Uni versit”™ degldi Studi del Pi emo
Department of Pharmacol ogical

PhD program in Drug I nnovati

XXXVl cycle a.y. 2023/ 2024

Pr-el i ni cal evahlde adeitherd r ofg etnfaess e 1 A 3

apotential therapeutic target i n

ALDH1A3 inhibitor

[
A NR6

C1
/_ \JV\\ 7\
o= /

Cancer cells

cisplatin based Pt(IV)
conjugates

Super:vibBroaf . Pinton GiRHD ac andiBbabmegy a
Tordons.

Cosuper:vibPsroorf . Garavaglia Silvia

PhD program:cdordi rC&8sam eGi an






UNIVERSITA DEL PIEMONTE ORIENTALE

DOTTORATO DI RICERCA
IN CHEMISTRY & BIOLOGY

Via Duomo, 6
13100 - Vercell (ITALY)

DECLARATION AND AUTHORISATION TO ANTIPLAGIARISM DETECTION

The undersigned 500 M VH SAR A student of the Drug Innovation

Ph.D course (2. Cycle)
declares:
- to be aware that the University has adopted a web-based service to detect plagiarism through
a software system called “Turnit.in”,
- his/her Ph.D. thesis was submitted to Turnit.in scan and reasonably it resulted an original
document, which correctly cites the literature;

acknowledges:

- his/her Ph.D. thesis can be verified by his/her Ph.D. tutor and/or Ph.D Coordinator in order

to confirm its originality.

Aalu 2023

IR e T T Signature: ... 20 NPT o i onisa A

/

XY/tcs
Percorso del file






INDEX

ABBREVI AT L. ONS. et M

I NTRODUC CT. O Nttt eaee e e e e (09)

1. Asbestos exposure and devel opme.n.t..oM Mal
1. 1Asbestnhdsced mesothelial .i.nj.ur.y.mand ca
1. 2 MPM hi S 0y P S errreeeeeesnenee e M P
1. 3MPM St @@l M T
l1.4Therapeutic appr.oac.hes.. for. .. . MBMMy
1. 4Chermond | mMMbBE APA.E.Suees M p
1.4R2sistance of....MRBM..1.0..S.0C. ... HM
1. 5Towards person.al.i.zed..t.her.api.es.HoO
1. 5GEnetic al.t.er.at i 0d.S i, H N
1. 5A2F OCAOBKMNAA. e HT
1.6The MPM micr oenyi.r.anment. .. ... on

2. Aldehyde dehydrogen.a.s.e..1A3..(.ALDHZI1AR30)
2. 1ALDH1A3 det ox.i.f.i.cat.i.on..r.ol.e...... on
2.2Conversion of retinal dehyd.e..t.o..arcetino
2. 3ALDH1A3 expression and....t.s...r.o.l.e ci SO
2. 3ALDH1A3 is a marker ..of...Canc.er..Dtrtem Ce
2. 3ALDH1A3 promotes t.umo.l..p.r.o.g.r.e.s.50iyon
2.3T8e role of ALDH1AS..i.n..dr.u.g..r.esoiyst anc
2. 3A4focus on ALDHILIAZIZ..i.n...MBEM.......... od
2. 4ALDH1 A3 sel ect.i.ve..i.nhi.bi.t.or.s......nn

3.0utline of...t.he b hesSi S, np

T = I < = T o o =T pn

PUBLI SHED ARTL.CLES e cc

DI SCUSSI ON AND COQONCLUSI.ONS. ..o, MHY

LI ST OF PUBL.L.CATL.ONS. . MO C

CURRI CULUM LV T A E e M






ABBREVI ATI C

| C



ABBREVI ATI ONS



ABBREVI ATI ONS

4HNE-hydroxynonenal
AAacet al dehyde

3-ABA3-ami nobenzamide

AB@ATHinding cassette transporters
ADHil cohol dehydrogenase

Al FMgenzi a I taliana del Far maco
AJCEmerican Join Commission of Cancer
ALDH1#&Bdethgldegdr ogenase 1A3

ALDHsl dehyde dehydrogenases

ATMat axia telangiectasia mutated
ATRRdenosine triphospahte

BAA BODnAHYho acetate

BAAA BORImMPYYo acetal dehyde

BAPBARCA associated protein
BARBRCA1l associated RING domain
CAFsanasesociated fibroblasts
CDkycl-demp®ndent kinases

CDKNZA clin dependent Kinase inhibitor
CDDPi spl atin

CEBE@AAT/ Enhancer Binding Protein
CSCancer stem cells

CTLAMdytotoxic d&sdgampoatoegdtanti gen 4
CTRCopper transporters 1

CuCopper

DCdendritic cells

DHFRi hydrof ol ate reductase

(0]



ABBREVI ATI ONS

DSBasoubl e strand breaks

E2& anscramtri on f a

EE@mbryonic ectoderm devel opment
EMAEur opean Medicines Agency

EPRBRxtra pleural pneumonect omy
ERendoplasmic reticul um
Eré@xtracell ul ar signal regul ated
EZHBnhancer of Zeste Homol og 2

FDAood and Drug Administration

FERM for 4.1 protein, E for ezrin, R f
FGRfi brobl ast® growth factor

FGFRi brobl asts growth factor receptor
FI SfHH uorescence in situ Hybridization
FPGfSopgl yglut amate synt hase

GARFgl ycinamide ribonucleotide formyl t
GSH I ut at hi one

GST! ut at-thriaomsef eSr as e

HCFlhost <cdll factor

HGFhepatocytes growth factor

HMhuman mesothelial cells

HMGB&Ri gh mobil ity group box 1

HRhomol ogous recombinati on

| ASU@ternati orfalr Ashso cSitatdiyormf Lung Can
| GFns-ui ke growth factor

l i nterl eukin

| P3RBosi ttorli slpo, sbphat e receptor type 3
n



ABBREVI ATI ONS

LAFong asbestos fibers

LPOipid peroxidation

MAAmal ondi alcee lay dle hyde

MCSnul ticell ul ar spheroids
MDAmal ondi al dehyde

Md mthouse double minute 2
MDS @y el-doerdi ved suppressor cell s
MPMMal i gnant Pl eur al Mesot hel i oma
MRPnul ti drug resistance protein
MTORammal i an target of rapamycin
NADhicotinamide adenine dinucleotide
NADRiIi cotinamidideualdeont née phosphate
NERucl eotide excision repair
NETseutrophil extracellular traps
NFRAeurofi bromatosis type 2
NFKBucl ear factor KB

NLRPBLR family pyrin domain containing
NL®ucl ear | ocalization signal
OCTorganic cation transporters
OSoverall survival

PARPPoOIl vy (rAlbPose) pol ymerase 1
Pc@Golycomb grou proteins

PDpl eurectomy decorticati on
PDprogrammed cel |l death protein 1
PDGpl atel et derived growth factor
PDLRr ogrammed death |ligand 1

p



ABBREVI ATI ONS

Pl 3pknosphoi-kiosasede 3
PMNool ymor phonucl ear

PPA® er oxi someatrioyatf ed afg) @ nenp

PRCRol ycomb repressive complex 2
PRDUB ol ycomb repressive deubiquitinase
PUFAo!|l yunsaturated fatty acids
RAretinoic acid

RAR etinoic acid receptor

RAREetinoic acid responsive el ements
Rbretinobl astoma protein

RFCeduced folate carrier

RN$eactive nitrogen species

ROS eactive oxygen species

RTKseceptor tyrosine kinases

SABhort asbestos fibers

SOGtandard of care

SSBs ngle strand breaks

STAB3I gnal transducer and activator of
SUZB2ppressohomb| ngste 12
TAMsBumogsoci ated macrophages

TAN umongsoci ated neutrophil s
TEADranscriptional enhanced associ ate
TGCAhe Cancer Genome ATLAS
TGHhtransforming growth factor

TMEH umor microenvironment

TNRt umor necrosis factor

c



ABBREVI ATI ONS

TNM umor node metastasi s

TS hymi dyl ate synthase

UCHibiquitin carboxyl hydrol ase
VEGFascul ar endot hel i al growth factor
WHOWor | d Health Organization

YYYXi-Yiang 1






| NTRODUCT |



| NTRODUCTI ON



I NTRODUCTI ON

1 Asbestos exposure and devel opmen

Mesot hel i oma

Mal i gnant Pl eur al Mesot hel i nma

( MP M) iIsetkaasIbesOPEF%?: A o
associated mali T d‘ )\ Vol scts
mesot helial celll MP M
is a tumor charvﬁgi'ﬂdu esmies | QN g

| atency pedd ody: o Bl s ek

bet ween asbestoos u(\.wo’ cAapuoul e

and the onseéetl) MP Figamel i Pdeaemtr al Mes

is one of the (www.mesotheliol
etiology is known, in fact, it 1 s main
asbest ofs e diteamissm tihe generic designatio
family of six naturally silicate miner
di vided datteogbthe®sser pentd mpelsi.bbomae st he
serpentines consi st onl vy o f one mi ner
characterized by short and curly fiber
known as fAwhite asbestoso, and it acec
commer ci al pr ddd cetss .arTeh ec haampatcit er i zed b
fiber and include amosite, tremolite, &
fibl ue a(s2b)ehssthoessot os was wi del Yeasedr gi nc
i n mantyr iianldusect or s kkeccamuscealofpriotperihyes
its insulating characteristics and the
production of el ectrical equi pment and
roofing, and dtelra(r8l) dWn fl @ tngnamal vy, th
consi stency of asbestos makes it extrel
asbestos materials are aged or damage
environment, whi penedelaepet onhabvdhééuagd

