 translation and stability to improve its potential
clinical translability. Utih.iny a library of approximately 120,000 small molecules we identified 3
compounds able to induce and/or stabilize HSPB8 and to counteract the accumulation of misfolded

proteins in NDs.



MATERIALS AND METHODS

Chemicals

Z-Leu-Leu-Leu-al (MG132, C2211) was purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis,
MO, USA) and was dissolved in dimethyl sulfoxide (DMSO). Unless otherwise stated, all reagents
and solvents were obtained from commercial sources and were used as received without further
purification. UPLC-MS analysis were conducted on a Waters UPLC system with both Diode Array
detection, Evaporative Light Scattering Detector and Electrospray (+’ve and —‘ve ion) MS
detection. The stationary phase was a Waters Acquity UPLC RE,' C18 1.7 um (2.1x50 mm)
column. The mobile phase comprised H,O containing 0.1 v tormic acid (A) and acetonitrile

containing 0.1% formic acid (B) with a flow rate 0.5 mL/mu..

Compound collection

Collezione nazionale di composti chimic’ e .entro Screening (CNCCS, national collection of
chemical compounds and screening cente) represents a public-private consortium (Www.cnccs.it)
which objective is the construction ~f ¢ collection of compound molecules. In addition to FDA-
and/or EMA-approved drugs, the ~ollection contains a range of chemotypes, from both commercial
and non-commercial suppliers. .1ty an optimized structurally diversity (average Tanimoto distance
from the nearest neighlou: or U.38; and an average molecular weight of 370 Daltons. The size of
the library comprises approximately 120,000 small molecules not biased toward any target nor
diseases oriented. While the collection was optimized for structural diversity, it maintains an
attractive distribution of physicochemical properties (e.g., calculated logD, sp3 character, hydrogen

bond donor/acceptors and total polar surface area).

Compound similarity search
After hit confirmation, compound similarity searches were performed by generation of circular

Morgan fingerprints (radius 2, 2018 bits) for the test compounds using open source RDK:it software



(http://www.rdkit.org/ release 2014 _09_2). The molecular representations generated were used to
perform ligand based virtual screening against the target database (i.e. our own screening
collection) that is described above or against a subset of the public ZINC database
(http://www.zinc.docking.org). Similarity was assessed by the Tanimoto index between the
reference and target structures using a cut-off (or threshold) of 0.6. Similar compounds were
clustered using Taylor-Butina [58] clustering; a non-hierarchical clustering method that ensures that
each cluster contains molecules with a set cut-off distance from the central compound. Compounds
selected for purchase or screening follow up were chosen from the most populated clusters, with
either the central compound or closed analogues (based uni visual inspection) being used to
represent the compound cluster. All selected compounds ere quality controlled by UPLC-MS

prior to testing.

Plasmids

pEGFPN1 (Clontech Lab, U55762) placmid was used to evaluate transfection efficiency by
fluorescence microscopy. pPCDNA3-vt£ND D1 and pCDNA3-G93A-SOD1 expressing respectively
wild-type (wt)-SOD1 and mutan: G9oA-SOD1 were kindly provided by Dr. C. Bendotti (Mario
Negri Institute for Pharmacnlugical Research, Milan, Italy) [59]. pEGFP-wtSOD1 and pEGFP-
G93A-SOD1 expressing e yreen fluorescent protein (GFP)-tagged wt and mutant SOD1 were
obtained as previously described [44]. GFPu was kindly provided by Ron Kopito, Stanford
University, Stanford, CA, USA [20].

pPromB8-HSPB8-NIuc codes for the fusion protein HSPB8-NIluc under the control of the human
HSPB8 gene promoter. The HSPB8 sequence flanked with 90 bp of HSPB promoter sequence and
81 bp of Nluc sequence (without the Nluc ATG codon) has been synthetized by Eurofins Genomics
and cloned into pNL2.1 using Nhel-Aspl sites, obtaining the pNL2.1-HSPB8 plasmid.
Subsequently, a Kpnl-Nhel fragment containing the HSPB8 promoter sequence was excised from

the promB8 vector [44] and inserted into pNL2.1-HSPB8 using the same Kpnl-Nhel sites.



Custom siRNA duplex was used to silence endogenous human HSPB8 duplex (sense: CGG AAG
AGC UGA UGG UAA AUU, Dharmacon, Thermo Scientific Life Sciences Research, Waltham,
MA, USA). Non-Targeting sSiRNA (NTg) was used as negative control (antisense: UAG CGA CUA

AAC ACA UCA A, Dharmacon).

Cell Cultures

The human SH-SY5Y neuroblastoma cell line was obtained from the American Type Culture
Collection (Rockville, MD) and is routinely used in our laboratory between passages 6 and 18.
Short-tandem repeat (STR) profile has been performed by Eurcfins Genomics Europe (Ebersberg,
Germany) for cell line authentication excluding a cross ro..*taminated with other cells. SH-SY5Y
cell line is maintained in Dulbecco’s Modified Eagle M ~dium (DMEM) high glucose medium
(Euroclone, Pero, M, Italy, ECB7501L) supplerrai.’2d with 10% fetal bovine serum (FBS) (Sigma-
Aldrich, F7524), 25 mM glutamine (Eiroclone, ECB3004D) and Pen/Strep (SERVA
Electrophoresis GmbH, ECB3004D and 52500.01), at 37°C in 5% CO,.

Stably transfected SH-SY5Y-hPromR&-L'® Nluc cells were obtained by transfecting SH-SY5Y cells
with the pPromB8-HSPB8-Nluc lasniid and selecting positive clones with hygromycin B (400
ug/ml) for 4 weeks. Selected cicnes were cultured in high glucose DMEM supplemented with 10%
FBS (Sigma-Aldrich) anu "vyiomycin B (100 pg/ml). Neuroblastoma spinal cord (NSC-34) cells
are mouse motor-neuron-like immortalised cells kindly provided by Dr. N.L. Cashman (University
of British Columbia, Vancouver, CAN). Cells were maintained in DMEM high glucose medium
(#ECB7501L, Euroclone), supplemented with 5% FBS (F7524, Sigma-Aldrich), 1 mM L-glutamine
(ECB3004D, Euroclone, Pero, Italy) penicillin (#31749.04, SERVA Electrophoresis GmbH,
Heidelberg, Germany) and streptomycin (#59137-25G, Sigma-Aldrich) at 37 °C in 5% CO2. NSC-
34 cells are routinely used in our laboratory between passages 6 and 25. Immortalized mouse
myoblast C2C12 are maintained at 37 °C in 5% CO2 in DMEM high glucose medium (Euroclone,

Pero, MI, Italy) supplemented with 10% FBS (10270106, GIBCO), 1 mM L-glutamine



(ECB3004D, Euroclone, Pero, Italy) penicillin (#31749.04, SERVA Electrophoresis GmbH,

Heidelberg, Germany) and streptomycin (#S9137-25G, Sigma-Aldrich).