MM
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they may stay for a long ti me, causing
cancer . Due t0 phbDS$ eaxddlremditnoosgemas been
countries worl dwi de, including Italy (
Unfortunately, although the <carcinoger
demonstrated, 1t is diffFdcaemttmriacd eidn alnu
| ndi a, Russia, and China. To dat e, I n ot

the use of asbeat 69 (dabeusb awontf cerxti usntat e Ay t
can penetrate the interstitial spaces
to thecapuseibmgni ¢c and persistent inflam
damage and subsequent neoplast(i(4) trans/
MPM is a tumor characterized by poor pr
di agnosis in early stage and the | ack ¢
of MPM patiensgpeairfei ofdred tntoins represer
patlmgy i1 dentification. The most commo
dyspaneddhe st phababh may be caused by pleur
At the beginning onfestsheofdiesne acsiee tha etal

ef fuasmidtn,occurs in 70% of MPM patients.
pl eural effusion tends to di(nb)ni sh thar
1. 1Asbesthdsced mesot hel i al i njury

Gr eat advances imavtehebewemdemadendi ng of

mechani sm of asbestos carcitrheg phmgsiic.al s

chemical properties of asbestos fibers
of asibrerdu oesd di sease. Shape, si ze, an
determine the ability of the fibers to

t he atesmpy nt acece.ordance with the Worl d He

asbestos fibers can beercd acCSAF) ewi timtloe
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50m and |l ong asbestos fibersan(al AB)i swi t
demonstrated that people exposed to fi
devel op a highendutcteldl @bseasbdbesbLorg an
correlated withamdhmgthagermgsios oxbhedcayse

efficiently phagocytized by macrophages

]

el ease of reactive oxygen species (RO

from the i nfl ammatory cell sasddekeohij ng
di ffer endds pierr sfainlieerng€ euence tumorigene
chrysotile, characterized by shorter bi
potential, compared Wwib) Moammlviebh gl D maEn (
describe that the chemical structure o
chemical component of asbestos fibers
asbestdbwsced carcinogenesi s. Amosite an
l evél sron t hatchf ashtermicctadr es, hi gh | evel
excessive ROS produdt7i).dnThe dmabNAr daanas
asbeistrdbosced pathogenesis and carcinoge
Once inhaled, asbestos fibers migrate
wi haomaemesot peMdnadl i nfl ammatory <cel |l s, i n
chronic inflammation, characterized by

repAsbestos fibers expwois@rrcegriandneae sc ed
necrosi s, charmpaserveedelbgasgeh of high
(HMGB1) ,t 6eadnng i HMIGB8mmatsi man.damage as
mol ecul ar protein that promotessthe re
the chronic 1 nf{9la0fmHMEGBY b emdess st he HM
receptors of macrophages priming for I
containing 3) i nfl ammasome activation.
release of i nt-¥rlesuKUlasd HMGR1asestabl i
an autocrine chrofl®&MGBfll amdatcieecn marco © q

t o r euneocarsenecr 3 NBE)tfhaactt oacti vatkeB nucl e
MO
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(NEB), which proteichdudidMdfceiml asbesod dis s
a chronic I nfl ammatt oM c eltelspronfs@r, malt @ ac
Transformi ndg Tg@M)ws hdd acntiobed to-be invo
induced carcinogenesi s, it regul ates
proliferation and extraedlrouwdluare- md tartiex
derived g(PDGR) fababr promotes the grow
factors afrekéehgrowshl!|lifactorpr(olGF)e r atthiact
and migration, vascular endothel i al gr
angiogenesi s; and the hepatocyte growt
mi gration (aln3d) i nvasi on

Asbestos fibres
.o
AUTOCRINELOOP © o © _
@ 4 1 o ¢
Y Y ® e - TNFa
. o
o ROSand RNS| © © A
i "N S production eRL
& ) © TNF-a 2/ Production Growth factors
( X ‘ 0o © _ s/ nexB of cytokines | |\ release
PARACRINELOOP © o © | 2CHNRHOR) o on \ 4
o 4 R I i
@ > 7“ / of pro-survival genes =
Macrophage e = )
Activation of cells ) WM

infl ti
inflammation Mesothelial cell

EGFR —
>, , ™
== }\ »
Cancer cell Cancer cell Anoiogenests
growth differentiation glog

f human me

FigacCcarcinogenesis o sot
r. 3390/ i j.ms22158279

d ol
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1. 2MPM hi stotypes

Accor dieWwgl Ot o MPcM aisss nt okbdst ot ypes, acco
to twmor maredHol ogy: epjtbalricomat oibd ph

desmopl astic

1 . Epithel i(oAidg uMiPeM 3tAn)e most common hi
acceun8drwm oMPMI Iit iI's assnowcieat ed
favorabl e prognasximngpaliéd. i mb n tt h)
hi st dt Wlptess char acter iwietdh boult awintal
pol ygonal ,mwhplkdl oy i |l trate the pl
papillary growt h psahtatveer nrmor Ep itthhaenl i
hi stol ogic gr owt h pattern, such
structure without a fibrovascul ar
trabecul ar (single or dual l i near
adenomatoi d (resembl eowamg@ ademromat
presence-l ioke gdtasnwdct ures | ined wit|
coumucl ear grade, and necrosis, in
useful to predict survival in epit

2.Sarcomat iFd gMRPiMs 3Bhar atueoelzled by
wi t h an i rregul ar shape and t
nucl ear/ cytopl asmati cMPManido.i tl ti sr e
associated with poor prognosi s. Sé
t VeHO as a proliferation of spindl e
or fascicles patterns, ohiadi paoyvad
ti ssue. B&Mcaotmaetnotisd are characteri z
Ssize at,mdiragnodsviasi ¢t @dom NMode met as
stagdhrave the | owest medi ani fover all

compared to epithelioid and biphas

M p
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3.Bi phasi(cFiMPur ei 8Cr har actexriiszedcley
ot umwel I s with both epithelioid an
and represeMRMs 3Ih% ofr eslelnce of at

each component is required for it
percentage of each cell type has i
A higéracent age of epitheli®isd comp

a significamat ifderosddgi@datvdaCuwanbvier sel vy,

shorpgetri wnrtwiov al i s aasedi aaedowmatad
component

4 Desmopl astkFicguviPeMs 3 ®) rare hi stotype
repr eosndomh sof t he tot al MPM cases.

spindlmoel | s and the presence of seé

are essentialdiiang(e®&c8iadl i shing the

-0 GOPORAG 79 9
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1. MPM staging

MPM pathology is defined through the s
establish the prognosis and the <choi ce
established by t hCo mndiGG i(oAmeorfi cCaann cJeori)n

name of TNM classification.
The staging system is based on three peé

1T T d estcra bextension of the primary tu
unconventional t umor growth pattern,
par ameter on it. I n TNM <classificati
describe a very weatthe tommgr ,i pwhi ah erir
pl eur a; and T1b, i n which the tumor
invol ved both the pardledadiifbimcdaetdii src er
on a study performed in 1993 by Bou
significanMPMap fseunrevnicveali n(l 32. 7 mont hs
mont hs in T1lb) .

T NN indicates the extent of the tumor

i mportant parameterofMPMdpaeir mhnhbhesng M§

patients wi t h nodal meypaoetsas &s valave
compar esdwittohaut nodal met astasses. TNM
the node classification i ntam:al NG, sN1,
confir metweheeatmeogiaet i ve (-NDgi tainde n(oNle/ N
tumsbhere is a signifimgatniheamtess heben ¢ e;
suravli vir at e compapatdi Bautveaele narMNdlL M2 d N2
i s no significant difference in survi
1T M: indicates met astasi s, whi ch occut

describes the avbhsidlec d e stthrembperasss earseees o

met astatic di sease.

MT
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Accordi nTNMt cc |l talses i f i cati on, MPM i s ¢l as

stages:

T Stage | A, which i ncl3®ddantThisA; NO ; MO
T Stage I B, which incl7fmdesh31B; NO; MO
T Stage 11, which includes T2; NO; MO s
1T Stage 111, which includes T3; N1/ 2; \
T Stage 1V, which i ndll®d enfln6iL, 4y ) N3 ; M1 s

1. 4aTherapeutic approaches for MPM

To dat e, there are no efficacious the
treatment choices include chemotherapy
separ attaliynotdradastment . MPM i s often di a
of disease and the patients6é prognosi s
are eligible for surgery. There are t\
The more invasive prooadaotemys(ERPJa p

aims to eradicat eugehnhtei rredpd veahleam ¢ u mo r
di aphr agpmar i car dewdm an survival after
approxi mately ¥&amesntshug,viwiatth rat®e of ]
pl eurect omy P@dq dadrstsiuccatsipam i(ng procedur ¢
conservative procedur e, a phase 1|11 S
combined with chemotherapy prolongs t
chemot boer aiplye r ol e of radiotherapy rem
wi t hout cl ear evidence of its effica
treatimemrtan be efoftehctriewlauci ng rel apses
survival . I n fact, it i s mainly wused

and in palliative c@pe to reduce chest

My
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A4Chlerond | mmbhereapi es

MPM unsuitable for
multimodality treatment (e.g. PS 0-1)

T T
Pslu—t PS0-2

CAImMNBKSYS 2F ata GNBLGY

eurrent MPM standard of care (SOC)
met aeaxded pl athen phase |11 study, EMPA
monstrated the survival benefit of «ci
e medi ann stpheeme v pb xaesd phrgmwiars 12. 1 mon
mpared with 9.3 mont h(sl.@h eohdhec ios@flaacttiir

sphast imeen | inked to its ability to c
terfering with DNA repair mechani sms
ducing apoptdsiseriyunabaepkatcell s. assc
de effects: nephrotoxicity, hepat ot ¢
usea, vomiting and diarrhea, myel osu

xicity. iNephsetroxidcitny 30% of treated
cretion of the drug and to the accur
cumul ation of ROS in the cells of <coc

M ¢
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10% of tr galt9end spoamei ecnatsses, ci spl atin cal

in ol der patients, patients with comor
with ci23@pl aPeEmetrexed is a folate anti
enzymes involved in purine and pyrimid

di hydrofolate reductase (DHFR) and gl y«
( GARFT) . The i bhrbkbetieozymbesthesal ts in
and RNAsissy.ntThlree main side effects due t
are gastrointestinal disorders, fati gue
di sorder s, in particular neutropeni a,

i nhi bitipornlaffecakth on in the hematopoi ¢
unable to mature iIiMn2.2)nf pacti ieona| nloe uled
combinations based on platinum derivat
may be consit idee edr east memt s, although st
The addition of bevacizumab at the stan

advantage in both disease control and
gemcitabineasomieishedi om wwo phase || s
Nowak et al., 2002). Unfortunately, in
use of gemclitmdineeatsméfd®.8)s not valide

The CHEKMATE 743 study demonstrated
i mmunot herapy drauRyso g r mimumeldu ncaebl | Death
i pil i mum@ylh of dawtmphdcyte antigen 4), I n
compar ed-Itione hceh eemotshter apy (18 mMmMon26G20¢
t he Food and Drug Administration ( FDA
European Medicines Agency ( EMA) approv
fi-rsehe treatment option for patients w
Al FA (Agenzi a | taaplpiraonvae dd etlh eF aursnea coef) i mn
l entreat ment only for pati entespidihaedn ms
MP M2 %
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1. 4Re?2s.i st ance of MPM t o SOC

MP M
t o
ci s
wh i
t he
sev
und
i s
may

Me c

i s ra cthiamact er i zreeds ibsyt ahnicgeh. cPhaetmoe nt
SOC and relapse rapidly with a medi
pp emetnr exed combination can remove
|l e t hel o ecsams tsatnitl Iceplr ol i ferate after
re are no approved théiri-aphestfent mel
er al clinical trials wi t h mol ecul a
er st andirngmeocfh ammoilsegesuloaf i ntrinsic an
strategic toheveesomeanesgi sfaNMPM.to

be due to different mechanisms, i nc¢
hani sm of resistance to cisplatin:

Al teratiomcicumaueélalt uloamr of btet@ausempd u
cisplatin uptfakrema t Nuhe drheta geedd.uct i on

pl atinum accumul ation is the conseqt
regul ate the intracellul ar drug wupt
insitdlee cel | i s regul ated by passi

transportaCopgersy st emasporters are
involved in thebadasmdrtomdgdoumldast.i n@un
(CTR1)an mmerrtodret in cell ul ar upt ake
increased expression of -BaR&dcagen:
uptake.-bThdi AGPcassette (ABC) trans|

pl atinum resistance. ABC huansposkee!
small biological compounds, includir
cellul ar membrane. |l n particul ar, AE
are overexpressed in drug resistant

transmgadrspl ati mMOrgutni af ctalte omeltlr.ans po
role in the hepatic uptake of hydro

HM
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serotoni n, and histamine. It has al
transporting wide range of wvarious ¢
OCTs: OCT1, OCT2 and OGpéciEachl OC®
for exampl e, OCéddseds imstiyerxpand
isoform in the kidney, whi|lCGCTB@AGE3 i s
been described to be overexpressed
as

a probable candi d@te for the ci sj

I ntracellul ar detoxifsecmae i ©Dthudife s hlea
that i ncreased Hewalsdf esfaseg! (IGSBTHI am
reduced platinum efficacy, suggest.i
through I ts conjugation with gl ut a
det oaxtiiéaoncy mésathey are now consider e

targets to reverse tumour Tresistanc
GST activity is Pt Vdgevweloadp ulgsstf dadhatt i c
siawmd Bawaj or stability. This i nduc
pl atinum at2® he target site

DNAdamage :r efp@armati on of DNA adduc
transcription and replication. DNA ¢
is recognized by the cellular prote
ci spl ati nnhtarnecaetdmelhNA mEipiamirt atch e vi ¢ §

tumour <cells to cisplatin. NER (nuc
main DNA repair system, involv&dRin
presgstméeé apoptosis induced by <cispla
at axamgitedt asia mutated (ATM), which
s i t2e728).

hani sms of resistance to pemetrexed:

| mpaired :t rpeemepgaretxed iIs transported
the reduced fdqd@Qat & FCamutati OREFChave

HH
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with resistance by <causing alterat
transporter and the mobili (3y¥8)Jlof the
T Decreased exprodsysgilount anfatfeolsypht baws a@g
cell ul ar upt ake, pemetrexed i s me
polyglutamated form by FPGS. FPGS |
mai ntaining intracellular folate | e
gl utamate moi ethi essn-dApiirnodl neactihomug
folypol yd#dli ghamal as e concentrations
causing thef saapmtriefscsli aotne fpoorlnyagt!li uotha ma
folate concentrations decrease comp
increase in antiRedaced patyygihwlt &atmiad
pol yglutamate i s a mechanism by whi
pemet (3.xed

T Multidrug resistaMRRs prancdciinm [ arRtPiso
MRP5 have been described to be invol
through the extrusion of3. Rehneentort ehxeero
pol yglutamates are good substrates
involved in the folatebds metabolism

correlated with cell(®4ar resistance

1. owards personalized therapies
MPM i s a tumour charactembonedhkyehibglknek
mo | ecaundar pholloegvied asl. Mol ecul ar anal ysi
heterogeneity between patients and in

di fferent cl(olahveoompesht gbnr e$ hdsrtuagnsc e
approved up to now, continued researcl

therapies and personalized approaches i
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1. 5Gelneti ¢ alterations

Understandi nagl tteheat genstitdh at characteri
devel opment of personalized therapies.
shows a | ow number of rec¢c hrneaeinntr e qu ¢ &t
al t erweetrieo nsdBeMRalin®iF-Mdr | i n muCBKNBAkeahnhdn

( B>

BAPlcoding {florasBRCA alkpd poactadiend at 3p.
encodes for a deubiqu9Q@i kBRa ivaeigtzhe mebyingeu. i
carboxyl hydr ol als@r g dJtCeHr) i zaecdt itvhyiet tytpec Ipe
|l ocali zation BABbhal rédNpb&Snsishlte . f or t he
hi stonebBiahdneopradtseiaex,arapsar tedanth DNA r
acting as component in the BRCA1/ BARDI1

BAPalct s through three main mechani sms:
deubiqui-bDUBpseoBPpPHllexu,bi qui ti nates histo

transcriptional activati on BoAPAgeésesasth
transcrriegguloant ocroob i n ds g boisatlceh | wifvidl t 1d
E2F and induces the transcription of g
contributes to th@B8pReceass soudDBA hapae
BAP1l i sllilsacheepedsal , and in the endopl a:c
modul ates the s{(abokitypylefihdsdphdatP8RBec
channel, invol ved pans stahgee'i roahg u@iRttoimotnh eo f
mitochontfereaenBAPdilnerati ons have been
frameshi fting, mi ssense and nonsense
sites. I ndependently of theBAPrileesrudtti am

t heachuofpeat ein expression,3Ydulentiohehru
BAPrlegul at es, transcription, chromatin

situated at the carboxy termnmi nusunocfatti

HN
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mut ations are pathogenic because causi:
the cytoplasm. Since 2011, when Car bone
BAPdt aiinsi naggssoci ated to MPM, t he i mmuno
expression i s ent eraddli @ gon a shtei oB® Rt aarea too
itself deubr gostfgrtaam edywit,eo pl as m t o t he
nonsynonymous somatic mutations iimgthe
the | oss of otrhet idweiutby .quMBtpPRAEohs oha att
frequent!| \{ @ paGboBpehiug at i on i(ifsoimMmespeansid

susceptibility to sever 19 GearlmlB AnBeh c vy ,
mutations are associated with | @d9s agc
LaFave et al. demonstrated that BAP1 in
of Zeste Homolog 2 (EZH2) inhibition, 1
growth in BAP1 deficient MPM mouse mo
selectiH& omal bEZor , which in preclini

activity i n nsoervd® r aTlh ek iancdt iovfi ttyu and t he
wereeval uated in patients with relapsed
obtained results demonstrated that taz
safety in refractory MPM patients; t a
absorptiiodma(@wms2hpp tazemetostat i s met a
At the end of the study, 2 of 61 pat.i
response rate of 3%. One of the two paf
duration of 1 8aswe epkrso gwietshsoiuotn daitset he cu
a duration of response of 42 weeks. | n
control rate was 51% at wee@k th2lamwmdd2®
the disease ratelcod®6rof Wd4spa7WwenOse( &
while 22 (30%) had progr es %) vree dduicst @ aosne
tumor wa$ umbsed3vKe2dr me3 was significant]
37% compared with baseline and was 1in

reduced H3K27me3 reached di sease contr
HPp



I NTRODUCTI ON

wi t h i ncreased H3 K27 me3 had di sease
i mmunofl uorescence analysis of infiltr
decrease in the number and density of
treat ment . B cheddms asnddditatagd vhiatsh an

mi croenvironment and can al so(B@romote t

As I ment i one dB ARE Ao 1e , ¢ oBiRpd Aelx i s i mpo
homol ogous recombination ( HR) medi at ed
(DSBs), while PARP enzymes play a key

repair. |t has b e etnh ed eimomisktirtaiteerd afh a

accumul ati on of SSBs t hat are converted
defici emadiiant edlR DNA DSB repair pathways

BRCA genes, essenti al f orHRD NrAe paS B's praet
sensitize tumor <cells to PARP inhibito
carrying ger BBAPnwet aotri osnosmamaiyc cl i ni cal |y

(a PARP inhibi(t3or Fomohbi kerapgon, MP M
on ar amcomi z@adedpesingle arm, phase 2 c
PARP inhibition efficacy was based on

somati c mBARTLIiTohnes roefsul t s of the study
| i miatnead t umor activity in MPM patients
Obt ained data suggest t hat BAP1 is no
i nhi b#&tor s