HTS

Compounds or DMSO as control were pre-dispensed on plates (Greiner #781080), from 10 mM
DMSO stock solutions, via an acoustic droplet ejection device (ATS-100, EDC Biosystems) to
achieve the final desired concentration. SH-SY5Y-hPromB8-B8-Nluc were added at the final
density of 3,000 per well in 20 pL of cell culture medium (DMEM/\2?2, Life technologies #11320-
074; 4 mM L-GLU; 1.5 mg/ml NaHCOg3; 1x PenStrep; 100 j.gr, I Hygromicin). Assay plates were
incubated for 48 hours at 37°C. After incubation, cells were ‘ot at room temperature for 10 minutes
prior to addition of 10 pL/well of Nano-GLO luciferase assay system (Promega#N1120). Five
minutes post addition, luminescence was read with ¢ tirninometer (Envision, PerkinElmer).

As a viability counter-screening, the same ~H-%,Y5Y-hPromB8-B8-Nluc were plated in a 384 well
plate (Thermo, 4334-11, USA) to a dens.v of 3,000 cells per well and let recover for 4 hours at
37°C, 5% CO; in a humidified atmnsgece. After the recovery, compounds were transferred to
assay plates at the desired concei.ratiuns. Assay plates were then incubated at 37°C, 5% CO; in a
humidified atmosphere for 48 \.~1';s. Cell viability was measured by the CellTiter Glo (Promega,

G8080, USA) as per manuacwrer’s instruction.

Transfections and treatments

SH-SYS5Y cells were transfected with Lipofectamine® 3000 Transfection Reagent (Invitrogen) 24
hrs after seeding. Briefly, the transfections were performed following the manufacture’s protocol
with the following amounts of reagents: a) 1.8ug of plasmid DNA, 2ul of Lipofectamine® 3000
and 2 pl of p3000 Reagent in 12 wells multiwell (MW); b) 1.2 pg of plasmid DNA, 1 pl of
Lipofectamine® 3000 and 1 ul of p3000 Reagent in 24 wells MW. In the experiments involving

HSPB8 depletion the transfections were performed with the following amounts of reagents: a) 1.8



pg of DNA plasmid, 40 pmole of siRNA, 2 ul of Lipofectamine® 3000 and 2 pl of p3000 Reagent
in 12 wells MW; b) 1.2 ug of DNA plasmid, 20 pmole of siRNA, 1 ul of Lipofectamine® 3000 and
1 ul of p3000 Reagent in 24 wells MW. In the experiments involving the evaluation of endogenous
MRNA and protein levels, cells were treated with the hits for 24 hrs starting at 48 hrs after cell
seeding. In the experiments involving evaluation of UPS functions and the analyses of protein
aggregate levels, cells were treated with the hits 24 hrs after transfection for 48 hrs (for the last 16
hrs with MG132). The following concentrations of the different compounds were used: 2.0 uM for
compound E; 2.5 uM for compound N; 5.0 uM for compounds J axd M; 7.50 uM for compounds
K, L, G, H; 10 uM for compound | and MG132; 15.00 uM. for compounds A and D; 25 uM for

compounds B and C; 30 uM for compound F.

Western Blot and Filter Retardation Assay

SH-SY5Y cells were seeded in MW12 at 150,10 cell/well. Cells were harvested after 72hrs (or 96
hrs if transfection was needed) after ple.a .2 and centrifuged for 5 min at 100 g at 4°C. For Western
Blot (WB) analysis, pellets were re<uspcnded in PBS (Sigma-Aldrich, P4417) added with protease
inhibitor (Sigma-Aldrich, P8340, ~nu homogenized through slight sonication. For Filter Retardation
Assay (FRA) analysis, pellets w2re resuspended in RIPA buffer (150 mM NaCl, 6 mM Na;HPO,, 4
mM NaH,PO,4, 2 mM EDTA pH 8, 1% Na-deoxycholate, 0.5% Triton X-100, 0.1% sodium dodecyl
sulfate) added with protease inhibitor cocktail (Roche, 04693116001) and after 20 min of
incubation on ice they were homogenized through slight sonication as previously described. Total
proteins were quantified with the bicinchoninic acid method (BCA assay; Euroclone, EMP014500).
For WB analysis 25 ug of protein extract was loaded onto a 12% SDS polyacrylamide gel. Proteins
were electro-transferred to nitrocellulose membranes (Thermo Fisher Scientific, Amersham™
Protran™ Premium 0.45 um NC, #10600003) using TransBlot Turbo Apparatus (Mini Trans-Blot

Cell; Bio-Rad Laboratories). Membranes were subsequently incubated with blocking solution (5%



of dried non-fat milk (Euroclone EMR180500) in TBS-T (Tris base 20 mM, NaCl 140 mM, pH 7.6)
for 1 hr at room temperature (RT) and then with primary antibody diluted in blocking solution at
4°C overnight (o/n). The following primary antibodies were used: (a) anti-HSPB8 to detect HSPB8
(R&D, MAB4987; dilution 1:1,000); (b) anti-GFP to detect GFPu (Immunological Sciences,
MAB94345 dilution 1:2,000); (c) anti-TUBA (Sigma-Aldrich, T6199 dilution 1:3,000).
Immunoreactivity detections were performed incubating membrane for 1 hr at RT with the
secondary peroxidase-conjugated antibodies: goat anti-rabbit IgG-HRP (Jackson ImmunoResearch,
111-035-003, dilution 1:10,000) and goat anti-mouse 1gG-HRP lac%son ImmunoResearch, 115-
035-003, dilution 1:10,000). Signals were detected with Ch:ni.."Joc XRS System (Bio-Rad) after
incubation with Westar Antares ECL (Cyanagen, XILS1-?) or Westar nC ULTRA 2.0 ECL
(Cyanagen, XLS075).

FRA analyses were performed using a Bio-Dot $F ' 4i~rofiltration Apparatus (Bio-Rad) by loading
6 ug of protein extract onto a 0.2 pum cc luluse acetate membrane (Amersham, GE Healthcare
Buckinghamshire, UK, 100404180). Mem.anes were tested as described for WB using as primary
antibody anti-SOD1 to detect SOD":*t >~.d SOD1G93A (Enzo Life Sciences, Farmingdale, NY,
USA, ADI-SOD-100, 1:1,000). T:.~ wriole uncropped image of the original western blot is reported
in the supplementary figures (-2 S7-12). The optical density of the samples was analyzed using

Image Lab software (Bio-n"q).