Neur ofi br oma\tFdse r9liisny@et @m¢r suppressor
somatically mutated i n-4MPM,o0 fi nMPINEERa tiite

gene is |l ocated at 22q9q12 | ocus and enc
cytoskeleton remodeling and cell signa
domai ns: if)lora 4~EIRM r(oFt ei n, E for ezrin,
domain -tae¢r mhreuN ii) an al phtaerhmilnalaldadn
Merl in regul ates celoln &thrrwiuwgahl tdasdt barenldl

H C
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and other i ntracel l ul ar effectors, I nc
tyrosine ki nases (RTKs) , t hat downr e
intracellular signal tratsdacei ¢l SKJ K
mammal i sonf traarpgaemty ci n (NMBORAat panbwaye mo
in sarcomatoid rather than epithelioi
aggressive phenotypNeF.2rGernnolti meu tnauti aotniso r
to the developmenn oheBAaRski af MPM as

|l mddi ti2ore,gu NRiiempo pat hway, which i s
promising targets for patients with MPI
physiological processes, including cel
regeneration, embryon@edmhbei sfranadr wptundr
associate domain (TEAD) family of prot
signaling pathway and have a key rol e i
apoptTber en iosngadiumdgy t oh ee vsaalfueattye atnd- t ol e
930, an or al TEADstihrehitHoiiptpoor , p atthhawa yt airr

advanced solid tumors, including MPM.
t ol er abi9l3i0t yasofmolnkbt her apy. Participant
metastatic solid tumors f otro whommf etrh ea le

benefit. For this studyNEhes22&0E5n0 p.l

1. 5A 2f,.oc@QBKMNDA

Th@DKNBAne, due to an altwo n@anpolhbeéd fsdp,| i ¢
p1?4f Bot hk4ptiaphladve key role in tumerir st
functtiloen danlelg uclyattkeieodnel et i on ,whHi dhec ®@mpt2d

CDKNAA a common genetic alteration 1in
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pl1l24if' s r esfpamei bllamtchkkd dand G2t phacelsl CVyC
indirectly atthavatiyngcpBGfhul attds in the
compl exeBMwi(mobuBMe doubf'dami aukey2)y ol p1l
pat hway, becausien ctahues et d MaéembBso clenno't

degr pdd@itidm2 i nteracttfonasctal dowt prhair sup
the block of Mdm2, which has a main rol
degr addapt i on.

plékadict anaegative cell <cycle regulator
dependent kinases 4 dft? @& dE CDRX464 ai mdd uGD K
t he change of their ianhliobsitteirnigc tchoen fma m
bet ween &L&DK4k§clin D.oft hferopemp ke phee

retinoblastoma pplhaepmon(Rbat ed and dqrypwe
andautsikets Gl phasevidalel foyanad i omregpsftes b ev

comp(l &)l n 2020, Mar shal l and coll eague
analyzed 216 MPM samples) CDENRABAdachomb
accurately reliably and (&1 fuioc ie e tednigteui
Hybridteatiomwhich is widely used as a |
MPM and ot her tumor s, including pancr
mul tifor me, l ung cancer, aimd meckhaand
described that e LiDKaereXtpircecsasoapud DakiN 20An s
expression is epigenetically regul at ec
polycomb groupgd 76 RBc G RCRr oftPecilnysc omb r epr e
consists of 3 subunits: EEd (embryonic

of zeste 12 homolog) and EZH2 responsib
PRC2 is respPbkKN2Apeessi bhe via histone

As demontstlieiatteerdd fiihB e apt @mor suppressor

i's associated withbhMPiMoateerntovet ahs&s sen

besmpposed gichnaetteixgnrees si dthapf hpté an i m
HY
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role in i mproviimgyipatrmenbesordewmahstr al
of 'pdf@ gative MPM cel( GDKv/teh mribleimimicii cdn
decreased cell proliferation,arcraawsti,ng
increasing cell ced@Bscleonceonfni rvhPM hi s

mul ticenter phamsemedNdT GBI XRHME & Ibiecaeln des
stratifying MPM patkégptsesaconrdiaguso

week 12 | andmark was used dma@tideirt y, 0 a
has been usually used as a primafMheendnyp
studyedr eéevheaatl di sease control at week 1:
(54%), and at week 24 in six patients

week 24 from the beginning of thhenetresc

patient had parti al response at week ]
progressive disease. The median progr es
overall survival was 217 déawyast. albresmsawmn:

promi sing clinfi"“d% gatcitvesi MFMi patpilént s
befwirtth cheifpolt.her apy.

A TCGA MPM Cohort(n=87)
Cancer Type Dotaited | RNNRNEARNERRNERRRERRRERERERRRERRRERRRR RN RN RR RN
CDKN2A Sl T

BAP1 KA | {11 | CECEEEE (11| CECCTTEEN
NF2 e CTTTTRNNT CRRET | ||| £ " CLLLTTTS

Genetic Alteration i (putative driver) | Missense Mutation (unknown significance)

# Truncating ) BFusion || No alterations.
Cancer Type Detailed | pieural Mesotheioma. Biphasic Type || Pleural Mesothelioma, Epithelioid Type | Pleural Mesothelioma, Sarcomatoid Type

FigsBAP1 CDKN2A and NF2 genomic | andscape in
mutations in MPMs. (B) Schematic illustradaoion
10.3389/fonc.2020.57946

H O
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1. 8he MPM microenvironment
Tumoni croenvironment ( TME) has an | mpo
progr.esaredponse to therapy. MPM TME i
of the extrmacremrmwndea ra mketlirnewu naend t he sol
released by ((ike di fferent cell s
MACROPHAGES STROMA and ECM COMPONENTS . =
2 o
e -

o\
T CELLS

PO-1/POL-1

Fi g6.rGg aphi cal

Macrophages

fibers
t he
( TAMs) ,

produced

mo s t

pamar ker

t hat

pl ay a
abundant
ar e

abundant |

of s mawcarso pchoargree | at ed

: o m/

v v
- o
%, s
Y e
.

°
o
and mgration
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[r—

.
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O

|ANGIOGENESIS giia

NK CELLS
CDS6+

representati on.doofi : MPLN . t3BM™r/ cma

kperyo nmnootlien g oitnhf i anmmatr

r e s ppadrnvsaen ceerdd sa ta gteh eo f
p o pTud naet 5 soonc ioaft ei dmmuancer

recr ui CCL 2.

y by

ted by
mesot hel

MP M

i n

a l
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we piht p@loir o

MP Ms .
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ar e

t umagreacti vity,

di vi
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activity. M2 differentiation i4, fl88gul at
and-10L which are produced by tG®&obn i nf
MPM M2 markers, such as CDbB@3gersdi GQ2 @&
of polarized activation toward the i mm

in MPM specimens a poismmuIives wlBspsroes saitv e

stromal CD68we mdcreophMRIMes|l eur al effusio
mol ecul es, l i ke macr ophag@SFgaol otnrya nsstfio
gr owt hb(TfT@ftammd prostaglandin E2 (PGE2),
cells and drive I mmunosuppriessviveraiffe

Pol ymorphonucl ear (PMN)deandednosoppt s

( MDSC) account for |l ess than 10% of MI
tumpmromoting activities, which negati ve
pl ay i mportant aotmuwiotsiuepsp;r essi vact, tr
i nhi bition of proliferation andTwgt ot o

MDSC popul ations have been described
subtype, whi é¢hWTOPEmMas st h@eDInbonocytic | i k
expressycmi®y The granulocytic subtype
throuG8F Gan€SFKM with t he consequent
i mMmmunosuppressive phenotype. I n MP M,
i nhi bited by MDSCs, througwhe thel sccired.

increased tumor infiltrating MDSCs sig
MP Ms

Dendritic cells (DC), t hat hav-epani fiinyg
i mmune response, are reduced in number

capabidmatiynt-alPhekpression-j nahdmmarodugea

angiogenic factors, l i ke vasoadil 5% endot
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Neutrophils originate from the myel oid
present in the i mmune system. They are
captur e i nvading mi croor gmmagansytoli gu

formati on exXt maewdlrloplhad traps (NETs) . I
rol e I n cancer progresssgonsucthhrasigipr a
angiogenesi s, I mmunosuppression, and
demonstrated that neutrophils hal®®k a k-
Tumor associated neutrophils (TAN), as
can have a dual functionpr omotfiarcg ,i rifhlea
or, on the other hand, mtdstadcecy ace mad musnto
neutrophils could infiltraie MPWhewy!l al
demonstrate that neutrophils recruitec
phenotype and the effect of neutrophi
i nvesi{sihgat ed

Programmeidghre@thL and cytotoxic T | ympho
4 (CTLA4) are considered as key regul a:
i mmunosuphpDbDil®éissoars.i mmune checkpoint rec

T cdlnlvesti gation of checkpoint -tnoliscul

associated with shorter overall sur vi v
hi ghetl P®uLels than epithebBoitdadiduDdor s .
1 exprcoggsedirathe hi ghert prreosgproannsnee dr acteel | d

1 PPl)and -PDhl ocki n;g iamtfi @wotd,i eisap ri osg nuossut ail

bi omarker to check r&e&)ponse to i mmunot!l

Tumor stroma of MPM is mostlghaompbeed
by spsihnadpleed nucl ei ,DCoheynacdemiphagéesomnd
associated fibroblasts (CAFs) or active
MPM microenvironment . CAFs are recruite
growt h-2 f @R®lerand pl atel et -Ale( PBAF , graowt