MRNA extraction and Real-Time PCR

SH-SY5Y cells were seeded in MW12 plates at 150,000 cell/well and treated for 48 hrs with the
selected compounds. After treatments, cells were collected using 300 pL of TRI Reagent (Sigma-
Aldrich, T9424) and total RNA was isolated according to manufacturer’s instructions, quantified,
treated with DNase | (Sigma-Aldrich, AMPD1) and reverse transcribed into cDNA using the High-
Capacity cDNA Archive Kit (Life Technologies, 4368813). The primers were synthesized by MWG

Biotech (Ebersberg, Germany) with the following sequences:



hHSPBS8: 5’ - AGA GGA GTT GAT GGT GAA GAC C -3’ (forward), 5' - CTG CAG GAA GCT
GGA TTT TC - 3’ (reverse); hp62/SQSTMI1: 5’ - CCA GAG AGT TCC AGC ACA GA - 3
(forward), 5’ -CCG ACT CCA TCT GTT CCT CA - 3’ (reverse); hMAP1LC3B: 5’ - CAG CAT
CCA ACC CAA AAT CCC (forward), 5' - GTT GAC ATG GTC AGG TAC AAG - 3’ (reverse),
hBAG3: 5" - GGG TGG AGG CAA AAC ACT AA - 3’ (forward), 5' - AGA CAG TGC ACA ACC
ACA GC - 3’ (reverse); hRPLPO: 5' - GTG GGA GCA GAC AAT GTG GG - 3’ (forward), 5’ -
TGC GCA TCA TGG TGT TCT TG - 3’ (reverse); mHSPBS: 5° - ATA CGT GGA AGT TTC
AGG CA - 3’ (forward), 5' - TCT CCA AAG GGT GAG TAC =G 3’ (reverse); mRPLPO: 5° —
GGT GCC ACA CTC CAT CAT CA- 3’ (forward), 5' - AGC .1 TGACCT TTT CAG TAAGT
- 37 (reverse).q-PCR was performed using the iTag SYBR G.~en Supermix (Bio-Rad, 1725124) in a
total volume of 10 ul, with 500 nM primers. A CFX 26 Peal-Time System (Bio-Rad) was used
according to the following cycling conditions: 94°C - 10 min, 40 cycles at 94°C for 15 s and 60°C
for 1 min. Data were expressed as Ct valu.s 7ad normalized using RPLPO. Each experiment was

carried out with 4 independent samples (n - 4).

MTT assay

The 3-(4,5-dimethyl-2-thiaz~lv.)-2,5 diphenyl-2H-tetrazolium bromide (MTT; Sigma-Aldrich,
M2128)-based cell prolifeiction assay (MTT assay) was performed on SH-SY5Y cells after 48 hrs
of treatments with the selected compounds in MW96 plates seeded at 15,000 cell/well. The culture
medium was removed and cells were incubated with 300 ul of MTT solution (1.5 mg/ml in DMEM
without phenol red) at 37°C for 30 min; then 500 ul of 2-propanol were added to each well to block
the reaction and solubilize the precipitates by gentle mixing. Absorbance of each well was
measured at OD = 570 nm using an Enspire® Multimode plate reader (PerkinElmer, Waltham, MA,

USA).

Fluorescence Microscopy Analysis



SH-SY5Ycells were seeded on 13mm-diameter coverslips in MW24 plates at 20,000 cell/well,
transfected and treated for 48 hrs with the selected compounds. Cells were fixed with 4%
paraformaldehyde solution and nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI)
(1:10,000 in PBS). Coverslips were mounted using Mowiol® 4-88 (475904, Merck-Millipore,
Burlington, MA, USA), acquired with Zeiss LSM900 laser scan microscope and analysed with Zen

software (Ver. 3.7; Zeiss).

LDH assay

The lactate dehydrogenase (LDH) assay was performed usinz u = CyQUANT™ LDH cytotoxicity
assay kit (Invitrogen, C20301). SH-SY5Y cells were seedea .7~ MW96 plates at 15,000 cell/well and
treated with the selected compounds for 48 hrs. To calci:law> cytotoxicity, a maximum LDH activity
control is required. Maximum LDH activity was e.ab-ated by adding 10 ul of 10X lysis buffer to
control samples for 45 min at 37°C. Subseq ‘ent.y, 50 ul of each sample medium were transferred to
a MW96 plate and 50 pl of reaction mixtu.= were added. After 30 min of incubation, absorbances at
490 nm and 680 nm were measured L~ivg an Enspire® Multimode plate reader (PerkinElmer,

Waltham, MA, USA).

Proteasome Activity

SH-SY5Y cells were plated in MW6 plates at 300,000 cell/well and treated for 48 hrs with the
selected compounds. Cells were harvested and centrifuged at 600 g for 5 min, resuspended and
washed three time in 300 ul of PBS. Pellets were then resuspended and homogenized in 200 pl of
PBS added with 0.5% NP-40. After centrifugation at 1,300 g for 15 min, the supernatants were
collected and total proteins were quantified with BCA as described for WB and FRA. Samples were
added with 5 mM ATP [Sigma, A1852] and the proteasome assay reaction mixtures (50 mM
HEPES-KOH, pH 8.0, containing 5 mM EGTA, 100 mg of cell protein extract per ml of assay

reaction) were prepared. Chymotryptic proteasome substrates (N-Suc-LLVY-AMC, Sigma, S6510),



Post-Acidic proteasome substrate (Z-LLE-AMC, Sigma, C0483) and Trypsin proteasome substrate
(Z-LLL_AMC, Sigma, C0608) conjugated with amidomethylcoumarin were added to the mix at 50
nM and incubated for 45 min at 37°C. The resulting fluorescence was measured at 340 nm
excitation and 460 nm emission using an Enspire® Multimode plate reader (Enspire, Perkin Elmer,

MA, USA).

Flow cytometric analysis of inclusions and trafficking (FlolT)

SH-SY5Y cells were plated in MW24 plates at 60,000 cell/well. trai.>fected with GFP-SOD1wt or
GFP-SOD1G93A and treated for 48 hrs with the selected cui,,counds. Cells were then harvested
with 150 ul of Accutase® solution after 5 min of incub=tiu> centrifuged at 100 g for 5 min and
resuspended in 600 pl of PBS w/o Ca*™ and Mg*™" adder’ wi.» 2.5 mM EDTA and 5% of FBS. Flow
cytometry analysis was performed with Novoc\te 250 flow cytometer (ACEA biosciences) and
NovoExpress software (version 1.4.1; ACE." siosciences). An aliquot of cell suspension (150 ul)
was added with DRAQ7, a fluorescent DN," dye used to exclude non-viable cells (ThermoFisher,
D15106), then it was used to evaluate e ransfection efficiency. A forward scatter (FSC) threshold
was set at 100,000 (as indicatec 1o~ cells smaller than 20 um in the NovoCyte® Flow Cytometer
Operator’s Guide) to excluze Jeuris and photomultiplier (PMT) voltage of 540 V (DRAQ7) and
373 V (GFP) was used. An aliquot of cell suspension (150 ul) was then added with lysis buffer
[PBS w/o Ca™ and Mg"™ added with 1% (v/v) Triton X-100 and protease inhibitor cocktail
(Roche)] and, except in control samples used to set gates, DAPI was diluted 1:50,000 into lysis
buffer to identify nuclei. Samples were incubated at RT for 2 min and then analyzed by flow
cytometry using forward and side scatter, DRAQ7 fluorescence (640 nm excitation, 660/20 nm
emission), DAPI fluorescence (405 nm excitation, 445/45 nm emission) and GFP fluorescence (488
nm excitation, 530/30 nm emission).