OH
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they have an i mportant role in tumor gl
the extraceh8ullmrr amadnti xstudi es, fibro
( FGFR) signaling has been demonstrat e

pat hogenepossahdeasher apeut i cextparregseste. d |
MPM cell I ines, and their expression is
i nhi bitor of FGBRERItnyhridsitne nkionfasFeGF r el
in MPM cékefraproifst amdr rgdoweh in XxXenogr
clinical trial wi t h FGFR 1 and 3 inhi
efficacious in MPM patientd snewhoeatnoienrn
Ci sphbaged che@@®m06 herCpFys dxuenotr i geoi c ef
secreting a wide variety of growt h f e
proliferBtL6n. amGFCCL2 synthesized by
patighe sdal effusions, wher e prlesgi cent

recruf@tment

2 Aldehyde dehydrogenase 1A3 (ALDF

Al dehyde dehydr og e narseemblefx Been(ZAyLniaH 1icAd3 )f ai m
aldehyde dehydrogmpased J¢ALDBs)Ydi fferen
encodedALDyH 1¢MdBee | oc at e dc horno mmohseA & H 1263 3i
a NAD+ (Nicotinamide adenine dinucleot
dinucl eoti de phosphate) dependent en:

detoxi fication of a wide spectrum of e

correspomxdylnigc caaibd. Endogenous al dehyc
of amino acids, l i pidssteroanhsns whbi e
aldehydes derive from both har mful Sub:
cigarette smoke, and fr B the metabol i:
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ALDH1AS3, with the isoforms ALDH1A1 and
subf aomi IAWL DNLDH1A su®&mammprgorlteasitn t he c

retinoic aci.d RARA)s guermtalkessfiusnct i ons, bo
l evel, such as embryogenesis and organ
tumor cel |l proliferatiadhfand resistanc:e

source function

endobiotic/xenobiotic metabolism _

lipid peroxidation-derived

environment [ r"','!()lll(‘H osmoregulation ]

A
1
'
'
'

l ALDH

aldehyde + NAD(P)* —— > carboxyli'c acid + NAD(P)H
|

'

'

1

|

;---b[m]—:{ protein/DNA damage ]-——b[ luxuzlly]

: )

r-g lipid peroxidation membrane desltruction l— !

'

~-=» GSH depletion oxidative slress l-———b[ diseelse]
dysfunction

CAdoslShematic illustration .dfoith

10.1016/j .chbi.2012.10.0

2. ALDH1&A8t oxi fication rol e

ALDH1A3 is iadetodowiefdi catitdbe of toxic ald
some met aboilncl pddpcg spersoxi dati on (LPO)
mol ecul es, radaméllasee npadi cal speci es, |
carbanbon doubl e bonds, I n particul ar
causing hydrogen abstraction from a ca

resul ting #mradliicpild merdoexsyld oo mat @ on .

A iwde variety of toxic aldehydesLPare f
i ncl updrionpgamad londi al deld-hgddr  MDAGINED al an4
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hexanal . MDA | s ptrioeluma s tof mu,i sowlethNdee ridesx |

the most(@6hoxic one

4-HNE hislgyaeacti ve compound with a partic

by three functional groups: C2=C3 doul
hydr oxyl group on C4. -HNEi nighdyaatearcits
nucl eophilic thi orleaacntdi ceilNiBnfovitghrieo yglr 0.t eTi h
vitawo r eacti ons: i) through the additio

of the protein (Schiffds reaction) and
by the active C=C dtosubtl ieg HidltNdixs Boetcyacuksl
met abolized by three diffSeransfenayees
alcohol dehydrogenases (ADHB¢|I addngl Ak DYJ
| f not me-HA B o Iciame dr,e aL t with sever al |
protpamtsi,cthhdsel tylcytst,romteadnne and | ysin
wiah amino group, and with nucleic acio
of DNANBAOt ei n exdamtct mpostant role in

progression, metabolic@me)pmwadgr ammi ng,

MDA i s produced through the peroxidatio

and its detectionLRG MDA df oarsmsi naddi dcuactt osr
invol ved i n del et eri o-ust erenacclte counlsar ipn
crosslinking, whi ch accumul at e and i n
spontaneouahg Hegmaddehyde (AA). MDA a
formt hg stabl e hybracdet maldemgida@| daddyuwcet
macr omol ecul es, i nxddwd tmgp n@aor tee ie immau.n o A
can start an i ne@y ammatory response

op
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2. onversion of retinal dehyde to

ALDH1A3 is the main enzymetrnawvol vetdi nal
(Retingi e¢nAdiacd)t the cat al yftalcd dhditgrtvetrthye
activity oAwALW®SIImdi noBfs reti noid recept
RARs, whi c b hnbueclloenagr thoor mone receptor f
ALDH1A3 met abol i scmRSA na htdrda®b\d -biRAh hGs a
high affinity for -tRX®Asrheacsepd ohsgh wailti
receptors. RAR and RXR ghiomds ,s pcead il feidc RrA
acid Responsive el ement)-c iReAE SRIXIR/iRPAGR/ ian
tre&RMs tetramer, ataiuen ngf tthlee M@ milc tr an:

Fig8rRetinoic aciddoiignadlli.ng 4@®4d tdlewa 0.6 !

2. ALDH1 A3 expression and its role

ALDH1A3 is founeéxipoebesednaila ngsgeswiear @all u d i

gliobl astoma and MPM, whil e Htumosr nots se
oc
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ALDH1ABgh exipsessewiathedpoori nprimrgemasti sc :
gliobl ast oma, neurobl ast oma, gastric a
bl adder and i ntrahepatic chol angiocar
mesot hdltisomaxpressibo as maseo@aigagtredsi v

phenotype AR tumor cells

2. BALIDH1A8mar ker of Cancer Stem Ce

ALDH1A3 is hi ghtlhyea eG@pre @eslsle d( G HC) popul
Ssubpopul ation of cell sshwghhtaptbemtetpwaohd, r
proliferation, Caedotdhegapesustahte. el i
CSCs, while CSCs remai n, | eatda.;nigkz @r h et hti
reason, targeting CSCs could be a pote
increase the efficacy of cancer treatr
ALDH1A3 is an estuakldi $lhed tmai ke i(dlent i f
The increased activity of ALDHamedehtoedct
t o i dehnet ICSpCul Bhe oALDEFLUOR assay quant.i
of AbBHs O sub(SBORItRY) amino acetal deh
fluorescent reaction proda@t (Bl ODI PY)

DEAB

Highly fluorescent in cells Nojflugrescent Inicells

Fi g9Seheme of ALDEFoOLIUORL Oa.s1s86y3 2/ oncot a
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For example, in boéashedd®&ndédéeDH tksatt btdhoes
ALDH1A3 masiing hfeor m contri buting to ALDE
cancelrl s. Hi dolasAtbeiABbed sofn tod rhen sukli md

nosmall cel,, dluingblcanttemd47,3 ,an7d4 col on ca

2. BAL2ZDH1ABomotes tumor progression

ALDH1A3 has an icramaopretoagnrte skkavib@lf y ect s o

mi grati on, proliferation c¢clonogenicity
present an altered metabolism tof osrati ¢
massive neoplastic growth. Tumor <cell s

usadenosi ne tATiPplbospadmaereat(e ATP depen
transformi ng mosltacoffwatehbeu rgl leddsec ti)nt d t
demonstrated that ALDH1A3 has a key ro
et al ., descri bed that ALDH1A3 has a k
met astasi s by promoting gl uthcads eA LmeHtlaAB
acti VaK/eAKT/ mTOR oro & svawi atbhker a g s cf raicpt toiro r
per oxi some-a@ptrioYatf ed atr eRRAAR RBIIK/ AKMmanT QR
pat hway promotes the activity of hexok
targARLDHYJA3 may be a new approachnfor
mel anomastric eamddr ,c ednd Ll DuehigA 3c a nncheirb,i
redastauenor @G O0owt b

2. 3TLh3e. rALBHDAB drug resistance

ALDH1A3 i s highly -resprseaned ciamcehenel

resistance to some chemot he rdaopxeourtui bcisc i

t emozo,ldomied e X aulo,r oir aainld, ogxiasplpataitnn ir
oy
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—+

md G, 7). AL DHneAld at ed chemoresistance I
di ated drug inactivation, but an indi

ne expression changeé¢ Dt hRdr rexarnmp!| e ,n

® O O Cc

ncer, the increased expression of Al

nu o «Q 3

gnaling pathway, which confers a suryv
do ¢ §tEa&FeRpr eguwiatth otnhe consequent aci
transducer andriagttiiovomtdr( STAT I )ra eagnudl aetxe d
kinases (Erk) phéhwayps e s s ic oreeassuél st AhbelyH 1i /

—
(@)

resi $tgemce t abicme® | an g i9olcna rgeca sntormiac  canc et
i's r espoonissipbhletdfilBuor our aci | resistance
hi stone demet h)yIB8&®d9e 4C ( KDM4C

2. 3A 4. 00AlsDH1IIAR MPM

Caninohave alecently demonstrated that
pemetrexed pl us cisplatin triggers t h
presenting high chemoresi stance, hi gt
mesenchymal P°tredéiltlss)( ALIDlH t his study, t
pSTANBKB complex is necessary for the
causing high | GA/LeTI/SEn b & n cE B P Bdi énpdei nndge n P
ALDH1A3 pr omoTtheery aocbtsievrivteyd t hat treatm
butein, an inhibitor of STATSTAGNgoksBbhor
compdtexband twas as s educaheednto rveistnhs amilo e

viwoPhosphoryl ati on all ows t he STAT3
transl ocation within thekButcd eusr mwaec
STAMNF KB complex supports oncogenic act.
CEBHAsn. summary they demomswavmni@nbnesi ubdiye ,0
t hat aNFKBep3endant repression of DDI T3

o
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of C&8Pendent ALDH1A3 expression, mo d u |
of the'"'"R#REDH s to cisplatini mndintpreaneit v @ x
They described that DDI T3 repression
resistance to t heirnapbyy vibhgaBteicnan be t ar ge

ALDH1A3 mRNA

0.754

o
w
1

p=0.015

0.254

Survival probability

0 500 1000 1500 2000 2500

time (days)
number at risk
low 44 25 1 T 4 1
high 42 18 3 0 0 0

FiguokapiMen er plot from
(n=84) showing stratific¢
theidoiOS 10. 3390/ i j ms222

Based on these resulpessiChiolciet yett mdt Al
expression may be uselabhal gsratofy88MPMI
in MTAGERA databasdigdvexlpattBEhdadr roefli 4 the s
| ow over aolMPM upravtciovearfi ti 8§ lma th gALDH1 A3 expr e
strypatf ents acacwearddInl@® S&Br vihwa lr

2. ALDH1A3 selective inhibitors

SeveAlLaDH i nhi bitor s haanvoen gb etehherzdte vieol o p e
me t 2-p € n tlyaridei s u lafnMEABh € s e | bl iotlchikec © Tosf i t vy

nn


https://www.sciencedirect.com/topics/medicine-and-dentistry/citral
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all ALDHI1 naenndb etrhsei r application may | e
the multiple functions of the distinct

and activity have been described in var
rel égdderefore, the exploraadbDHof amiel y
member 1 s of uAsmoprte vinpws ltyandescri bed,

ALDHI1AGBor rseMi actheedmor esipd@amcer aqardosi s 1 n
tumor s ; therefore, the taapgpepedanemthi ai
therapeutic str atTehge nrmajrort uartoal Ite nege nfec
of selective inhibitors forhemchodi DHTh
is, Iin fact, morettihgygn am@¥%gsedereende iisad
family and more than 60% of seqguence
subf aAmwiDIHy1. A1, ALDH1A2 and ALDH1A3 share
homol ogy, ALDH1A3 shares 71% and 72% of
and ALDH1A2 respectively. For this rea
highly selective @dnd @& otent ALDHI1A3 i nt

To datfeeAWL®DMHIIWW3 sel ective inhibitors ha:

1 .MCH NI a full competitive ALDHI1AS3
t hat-l NICB phenylsa’gTsotugpc kcirnegatient er act i
while the carboxyl group for med a
benzodiybxaglroup is in the enzyme hyd
E135, R139, T140, w189, L4771, and
reti nali dahydge phloc ktete cdvoompeloevxe rti, Wwo st a
weak hydrogen bonds betawdNé Wi&Didnc
compl ex. The crystal s t-IrNIld3 mo e s torf a tA
t hat ALDH1Al1l didndédt show anWCihMId3 og e
carboxyT3Q5 oump. AlsluHISAI 1iBVDdd i my ALDHL1
whi ch pentahlei z b iMGCli MIg3 otfo ALDHITAL.
benzodiyobx@lpoapaentt he hydr o Alh®MHI1A 3 p o«

nmm
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enzymewer e bl Md R é&ah ¢F vDiZrh ALDHKHE . t wo

hydrophohi @recekdt s ar € hk uyrelbB\NA B3P ,

respectively. The anwb THeHuH&E o pdhoda s pie
of t he ienhzey met ructur ahhibklistiscftbovri t ¥
ALDH1A3 omkebPHset hEhe a-h AHARSDIHSLAWMY sMaEll
strudemoaest h@lledb3 nds the enzyme in
over |l appi ng rtehtei nfal DdH1hA/3d ew hbiicnhd i gt epn
from the protein sutrfeatcpestaien Clohepeat
behavi o4 NoB eMTdefe NOQBact iwaist ytiens tveidt r o
on MES subtype o-f N&@&SdeenctRd pestduMCI ¢

were treated with retinoids in pres
(18¥. The results demonstrateda t ha
significant decrease i n RA85Di osynt he
0

o__0
-N
~\ N
<0 \N =

Fi gurla)MCHl NI 3 chemicdaoll0st10B860Y UA&56 3B PBS.e2 Oe
ALDH1A3 inhibitory by in silico screenin
ALDH1 A3 wi-lt MIdIW.CIL 10. 1021/ acs.jmedchem. 9b0:


https://doi.org/10.1080%2F14756366.2023.2166035

I NTRODUCTI ON

2.YD170d a selective ALDH1AS3 i nhi bit ol

with ALDAlass3sahdctive inhibitory eff
ot her ALDH1A member s, i n f aelti,gawl 7
interactions with ALDH1A1 and ALDHI1A
of the inhibitor revealed d4DHiLl4B af
(Km= €&M)78 The inhibitory efiheodintof
human col orect al candédrer@aelelugwacswipiolt
t esitredyviake nogr aft mouse model . The
YD1701 attenuat @dciéenhveais@R@&GmMBECT IpIr ol on

the survi(®al of mice

o
O

b'—.h-'._- I..-"‘":"'

Fi gegdZChemi cal strub®ldme 1OBOYODBHAB 776 . :

.NR6 s a selective ALDH1ABDHIhAB bt her
cat al yteinct rteamhrcreeel t here arebebwdeneth
| igand the catalytic cysf,eiaemolINRGuU
derived from daidzein. I n NR6, diffe
beamrcorwatttdide cyani de gMRGp @haantdgbdoc
conseprovstedan ks t d bart-ésdgpeki ng NVATEr ac
residue strongl yNR@ ynrdisd iafmidc ycdoroor gdei nn abt
present betweeOHtppe¥d4p2andsttdeeN1l o
the interacti dins idiempgari tbaerdt bted oureder |
residue is not conserved in .Yh22 ALD
residues awiet hs uab sS4i6tlu takriddD HN4A7L8 ,and AL

no


https://doi.org/10.1080/13543776.2023.2287515

| NTRODUCTI ON
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Abstract: Aldehyde dehydrogenase 1A3 (ALDH1A3), one of the three members of the aldehyde
dehydrogenase 1A subfamily, has been associated with increased progression and drug resistance
in various types of solid tumors. Recently, it has been reported that high ALDH1A3 expression is
prognostic of poor survival in patients with malignant pleural mesothelioma (MPM), an asbestos-
assodated chemoresistant cancer. We treated MPM cells, cultured as multicellular spheroids, with
NR6, a potent and highly selective ALDH1A3 inhibitor. Here we report that NR6 treatment caused
the accumulation of toxic aldehydes, induced DNA damage, CDKN2A expression and cell growth
arrest. We observed that, in CDKN2A proficient cells, NR6 treatment induced IL6 expression, but
abolished CXCL8 expression and IL-8 release, preventing both neutrophil recruitment and gener-
ation of neutrophil extracellular traps (NETs). Furthermore, we demonstrate that in response to
ALDHI1A3 inhibition, CDKN2A loss skewed cell fate from senescence to apoptosis. Dissecting the
role of ALDH1A3 isoform in MPM cells and tumor microenvironment can open new fronts in the
treatment of this cancer.

Keywords: Malignant Pleural Mesothelioma; ALDH1A3; CDKN2A; tumor associated neutrophils.

1. Introduction

Malignant Pleural Mesothelioma (MPM) is a deadly cancer caused by exposure to asbestos
fibers, which originates from mesothelial lining cells of the pleura. MPM is characterized by a long
latency period and a life expectancy of 11-12 months after diagnosis [1-4]. For several decades,
cisplatin plus pemetrexed-based chemotherapy has been the approved first-line therapy for MPM
patients, with no novel treatments demonstrating superior response rate [5]. In 2021, the
publication of results from the phase IIl CheckMate 743 trial [6] showed that the combination of
nivolumab plus ipilimumab had a favourable clinical benefit-risk profile and gained approval from

the regulatory agencies worldwide as a new option for patients with unresectable MPM. Extended

(https:/jc g : ) -

s/by/4.0/). follow-up, as well as additional analyses of candidate biomarkers of immunotherapy efficacy,
remain of continued interest and require further investigation.
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Recently, it has been reported that CDKN2A not only serves as a diagnostic marker, but 44

&

may determine cell fate in response to EZH2 (Enhancer of zeste homolog 2) or immune checkpoint
inhibition [7,8]. Homozygous deletion of CDKN2A (which encodes for the cell cycle inhibitor 46
pl6¥4), along with BAPI inactivation, represents the most common genetic aberration in MPM 47
and is associated with poor outcome for MPM patients [9]. The work with abemaciclib confirms 48
the impostance of CDKN2A deletion as therapeutic target in MPM [10]. 49

Despite scientific advances, treatment options for MPM remain limited, with no approved 50
second line therapies available. Therefore, continued research focused on identifying new and 51
promising targeted therapies is crucial. In this context, it has been reported that the subfamily of 52
aldehyde dehydrogenase 1A (ALDH1A), that belongs to the aldehyde dehydrogenase (ALDH) 53
superfamily of 19 isoenzymes, play a key role in the progression, maintenance and drug resistance ~ 54
of various tumors [11]. 55

ALDHs exert a protective role in cellular defence against oxidative stress and reactive oxygen 56
spedes (ROS), through a NAD(P)" dependent reaction of oxidation of the carbonyl groups to the 57
corresponding carboxylic acid, to avoid the accumulation of toxic aldehydes such as acrolein, 58
malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE) and 4-hydroxy-2-hexanal (4-HHE) [12]. 59
Endogenous aldehydes are generated during the metabolism of amino acids, alcohols, lipids, and 60
vitamins, while exogenous aldehydes, as intermediates or products, are derived from the 61
metabolism of a wide variety of environmental agents and drugs [13]. Beyond their main role in 62
the detoxification of aldehydes, ALDHs have also an essential role in the biosynthesis of key 63
metabolic regulators of cellular homeostasis, such as retinoic acid (RA), y-aminobutyric acid 64
(GABA), dopamine and betaine [14]. 65