In lysed samples, the FSC threshold was set to 1,000 (corresponding to standard microsphere

diameter smaller then 2 pum as indicated in the NovoCyte® Flow Cytometer Operator’s Guide) to



minimize exclusion of small inclusions from the analyses and all axes set to 1og10. PMT voltages of
482 V (GFP) and 501 V (DAPI) were used.

Nuclei were identified based on DAPI fluorescence and FSC-A parameter. Non nuclei events were
analyzed using GFP fluorescence and FSC-H to quantify inclusions. Not transfected samples have
been used to set GFP+ threshold. The number of inclusions is calculated as described by Whiten

and coll. [60].

Statistics

Data are presented as mean + SD and were analyzed usiny FRISM (version 8.2.1) software
(GraphPad Software, San Diego, CA, USA). One-way ANG ‘A analysis of variance was performed
and when resulted significant (p value < 0.05) we performe an Uncorrected Fisher's LSD post-hoc

test. Unpaired t test with Welch's correction was e “arrned in case of unequal population variance.



RESULTS

Generation of the cell model for the high throughput screening (HTS) of HSPB8 modulators
In order to identify small molecules capable of enhancing HSPB8 production (either at
transcriptional level by inducing mRNA expression or at translational level by enhancing its
conversion to protein) and/or stability, we generated a construct (pNL2.1_promB8-HSPB8) in
which the promoter region of human HSPB8 was used to drive the transcription of the human
HSPB8 cDNA fused in frame with the cDNA encoding NanoLuc® (Nluc). Nluc is a luciferase
enzyme characterized by being 100-fold brighter than other luciferascs, producing a high intensity
luminescence (Fig. 1A). Under appropriate stimulation with 1 y’ven small molecule, this construct
codes for a chimeric HSPB8-NIluc protein that can be easi.: detected using a classical luciferase
assay. The level of luciferase activity is thus relawd to the relative contribution of a
transcriptional/translational regulation and of var‘a. w in protein turnover. This strategy permits to
identify compounds that should allow HE-Bf to exert its protective activity against misfolded
proteins for a longer time. Since ALS Is » neurodegenerative disease and the HSPB8 production
and/or stably might be tissue and sraci» specific we selected SH-SY5Y as human neuronal cell
model for ALS. The pPromB8-F.3PBc-Nluc was used to obtain stably transfected SH-SY5Y cell
lines by taking advantage of the hygromycin resistance included in the plasmid backbone. Several
stably transfected cell cicres were then analyzed for their ability to produce the HSPB8-Nluc
chimera 48 hrs after seeding (Fig. 1B). Of note, the different clones were characterized by variable
levels of expression/stability of the endogenous HSPB8 protein (22 kDa band) and by different
levels of the chimeric HSPB8-Nluc protein (42 kDa band). 7 stably transfected cell clones were
initially selected and further characterized by measuring the luciferase activity under basal
condition (Fig. 1C). Clones #1, #2 and #4, characterized by high levels of luciferase expression and
no modulation of endogenous HSPB8 level, were considered suitable to study the regulation of

HSPB8 expression. Ultimately, clone #1 was selected for the HTS.



Hit identification and validation

A collection of 119,059 diverse compounds was tested in the HSPB8-Nluc system at 5 puM using
the protocol described in the method section. The Z’ values were found to be greater than or equal
to 0.5 for all screening plates indicating that the assay was sufficiently robust to test the compounds
(Fig. 2A) [61]. The distribution of the compound activities converged to normal (or Gaussian)
distribution (Fig. 2B). Therefore, compounds with an activity equal to or greater than the average
activity plus three standard deviations (6% activation) were considered hit compounds. Applying
these parameters, 285 hits, corresponding to 0.24% of the tota!, w.e identified as active in the
primary screening. These molecules were next tested on the sa.e primary assay at three different
concentrations ranging from 1 pM to 20 pM. Of these 2R compounds were confirmed active
showing a preliminary dose-response (Supplementary Data >t 1 and Fig. 2C).

To avoid advancing too many compounds, we p2t. 'rried a clustering based on the Taylor Butina
algorithm [58], a non-hierarchical cluste ing method that ensures that each cluster contains
molecules with a certain cut-off (or u.-eshold) distance from a central compound. Circular
fingerprints with radius 2 and 2048 hit. vvere generated using the RDKit software [62] with the
purpose of generating a similarity mat «x based on a Tanimoto index [63]. The effective number of
neighbours for each molecule w2s calculated based on the Tanimoto level used for clustering (0.8).
Subsequently, the selected se. was subjected to quality control by LC-MS to check compound
identity and purity (acceptable purity criteria set to be > 90% peak area in the diode array trace).
The obtained 58 compounds where further classified into 19 chemical classes by medicinal
chemists visual inspection. These 19 prototype compounds were tested in a full dose-response
fashion against the HSPB8-NIluc and cell viability counter-screening resulting in a final selection of

14 compounds (named A to N, Tab. 1, Fig. S1-S3).

Effects of the hits on the HSPB8 mRNA and protein levels



We next further characterized the modulation of HSPB8 exerted by a restricted number of selected
compounds. To this purpose, we analyzed whether these small molecules were able to induce the
expression of the endogenous HSPB8 gene and/or to increase the stability of the endogenous
HSPBS protein in neuronal cells. SH-SY5Y cells were treated with each selected compound for 48
hrs at concentrations reported in table 1. The studies of cell cytotoxicity (Fig. 2D) and of cell
viability (Fig. 2E) demonstrated no changes in cell survival after treatment with the selected
compounds except for a mild increase (approximatively 5%) after exposure to compound E, while
compounds G, I, L and M slightly decreased overall cell survival Ti.~ results in Fig. 3A show that
all compounds upregulated the expression of the endogenor.s . iman HSPB8 mRNA, even if the
capability to stimulate the HSPB8 promoter (or to stabilize .\~ HSPB8 mRNA) differs between the
various compounds. Grouping compounds in quartiles, vie chserved that the 3 compounds in Q1 (K,
L and N) were able to increase HSPB8 mRNA 'e.:ls up to 12-folds over untreated control cells.
The upregulation of HSPB8 mRNA induce « by compounds in Q2 and Q3 (E, F, G, H, I, J and M)
ranged between 2- and 6-folds over untrected control cells. Lastly, the increase of HSPB8 mRNA
level induced by compounds in Q4 (A, R C and D) was 2-fold lower than untreated control cells.
Western blot (WB) analysis porfonined on SH-SYS5Y cell lysates exposed to the selected
compounds demonstrated that ey were almost all able to statistically enhance HSPB8 protein
levels from 2- to 4-folus ~ver untreated control cells (Fig. 3B). Only compounds D and E were
unable to significantly modify HPSB8 protein levels compared to control, even if we observed a
trend similar to that found with the other selected compounds. Interestingly, HSPB8 protein levels
did not correlate with HSPB8 transcriptional induction or its mRNA stability (compare to Fig. 3A).
In fact, either low or high HSPB8 mRNA levels led to similar HSPB8 protein levels suggesting that
mRNA translation and/or protein stability play an important role in the control of HSPB8

modulation (Tab. 2).

Effects of the hits on protein degradation mediated by ubiquitin-proteasome system



Our previous studies have demonstrated that HSPBS is robustly induced by proteasome impairment
[41, 44], a condition that characterizes several NDs linked to misfolded proteins that directly
overwhelm the UPS capabilities or form a clamp of proteins (aggregate) of diverse nature: liquid—
liquid droplets or fluid condensates, solid-like aggregates or densely packed insoluble protein
inclusions, etc., based on their mechanism of formation and/or their stage of maturation [64].
Aggregates can clog the proteasome barrel reducing its degradation capability. To evaluate whether
the mechanism of action of the selected compounds enhancing HSPB8 levels was mediated by their
ability to impair the UPS, we analyzed the proteasome functions i~ Si !-SY5Y cells exposed to these
molecules. We expressed a classical reporter of the proteasun.> tunction (GFPu) that relies on a
consensus ubiquitination signal sequence of 16 amino acid u~gron (CL1) fused to GFP [65]. GFPu
analysis (Fig. 4A) showed that the compounds A, F, ', «~d L robustly increase the intracellular
levels of the GFPu protein, while a similar trenc, . it statistically less pronounced, was also noted
for the compounds H, J, M, and N. No cha 'gec in GFPu levels were observed in cells treated with
the compounds B, C, D, E, G, and K.

Of note, the analysis of proteasome enzyratic activities performed on compounds able to increase
the intracellular levels of the GFF:* pro.ein revealed that none of the selected compounds mimic the
effect of MG132, a potent protec<r.ne inhibitor which blocks its chymotrypsin-like activity (with an
estimated 1Cso = 24.2 nivi "6u), Fig. 4B) [66, 67] used as positive control. In fact, even the most
potent compounds selected (compounds A, F, I and L) were 10 time-less potent than MG132 in
reducing GFPu clearance (Fig. 4A and in Supp. Fig. S4) and reduced the proteasome chymotryptic
(chymotrypsin-like) enzymatic activity of less than 20% compared to control, while MG132
reduced this enzymatic proteasome property to less than 40% of its original activity (Fig. 4B).
Interestingly, some of our selected compounds (H, J, and M) were able to interfere with the post-
acidic (caspase-like) enzymatic activity of the proteasome at levels comparable to that observed
upon MG132 treatment (estimated ICso = 2.3 uM for MG132 [66]; Fig. 4C), but in all cases the

proteasome retained more than 80% of its original post-acidic enzymatic activity. No variations



were noted for the tryptic proteasome activity in all condition tested (estimated 1Cso = 9.215 uM for
MG132 [66]; Fig. 4D). Collectively, these data suggest that our selected compounds only
marginally inhibit the proteasome activity, even if this effect is sufficient to stimulate HSPBS,

possibly utilizing alternative mechanisms, not involving the proteasome.

The effects of the hits on the aggregation propensity of the misfolded SOD1 G93A protein
Since one of our goal is to identify small molecules that induce HSPB8 to take advantage of its
proven beneficial activity against mutated misfolded proteins resronsicle for different types of NDs
[11, 15, 22, 37, 40-44, 46, 47, 68-72], we investigated whether u.~ selected compounds were able to
decrease the propensity of an ND-related protein to mi~tu:d blocking its transition to insoluble
aggregates, that may accumulate in neurons inducing thrir u~ath. As a model, we selected a mutated
form of the enzyme SOD1 (SOD1 G93A), which ha. Pzen long associated to familial forms of ALS
[73] and it has been previously demonstreed © be highly sensitive to the CASA-mediated pro-
degradative effects of HSPB8 clearly indicating that SOD1G93A is a target of CASA [15, 41, 42,
44].

We thus tested whether the sc.~cted compounds were able to reduce the aggregation and
accumulation of the misfolded 1,.:ant SOD1 by a flow cytometry-based “aggregation assay” (Flow
cytometric analysis of inc.'sions and Trafficking” (FIoIT)) [60]. SH-SY5Y cells expressing GFP
tagged SOD1s (GFP-SOD1 wild type (wt) or GFP-SOD1 G93A) [44, 74] were treated with the
selected compounds and lysed preserving the integrity of the DAPI-stained nuclei. Subsequently the
green fluorescence was quantified by flow cytometry to reveal the presence of SOD1 aggregates. Of
note, this analysis also allows to quantify nuclear SOD1 and to discriminate between nuclei and
non-nuclear events in flow cytometric analysis (Fig. 5A). A threshold of GFP intensity was applied
to distinguish GFP-SODL1 inclusions form background noise (Fig. 5B). Since we utilized a Triton
X-100-based lysis buffer, the GFP-SOD1 G93A inclusions identified in FlolT represent mature

forms of misfolded and aggregated proteins that are highly resistant to this detergent [60]. Fig. 5C



shows the quantification of the FlolT aggregation assay clearly show that GFP-SOD1 G93A
overexpression resulted in a significant formation of mutant SOD1 inclusions as compared to
control cells, almost devoid of inclusions. As expected, MG132-mediated proteasome inhibition
determined a robust increase in the number of inclusions formed by both GFP-SOD1 wt and G93A
GFP-SOD1, a clear consequence of the blockage of their degradation via UPS. Notably, the
analysis of nuclei (Fig. 5D-E) showed that the GFP-SOD1 G93A overexpression led to a small
increase of GFP-SOD1-positive nuclei, while proteasome inhibition drastically induced GFP-SOD1
localization into the nuclei both in wt and G93A overexpressing ~=lis. Of note, 6 out of 14 selected
compounds were able to significantly reduce the number of Gr~-5OD1 G93A inclusions (A, C, D,
F, G, and L; Fig. 6A). Importantly, the compounds C L, and G had no effect on proteasome
activity, while A, F, and L have been shown to mildly ‘my~ir the proteasome activity. In addition,
we analyzed the GFP localization into the nusle” (Tig. 6B) which is typically observed after
proteasome blockage with MG132 in both GF""-SOD1 wt and G93A overexpressing cells. In this
condition SOD1 nuclear localization ma, olay a relevant role in SOD1 protection against DNA
damage [74, 75]. Of note, 8 out of th» .4 compounds tested, mildly impaired the proteasome
activity (more intensely for comg~unos A, F, I, and L, and to a lesser extend for compounds H, J,
M, and N, see Fig. 4A), but oni, the compounds C (inactive on the proteasome) and F were able to
increase the number of Gr"?-oUD1-positive nuclei (Fig. 6B) even if at a much lower rate than that
obtained after treatment with MG132. Surprisingly, all the compounds inhibiting the proteasome
caspase-like activity also significantly prevented GFP-SOD1 localization into the nuclei. Although
potentially interesting, we still have no explanation for this unexpected phenomenon.