ALDHIA subfamily is composed by the three different isoforms: ALDH1A1, ALDH1A2and 66
ALDHI1A3. Despite their high similarity, the three isoforms exibit preference for specific substrates 67
or biological endpoints, and their expression patterns do not entirely overlap [15]. Among the three 68
isoforms, ALDH1A3 has been described to be overexpressed in different neoplasms, including 69
pancreatic cancer, high grade gliomas and ovarian cancer, but is not expressed in the non- 70
neoplastic cells. Specifically, ALDH1A3 is highly expressed in drug resistant cancer stem cells 71
(CSCs), characterized by the capability to promote self-renewal, clonogenic growth and metastases 72
[16,17]. Recently, an analysis of 84 MPM patients from the TGCA database revealed that high 73
ALDHIA3 expression is significantly associated with worse prognosis [18]. Canino et al. 74
demonstrated that in MPM derived cell lines and in primary cells the platinum based-treatment 75
triggered the emergence of strongly chemoresistant cell subpopulations exhibiting high levels of 76
ALDHs enzymatic activity; ALDH1A3 was identified as the main contributor [19]. 77

ALDHIA3 represents a very promising and intriguing therapeutic target, but the 78
development of selective inhibitors for each ALDH1A isoform has been hampered by a high degree 79
of sequence and structural homology. Very few compounds have been described as selective for 80
ALDH1A3 enzyme [20]. MCI-INI-3 is a potent selective inhibitor of recombinant human ALDH1A3, 81
with greater than 140-fold selectivity for ALDH1A3 compared to the isoform ALDHIA1 [21]. 82
YD1701 showed stronger binding to ALDH1A3 than other ALDH isoforms [22]. 83

In this context, NR6 has been recently proposed as a novel, highly selective ALDH1A3 84
inhibitor [23-26]. The functional profile of NR6, from the biochemical, cellular and structural points 85
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of view, highlights that it is a potent and selective inhibitor IC =53 +1.5uMand Ki=3.7+04 86
1M). A close inspection of the NR6-ALDH1A3 crystallographic structure revealed that NR6 binds 87
the tyrosine residue 472 (Y472) of ALDH1A3, which is non-conserved in all the other human 88
ALDHIA isoenzymes, and this drives its selectivity against this isoform. The Y472 residue is 89
essential in coordinating with the inhibitor because it differentiates the binding pocket from that 90
of the parent isoenzymes [23-26]. 91
MPM is a highly complex tumor, not only to treat but also to understand, due to the 92
involvement of different players in the tumour organization and in the principal pro-tumoral 93
functions [27,28]. The MPM immune microenvironment is unique and complex, characterized by =~ %4
great intra- and inter-tumoral heterogeneity. 95
Neutrophils have been extensively described in the pathophysiology of autoimmune and 9
infectious diseases, but increasing evidence suggests their important role in cancer progression, 97
through their interaction with tumour and immune cells in the blood and in the tumor 98
microenvironment (TME) [29]. The blood neutrophil-to-lymphocyte ratio (NLR) has been studied =~ 99
in several solid tumours to predict survival and response to cancer therapies. As suggested by 100
different studies, NLR represents an independent predictor of survival also for MPM patients as 101
well. The hypothesis behind thisis that activated T cells might be suppressed by marked neutrophil 102
infiltration. In fact, a high NLR could decrease the effects of the lymphocyte-mediated cellular 103
immune response and promote tumor progression/maintenance [30,31]. Recently, the 104
role of neutrophils in cancer has attracted attention because they are heterogeneous in phenotype 105
and function and can display outstanding plasticity, depending on the context, exerting anti- or 106
pro-tumorigenic functions. As is well known, neutrophils after their mobilization from the bone 107
marrow, are recruited to the tumour site by the action of neutrophil-attracting chemokines, mainly 108
IL-8, that can be produced not only by other immune cells but also directly by tumour cells and 109
cancer associated fibroblasts [32]. Once in the tumor tissue, the microenvironment cues are 110
responsible for the polarization of tumour associated neutrophil (TAN) towards either anti- 111
tumoral or pro-tumoral phenotypes [33]. Different signals that participate in TAN polarization 112
have been identified. In particular, TGF-f has been found to polarize neutrophil functionsina pro- 113
tumour direction characterized by high expression of ARG1, PD-L1, CCL7 and CXCL14 [34]. In 114
contrast, IFN and GM-CSF drive neutrophils toward an anti-tumour state characterized by 115
expression of MHCII and co-stimulatory molecule [35]. Anti-tumoral neutrophils can directly kill 116
tumour cells, support T cell recruitment and antitumor activity and suppress T-reg cell 117
differentiation [36]. Through a sequence of processes defined as NETosis, activated neutrophils 118
release NETs (Neutrophil Extracellular Traps), comprising decondensed chromatin (histones and 119
DNA), into their surrounding matrix, forming three-dimensional protein structures with 120
assodiated cytotoxic enzymes. Increasing evidence has reported that NETs have been directly 121
associated with the initiation and induction of tumor invasion, linked to metastasis recurrence [37]. 122
In this article, we describe the expression and role of ALDH1A3 in different MPM cell lines 123
cultured as multicellular spheroids (MCSs). We report that NR6 treatment strongly reduced the 124
proliferation rate of MPM MCSs and impaired neutrophil recruitment. In this scenario, CDKN2A 125
tips the balance between apoptosis and senescence. 126

127
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2. Results 128
2.1 MPM cells, cultured as multicellular spheroids, express different levels of ALDHIA3 129

We evaluated the expression of ALDH1A3 in multicellular spheroids (MCSs) from 130
REN, MSTO-211H and H2596 cell lines derived from epithelioid, biphasic and sarcoma- 131
toid MPMs, respectively. Representative light microscope images of the three cell lines 132
grown as MCSs for 24, 48 and 72 hours are shown in Figure 1A. At 72 hours, MCSs were 133
collected and mRINA and protein were extracted. Real-time PCR analysis demonstrated 134
that ALDHI1A3 transcripts were expressed in H2596 and at higher levels in MSTO-211H, 135
but not in REN cells (Figure 1B) and NP2 mesothelial cells (Figure S1). Western blot anal- 136
ysis confirmed that ALDHIA3 protein levels correlated well with the corresponding 137
mRNA levels (Figure 1C). 138
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Figure 1. ALDH1A3 expression in MPM cell lines derived MCSs. (A) Representative phase contrast 147
images (x40 magnification) of REN, MSTO-211H and H2596 cells cultured as MCSs for 24, 48 and 148
72 hours. Scale bar = 100 pm. (B) Bar graph shows ALDHIA3 mRNA expression evaluated by real 149
time-PCR in REN, MSTO-211H and H2596 MCSs, at 72 hours. Data are expressed as ALDHIA3 150
mRNA/185 rRNA ratio. Each bar represents mean + s.d. of three independent experiments. (C) 151
Representative Western blot analysis of ALDH1A3 expression in REN, MSTO and H2596 MCSs at 152
72 hours. Tubulin was used as loading control. 153

2.2 ALDHIA3 inhibition causes accumulation of malondialdehyde and induces a senescence 154
growth arrest in MSTO-211H MCSs 155

To evaluate the effects of ALDH1A3 inhibition, we treated MSTO-211H MCSs with 156
1 uM of the selective ALDHIA3 inhibitor, NR6. Light microscope images of untreated 157
and NR6 treated (24 and 72 hours) MSTO-211H MCSs are shown in Figure 2A. After 72 158
hours of incubation, MCSs were dissociated and the number of viable cells was counted. 159
The graph in Figure 2B shows a significant reduction in the number of viable cells in 160
MSTO-211H MCSs treated with NR6. NR6 treated REN and NP2, ALDH1A3 negative, 161
cells exhibited no significant viability effects (Figure SI). As shown in Figure 2C, NR6 162
treatment caused in MSTO-211H MCSs the intracellular accumulation of 163
malondialdheyde (MDA), whose nanomolar levels were determined after derivatization 164
with dimedone by liquid chromatography coupled to high resolution mass spectrometry 165
(LC-HRMS) analysis (Supplementary matherials) [38]. 166
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Western blot analysis revealed increased H2AX phosphorylation (y-H2AX) in NR6 167
treated MCSs, suggestive of increased DNA damage (Figure 2D). The graph in Figure 2E 168
shows the reduced levels of total NAD (NADt), NADH and NAD* in NR6 treated MSTO- 169
211TH MCSs, compared to controls. As expected, NR6 treatment with significantly 170
reduced the level of NADH, a product of ALDH1A3 activity. In addition we observed a 171
reduction of NAD* levels, probably due to increased consuption by other NAD- 172
consuming enzymes and/or conversion in NAD(P)* to support anti-oxidant 173
pathways. The ratio between NAD* and NADH in control and NR6 treated MSTO-211H 174
MCSs is reported in Figure 2F. 175
The reduction in cell number, observed upon NR6 treatment, was not due to apoptotic 176
death as demonstrated by no PARP-1 cleavage (Figure 2G) and induced expression of 177
BCL2L11 (encoding Bim) and BBC3 (encoding PUMA) (Figure 4E). Conversely, NR6 178
treatment induced the expression of CDKN2A (coding for the cell cycle regulator p16=¥) 179
and IL6 suggestive of a secretory senescent phenotype (Figure 2H). In NR6 treated MCSs, 180
differently from IL6, CXCLS8 expression was significantly reduced (Figure 2H). 181
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Figure 2. Effects of NR6 treatment of MSTO-211H MCSs. (A) Representative phase contrast images 213
(x40 magnification) of MSTO-211H cultured as MCSs and treated with NR6 for 24 or 72 hours. Scale 214
bar =100 uM. (B) Bar graph shows the number of viable cells in MSTO-211H MCSs treated, 72 hours, 215
with NR6 represented as percentage versus untreated control MCSs (Ctrl). (C) Bar graph shows the 216
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intracellular level of malondialdheyde (MDA) in MSTO-211H MCSs treated 72 hours with NR6, 217
expressed as fold increase versus untreated control MCSs (Ctrl). (D) Representative Western blot 218
analysis of YH2AX expression in MSTO-211H MCSs treated or not with NR6, for 72 hours. H2AX 219
was used as loading control. (E) Bar graph shows the levels of NADt, NADH and NAD" in MSTO- 220
211H MCSs untreated (Ctrl) or treated with NR6, 72 hours. (F) Bar graph shows the percentage of 221
NAD7/NADH in untreated (Ctrl) MSTO-211H MCSs or treated with NR6, 72 hours. (G) 222
Representative Western blot analysis of PARP-1 expression/cleavage in MSTO-211H MCSs treated 223
or not with NR6, for 72 hours. Tubulin was used as loading control. (H) Bar graph shows CDKN2A, 224
IL6 and CXCL8 mRNA expression evaluated by real time-PCR in MSTO-211H MCSs treated with 225
NR6, for 72 hours. Data are expressed as fold change versus untreated control MCSs (Ctrl). 18STRNA 226
was used as housekeeping gene. In all graphs reported in Figure 2, each bar represents mean of three 227

independent experiments + s.d., *p<0.05. 228

229
2.3 ALDH1AS3 inhibition counteracts IL-8 secretion and neutrophil recruitment in MSTO-211H 230
MCSs 231