We next focused our attention on the three antiaggregant compounds identified in FloIT that do not
interfere with the UPS (C, D, and G) and that induced the expression of HSB8 also on mouse
motoneuronal (NSC34) and muscle (C2C12) cell models (Fig. 7A-D). We performed fluorescent
microscopy analysis of GFP-SOD1 confirming that only few GFP-SOD1G93A aggregates were

present in cells treated with compound C, D, and G (Fig. 7E, Fig. S6). Then, we evaluated the



overall amounts of aggregated species detectable in filter retardation assay (FRA).While FloIT
allows the detection of larger aggregates, FRA should permit to identify also micro-aggregates and
macro-oligomeric species which are retained by a cellulose acetate membrane and are present in the
PBS fraction after lysis (thus soluble and insoluble species). In this case, we found that both the
compounds D and G were able to reduce the formation of SOD1 G93A aggregates (Fig. 7F) without
modifying the total levels of SOD1 protein, as detected in WB (Fig. 7G). This strongly suggests that
the action of the compounds D and G is not mediated by an enhanced mutant SOD1 clearance, but
rather by a decrease of its propensity to aggregate. The compoi'a T, active in FloIT against the
formation of the SOD1 G93A inclusions (Fig. 6A), was unab'c > revert the overall aggregation rate
(macro- micro aggregates and large oligomeric species) of SOD1 G93A detectable in FRA (Fig. 7F)
and did not modify the overall SOD1 G93A protein lev2ls 'n WB. Thus, even though compound C
prevents the evolution of SOD1 G93A aggregates . ' # more mature status (i.e., the large insoluble
aggregates seen in FlolT), its activity Fas 10 impact on the type of SOD1 G93A species

(microaggregates/large oligomers) that are *hought to be more neurotoxic in ALS [76].

The effects of the selected comp.<tinas on protein degradation mediated by CASA

Since HSPBS8 plays its pro-deaicd2(ive effects via CASA, here we analyzed SQSTM1, MAP1LC3B
and BAG3 expression an' piotein levels to define whether our hits exert their action also via
autophagy activation. RT-qPCR analysis in Fig. 8A shows that both compounds D and G
significantly induced the expression of SQSTM1, MAP1LC3B and BAG3, while the SQSTM1,
MAP1LC3B and BAG3 protein levels were increased by all the selected hits (Fig. 8B-F).
Collectively, these results suggest the involvement of autophagy to counteract aggregation in
neuronal cells. Notably, the large amount of HSPB8 protein observed in cells treated with the
compound C was only partially reduced by HSPB8 mRNA downregulation with a specific SiRNA,
suggesting that the compound C acts by stabilizing HSPB8 protein levels (Fig. 8G). On the

contrary, HSPB8 levels were significantly reduced in cells treated with the compounds D and G and



exposed to HSPB8 siRNA compared to control samples, indicating that these molecules only act at
the mRNA level.

We next analyzed the pro-degradative effects of the selected compounds in HSPB8 mRNA depleted
cells. The data presented in Fig. 8H show that HSPB8 mRNA downregulation increased GFP-SOD1
G93A inclusions detected by FlolIT, possibly because of a lower level of the HSPBS8 protein (Fig.
8G). Despite this, the treatment with the compounds C and D still reduced GFP-SOD1 G93A
inclusions even if with lower efficacy in comparison to control cells. These observations suggest
that their mechanism is independent from HSPB8 induction confirn..ng that the compound C acts
by stabilizing the HSPB8 protein. Instead, the compound G a.1s =t the transcriptional level since its

pro-degradative activity is completely counteracted by HSPL.? mRNA downregulation.



DISCUSSION

In this study, we searched novel approaches to potentiate CASA complex in order to counteract
proteotoxic events responsible for various type of human diseases. Our goal was to act on the
essential core component of CASA, the chaperone HSPBS, that others and we already proved to be
protective against neurotoxicity caused by misfolded proteins in different ND models [6]. This
approach could be relevant also to counteract tumorigenesis in selected type of cancers, in which
HSPB8 overexpression has been found to counteract growth and invasion [5, 77-79]. We previously
adopted a similar strategy that allowed us to identify the HSPB8 inau-er, colchicine [41], presently
in phase 1l clinical trial for ALS [57]. Unfortunately, colchicine 's active on the human, but not on
the murine HSPB8 promoter; this limited us to conduct e, *ensive pre-clinical studies on mouse
models of the human diseases that may benefit from HS”b. overexpression. In addition, colchicine
only regulates HSPBS8 at its transcriptional levels. Tkus, here we designed a novel strategy that
allowed us to perform a HTS using a library 5-fuld larger (almost 120,000 compounds) than the one
previously utilized [41], and to identify in.*icers and/or stabilizers of the HSPB8 protein, which will
thus exert their protective activity acain:t misfolded proteins for a longer time. To this purpose i)
we used the compound collectior. of CNCCS that in addition to the commercially available FDA-
and/or EMA-approved drugs .~ r.ains a range of chemotypes, from both commercial and non-
commercial suppliers; i) e engineered a novel construct in which the human HSPB8 promoter
was utilized to control the production of a chimeric protein composed of the human HSPB8 tagged
with the Nluc. Since motor neurons are primarily affected in ALS, we perform the HTS in human
SH-SY5Y neuronal cell line to study HSPB8 expression in neuronal cells able to recapitulate the
cellular environment similar to the one involved in the pathology. Moreover, SH-SY5Y cells are a
dopamine-producing cell line used as a model for Parkinson's disease possibly extending our
finding to other neurodegenerative diseases.

The activity distribution of the tested compounds was found to be grossly Gaussian hence the

activity threshold for hits was established to be the average plus three standard deviation (6%). This



approach should in theory ensure that the selected compounds have > 99% probability of being
confirmed. Our HTS on SH-SY5Y cells stably expressing the HSPB8-Nluc chimera allowed the
identification of almost 300 inducers/stabilizers of HSPB8, 80 of which were confirmed in the
secondary dose/response screening and clustered to group of similar compounds in order to identify
groups of related compounds that share the same core structure attached to a motif that repeats to
different degrees. The 19 prototypes identified were tested in a full dose-response on both HSPB8-
Nluc and cell viability counter-screening. This allowed the selection of 14 compounds devoid of
cytotoxic properties for further biological and pathological studies A!' compounds were confirmed
to upregulate the endogenous HSPB8 mRNA expression in S Sy5Y cells, even if with different
power: the compounds K, L, and N enhanced 12-folds the 'ASPB8 mRNA over untreated control
cells, while E, F, G, H, I, J, and M ranged between 2- ~nu 5-folds and A, B, C, and D less than 2-
folds over untreated control cells. Despite this, a'l carm.pounds (except for D and E) also enhanced
HSPB8 protein levels from 2- to 4-folds ¢ ‘er .untreated control cells, thus showing no correlation
between transcriptional regulation ana t*ranslational efficiency/protein stability. Notably, the
compounds A, F, I, and L (and to a 'es.er extent compounds H, J, M, and N) interfered with the
proteasomal degradative pathway~ even if none of these mimicked the MG132 inhibition of the
chymotrypsin-like activity of u.~ roteasome. The compounds H, J, and M partially blocked the
post-acidic (caspase-like) .nzymnatic proteasome activity at levels comparable to that obtained with
MG132, even if resulting more selective against this enzymatic activity, since they were not active
against the other two proteolytic proteasome components. This makes these compounds attractive
for their potential use in diseases in which a highly selective inhibition of the proteasome activity
may be required for therapeutic purposes, as in some type of cancers (for example those treated
with bortezomib, lactacystine or other proteasome inhibitors) [80].

Among the 14 selected compounds, 6 prevented the formation of mutant SOD1 inclusions, known
to cause some familial ALS forms [73], and 3 of them do not interfere with the proteasome (C, D

and G). Of note, the compounds that interfered with the proteasome caspase-like activity also



prevented mutant SODL1 localization into the nuclei, an aspect that may be related to ALS [74, 75],
but the mechanism responsible for this phenomenon remains not cleared. While compounds C, D
and G were all active against the formation of FlolT-detected SOD1 aggregates (but not on
monomeric SOD1 clearance), only the compound C also counteracted the formation of mutant
SOD1 microaggregates in FloIT (Fig. 6A), but it did not revert the formation of aggregates and
large oligomeric species of mutant SOD1 detectable in FRA. This suggests that compound C
mainly prevent the maturation of mutant SOD1 aggregates to larger complexes, but not of
microaggregates/large oligomers neurotoxic in ALS [76]. Of nete. ¢ mpound C mainly acted by
stabilizing HSPB8 protein levels, while compounds D anc « mainly regulated HSPB8 mRNA
levels.

By focusing on the autophagic arm of the protein qualit* cuntrol system we proved that compounds
D and G also activate crucial autophagic factors no:<iky assisting their anti-aggregation activity in
neuronal cells. However, HSPB8 downregu atir n experiments suggested that the compounds C and
D reduce GFP-SOD1 G93A inclusions als< independently by HSPB8 induction, while compound G
exerts its pro-degradative activity main v via HSPB8 acting at the transcriptional level. Further
studies are needed to clarify whic otrer factors may mediate these differential effects of the three
compounds.

It must be noted that, whi.~ v specific activities have been associated so far to the compounds D
and G, the compound C has been already reported to be a selective inhibitor of HDAC3 [81]. This
pharmacological property, combined with the newly identify activity on HSPB8, makes compound
C very attractive for the treatment of some forms of human cancers (e.g.: breast cancer, pancreatic
cancer, colorectal cancer, prostate cancer, colon cancer, lymphoma, leukemia, glioma, myeloma,
melanoma and Ewing's sarcoma) [82, 83] in which the inhibition of class | HDACs (particularly
HDAC3) protects against cancer progression. In addition, HDAC3 inhibitors may also be useful in
inflammation and even in some neurological disorders [82, 83]. Moreover, CASA is essential for

muscle maintenance where it acts as a central adaptation mechanism that responds to acute physical



exercise and to repeated mechanical stimulation [84]. Our results on myoblast cells suggest that
compounds D, G, and C are able to induce HSPB8 expression also in skeletal muscle a tissue that,
in addition to its role in ALS pathogenesis, is degenerated in muscular and neuromuscular disorders.
Thus extending our findings to a possible treatment for other diseases like myopathies.

In conclusion, in this study we successfully identified 3 compounds that stimulate CASA by using
different molecular mechanisms of activation of its core component HSPB8. These compounds may
represent valuable candidates to be tested in pre-clinical studies aimed at counteract proteotoxic

activities in several types of human disorders.
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FIGURE LEGENDS

Figure 1 - Development of the cellular system to identify modui.tors of HSPB8 expression. A
pPromB8-HSPB8-Nluc vector scheme. B Clones selection of £!3-2°¢5Y cell stably transfected with
pPromB8-HSPB8-NIluc. 7 clones were analyzed for HSPLR-Nluc expression by WB 48 hrs after
seeding. HSPB8 immunoreactive band at 22 kDa corresnc =Js to endogenous HSPB8 while HSPB8
immunoreactive band at 42 kDa corresponds to the +.SF B8-Nluc fusion protein. TUBA was used as
loading control. ¢ Luciferase assay of SH SY Y cell stably transfected with pPromB8-HSPBS-
Nluc. 7 clones were analyzed. Bar graph represents the analysis of luminescence counts per second
(LCPS) means = SD of 4 independenc samples (*** p < 0.001, one-way ANOVA, followed by
Fisher’s LSD Test).

Figure 2 - Hit identification ai.d efect of compounds on cells viability. A Whole plate Z’ frequency
distribution; the averag: "aioz of Z” was 0.72 for 380 total plates tested. B Compound activity
distribution reported as the number of standard deviations with respect to the whole compound
average plus three standard deviations. The dotted line represents the activation cut off limit
(Average % activation: 0.024; STD: 2.019; Cut off: 6.08). C The dot plot represents the activity and
cytotoxicity of the 83 selected compounds at 5 uM. In yellow are represented the selected hits and
in green the three validate as active in the study. D LDH cytotoxicity assay was performed on SH-
SY5Y cells after 48 hrs of treatment with compounds or DMSO (* p < 0.05, ** p < 0.01, *** p <

0.001, p < 0.0001, one-way ANOVA, followed by Fisher’s LSD Test). E MTT cell viability assay



was performed on SH-SY5Y cells treated with compounds or DMSO for 48 hrs (* p < 0.05, ** p <
0.01, *** p < 0.001, p < 0.0001, one-way ANOVA, followed by Fisher’s LSD Test).

Figure 3 - Compounds activity on HSPB8 levels. A-B SH-SY5Y cells were collected after 48 hrs
of treatment with compounds or DMSO. A RT-gPCR analyses of HSPB8 mRNA levels normalized
with RPLPO. Bar graph represents mean HSPB8 mRNA levels normalized on RPLPO mRNA levels
+ SD of 4 independent samples (* p < 0.05, ** p < 0.01, *** p < 0.001, one-tailed unpaired Student
t test with Welch’s correction). Values are divided into quartiles (green = Q1, yellow = Q2-Q3, red
= Q4) B WB shows endogenous HSPB8 levels. Bar graph rervescnts the mean relative optical
density of HSPB8 protein levels normalized on TUBA (n =23, 2 Su (* p <0.05, ** p <0.01, *** p

<0.001, **** p < 0.0001, one-way ANOVA, followed bv Fi_her’s LSD Test).

Figure 4 - Effect of compounds on the Ubiquitin-rrc.easoine system. A GFPu levels. SH-SY5Y
cells were collected after transfection with GFPc ana 48 hrs of treatment with compounds, DMSO
or MG132. Bar graph represents the me.” relative optical density of GFPu protein levels
normalized on TUBA (n = 3) £ SD ™ p < 0.05, ** p < 0.01, **** p < 0.0001, DMSO VS
Compounds one-way ANOVA, fo'tov2a by Fisher’s LSD Test; DMSO vs MG132 one-tailed
unpaired Student t test). B-D Protea~ome activity. SH-SY5Y cells were treated with compounds or
DMSO (as a negative controi, for 48 hrs or MG132 for 16 hrs. B The chymotryptic activity was
determined by assaying Suc-'_-LVY-AMC cleavage (n = 3) mean + SD (* p < 0.05, ** p <0.01, ***
p < 0.001, one-way ANOVA, followed by Fisher’s LSD Test). C The Post-Acidic activity was
determined by assaying Z-LLE-AMC cleavage (n = 3) mean + SD (* p < 0.05, ** p < 0.01, ***p <
0.001, one-way ANOVA, followed by Fisher’s LSD Test). D The Tryptic activity was determined
by assaying Z-LLL-AMC cleavage (n = 3) mean = SD (* p <0.05, ** p < 0.01, *** p <0.001, one-

way ANOVA, followed by Fisher’s LSD Test).

Figure 5 - FloIT set-up for GFP-SOD G93A A-E FlolT analysis was performed on SH-SY5Y cells

transfected with GFP-SOD1 wt or GFP-SOD1 G93A and treated with DMSO (as a negative



control) for 48 hrs or MG132 for 16 hrs. A Two-parameter, pseudo-colour flow cytometry plots
showing identification of nuclei using FSC-A and DAPI fluorescence (left: unstained, right: stained
with DAPI). B Two-parameter, pseudo-colour flow cytometry plots showing identification of GFP-
SODL1 inclusion using FSC-H and GFP fluorescence. C Graph represents the inclusion relative ratio
of GFP-SOD1 wt or GFP-SOD1 G93A (n = 3) mean = SD (** p < 0.01, *** p < 0.001, one-way
ANOVA, followed by Fisher’s LSD Test). D Two-parameter, pseudo-colour flow cytometry plots
showing identification of GFP-SOD1 nuclear signal using DAPI and GFP fluorescences. E Bar
graph represents the GFP-positive nuclei relative ratio (n = 3) mean + SD (** p < 0.01, **** p <

0.0001, one-way ANOVA, followed by Fisher’s LSD Test).

Figure 6 - FloIT detects changes of inclusion levels ¢nu nuclear GFP-SOD1 signal. A-B FloIT
analysis was performed on SH-SY5Y cells transferteu withi GFP-SOD1 wt or GFP-SOD1 G93A
and treated with compounds or DMSO (as a negative control) for 48 hrs or MG132 for 16 hrs. A
Bar graph represents the relative inclusion on “:FP-SOD1 G93A after treatment (n =3) £ SD (* p <
0.05, ** p < 0.01, *** p < 0.001, one-v=v ».NOVA, followed by Fisher’s LSD Test). B Bar graph
represents the relative GFP positive nu-lel after treatment (n = 3) + SD (* p < 0.05, ** p < 0.01,

****p <0.0001, one-way ANO™/A, followed by Fisher’s LSD Test).

Figure 7 - Compounds act'vity on HSPB8 levels in C2C12 and NSC34 and effect of promising
compounds on SOD1 ager-gates. A-D C2C12 and NSC34 cells were collected after 48 hrs of
treatment with compounds or DMSO. A-C RT-gPCR analyses of HSPB8 mRNA levels normalized
with RPLPO. Bar graph represents mean HSPB8 mRNA levels normalized on RPLPO mRNA levels
+ SD of 4 independent samples (*** p < 0.001, **** p < 0.0001, one-way ANOVA, followed by
Fisher’s LSD Test). B-D WB shows endogenous HSPBS8 levels. Bar graph represents the mean
relative optical density of HSPBS8 protein levels normalized on TUBA (n = 3) £ SD (* p < 0.05, **

p <0.01, *** p < 0.001, one-way ANOVA, followed by Fisher’s LSD Test).



. E SH-SY5Y cells were transfected with GFP-SOD1 wt or GFP-SOD1 G93A and treated with
compounds or DMSO for 48 hrs. Immunofluorescence (IF) microscopy analysis (63x
magnification) on SH-Sy5y cells overexpressing GFP-WT-SOD1 or GFP-G93A-SOD1 and treated
with DMSO or compounds for 48 hrs. Nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) (blue). F-G SH-SY5Y cells were transfected with SOD1 wt or SOD1 G93A and treated
with compounds or DMSO for 48 hrs. F FRA shows SOD1 high-molecular weight aggregate levels
(n=3) £ SD (* p <0.05, *** p <0.001, **** p < 0.0001, one-way ANOVA, followed by Fisher’s
LSD Test). G WB shows SOD1 protein levels. Bar graphs rerresont the mean relative optical
density of SOD1 protein levels normalized on TUBA (n =23 2~ Su (* p <0.05, ** p < 0.01, one-

way ANOVA, followed by Fisher’s LSD Test).

Figure 8 - Effect of promising compounds on proteii, degiadation mediated by CASA A-F SH-
SY5Y cells were collected after 48 hrs of treatm.: nt with compounds or DMSO. A Real-Time PCR
analyses of CASA-related genes. Bar graph '<presents the analysis of SQSTM1, LC3 and BAG3
MRNA levels normalized on RPLPO mezn 2 SD of 4 independent samples (* p < 0.05, ** p < 0.01,
*** p < 0.001, one-tailed unpaired Ctudent t test with Welch’s correction). B-F WB shows
SQSTM1, LC3-I, LC3-1l and BAG? protein levels. Bar graphs represent the mean relative optical
density of those protein levris ormalized on TUBA (n=3) £ SD (* p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001, one way ANOVA, followed by Fisher’s LSD Test) G WB shows HSPB8
levels after HSPB8 depletion. WB analysis was performed on SH-SY5Y cells transfected with
GFP-SOD1 G93A, siNTG or siHSPB8 and after 24 hrs treated with compounds or DMSO (as a
negative control) for 48 hrs. Bar graph represents the mean relative optical density of HSPB8
protein levels normalized on TUBA (n =3) = SD (* p < 0.05, *** p < 0.001, **** p < 0.0001, one-
way ANOVA, followed by Fisher’s LSD Test). H FloIT analysis was performed on SH-SY5Y cells
transfected with GFP-SOD1 G93A, siNTG or siHSPB8 and after 24 hrs treated with compounds or

DMSO (as a negative control) for 48 hrs. Bar graph represents the relative inclusion of GFP-SOD1



G93A after treatments (n = 3) £ SD (* p < 0.05, ** p < 0.01, **** p < 0.0001, one-way ANOVA,

followed by Fisher’s LSD Test).

Table 1 Summary table of compounds. Table shows structure, alias, and concentration of usage of

each compound.

Table 2 Summary table of compounds effect on HSPB8 expression. Table summarizes the extent of
compound effect on HSPB8 mRNA and protein levels induced by 48 hrs of treatment. Based on
their capability to increase HSPB8 expression or protein leve.> active compounds have been

divided in quartiles (+ = Q1, ++ = Q2-Q3, +++ = Q4).
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