In accordance with reduced CXCLS transcripts (Figure 2H), we found that the IL-8 232
levels released in the medium by NR6 treated MCSs, were significantly lower than controls 233
(Figure 3A). As IL-8 is one of the main cytokine chemoattractant for neutrophils, we 234
evaluated the capability of MCSs to recruit naive neutrophils in a co-culture model. After 235
48 hours NR6 treatment of MSTO-211H MCSs, 4x10* neutrophils, isolated from healthy 236
donors, were added to each MCS and incubated for additional 24 hours. Figure 3B shows 237
representative light microscope images of MCSs untreated or treated with NR6 in co- 238
culture with neutrophils. NR6 treatment significantly reduced neutrophils infiltration in 239
MSTO-211H MCSs. To exclude a direct effect of NR6 on neutrophils, we assayed 240
ALDHIA3 expression by Western blot analysis and performed a cell viability assay upon 241
NR6 treatment. As shown in Figure 3C, neutrophils isolated from a pool of three healthy 242
donors did not express ALDH1A3 and their viability was not affected by NR6 treatment 243
(Figure 3D). By confocal microscopy analysis with an anti-CD66b-FITC antibody, we 244
confirmed a reduction in neutrophils infiltration in NR6 treated MCSs compared to 245
controls (Figure 3E). 4',6-diamidin-2-fenilindolo (DAPI) was used as a nuclear counterstain. 246
Data were contirmed evaluating, by citofluorimetric analysis, the percentage of CD66b- 247
FITC positive neutrophils in dissociated MCSs (Figure 3F). Interestingly, as evidenced by 248
confocal microscopy after immunostaining with antibodies specific for myeloperoxidase 249

(MPO-green) and citrullinated Histone H3 (citH3-red), neutrophils that penetrated the 250

untreated MSTO-211H MCSs underwent NETosis (Figure 3G). 251
252
2.4 ALDH1A3 inibition induces apoptosis in CDKN2A silenced MSTO-211H MCS 253

Homozygous deletion of the 9p21 locus, which encompasses CDKN2A, is frequent 254
in MPM. We hypothesized that CDKN2A induction in wild type or hemizygous deleted 255
cells, could be responsible for the arrest in cell growth observed in NR6 treated MSTO- 256
211H MCSs. We generated MCSs from CDKN2A silenced MSTO-211H cells to counteract 257
its induction mediated by NR6. As shown in bright field microscopy images (Figure 4A) 258
and in graph in Figure 4B, NR6 treatment reduced the growth of cells transfected with 259
non-specific siRNAs and more significantly of those having silenced CDKN2A. NR6 260
treatment induced H2AX phosphorylation (y-H2AX) in both MCSs from cells transfected 261
with non-specific (NS) and CDKN2A siRNAs (Figure 4C). Differently from NS transfected 262
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cells, in CDKN2A silenced cells, we observed induction of apoptosis, as demonstrated by 263
bright field microscope images (Figure 4A), PARP-1 cleavage (Figure 4D) and the 264
induction of BCL2L11, BBC3 (Figure 4E). CDKN2A silencing was confirmed by real-time 265
PCR analysis (Figure 4E). Furthermore, in CDKN2A silenced cells neither IL6 nor CXCL8 266
were induced by NR6 treatment (Figure 4E). Consistent with reduced CXCLS8 transcripts, 267

and IL-8 release (Figure 4F), we observed reduced recruitment of neutrophils in both NS 268

and CDKN2A silenced cells treated with NR6 (Figure 4G). 269
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Figure 3. Effects of NR6 treatment on neutrophil recruitment ability of MSTO-211H MCSs. (A) Bar 288
graph shows the IL-8 level (pg/ml) released in the medium by NR6 treated (72 hours) MSTO-211H 289
MCSs expressed as percentage versus untreated control MCSs (Ctrl). (B) Representative phase con- 290
trast images of MSTO-211H MCSs treated or not with NR6, for 48 hours, and then co-cultured with 291
neutrophils for additional 24 hours. Scale bar = 100 um. (C) Representative Western blot analysis of 292
ALDHI1AS3 expression in neutrophils compared to MSTO-211H MCSs. Tubulin was used as loading 293
control. (D) Bar graph shows the percentage of viable neutrophil upon 24 hours of NR6 treatment, 294
expressed as percentage versus untreated controls (Ctrl). (E) Representative confocal images of 295
MSTO-211H MCSs treated or not, 48 hours, with NR6 and co-cultured with neutrophils for addi- 296
tional 24 hours. Neutrophils were stained with anti-CD66b-FITC antibodies (green)(A,B), nuclei 297
were counterstained with DAPI (blue)(C,D). Scale bar = 200 um (F) Bar graph shows the percentage 298
versus control of neutrophils infiltrated in MSTO-211H MCSs treated with NR6, evaluated by anti- 299
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CD66b-FITC antibodies staining and FACS analysis. (G) Representative confocal images of neutro- 300
phils infiltrated in a MSTO-211H MCS, stained with anti-Cit-H3-FITC (green)(A,B,C) and anti-MPO- 301
PE (red)(D,EF) antibodies at 63 x magnification (A,D,G). Images were merged (G,H,I) and zoomed 302
(B,C,E,F,H,I). Scale bar =200 pm. In all graphs reported in Figure 3, each bar represents mean of three 303

independent experiments *+ s.d., *p<0.05. 304
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Figure 4. Effects of NR6 treatment in CDKN2A silenced MSTO-211H MCSs. (A) Representative phase 329
contrast images of MSTO-211H MCSs transfected with non-specific siRNA (NS siRNA) or specific 330
CDKN2A siRNA (CDKN2A siRNA) treated or not with NR6, for 72 hours. Scale bar =100 uM. (B) Bar 331
graph shows the number of viable cells in NS siRNA and in CDKN2A siRNA MCSs treated or not 332
with NR6, for 72 hours, represented as percentage versus untreated NS siRNA. (C) Representative 333
Western blot analysis of y-H2AX expression in NS siRNA and CDKN2A siRNA MCSs treated or not 334
with NR6, for 72 hours. H2AX was used as loading control. (D) Representative Western blot analysis 335
of PARP-1 expression/cleavage in NS siRNA and CDKN2A siRNA MCSs treated or not with NR6, 336
for 72 hours. Tubulin was used as loading control. (E) Bar graph shows CDKN2A, IL6, CXCL8, BBC3 337
and BCL2L11 mRNA expression in NS siRNA and CDKN2A siRNA MCSs treated with NR6, for 72 338
hours, expressed as fold changes versus untreated NS siRNA. 185 rRNA was used as housekeeping 339
gene. (F) Bar graph shows the levels (pg/ml) of IL-8 released in the medium by MSTO-211H MCSs 340
transfected with NS siRNA or specific CDKN2A siRNA and treated with NRé, for 72 hours. IL-8 341
levels are expressed as percentage versus untreated NS siRNA. (G) Representative phase contrast 342
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images of MSTO-211H MCSs transfected with NS siRNA or specific CDKN2A siRNA treated or not 343
with NR6, for 48 hours, and then co-cultured with neutrophils for additional 24 hours. Scale bar = 344
100 um. In all graphs reported in Figure 4, each bar represents mean of three independent experi- 345
ments +s.d., *p<0.05. 346

2.5 ALDH1A3 inhibition induces apoptosis in CDKN2A homozygous deleted H2596 cells cultured 347
as MCSs 348

To confirm data obtained by CDKN2A silencing in MSTO-211H cells, we treated 349
MCSs generated from the CDKN2A homozygous deleted H259 cell line with NR6, for 72 350
hours. As observed in CDKN2A silenced MSTO-211H MCSs, we observed a reductionin 351
size (Figure 5A) and cell number in H2596 MCSs treated with NR6 (Figure 5B). ALDH1A3 352
inhibition caused an increase in intracellular MDA level (Figure 5C) and y-H2AX (Figure 353
5D) expression, suggestive of DNA damage. NR6 treatment induced apoptosis in H2596 354
MCSs, as demonstrated by bright field microscope images (Figure 5A), PARP-1 cleavage 355
(Figure 5E) and induction of BCL2L11, BBC3 (Figure 5F). As observed in CDKN2A silenced 356
MSTO-211H, IL6 and CXCL8 were not induced by NR6 treatment of H2596 MCSs (Figure 357
5F). Consistent with reduced IL-8 release (Figure 5G), we observed a reduction in the 358
recruitment of neutrophils in NR6 treated H2596 MCSs, compared with controls (Figure 359
5H). 360

>
w

2
Cell number
% versus Ctrl)

88

&
20
NRE 4
04 0
S [ NRS 72h

o

PARP-1

Cleaved
PARP-1

Malondialdheyde (MDA
Fod increase versus Cirl
mm c
T i
& B
%

X
cn NR6
cur NRG
Cirl NRS
F
§= 6 -
20 5 .
83
14
§§ 3
H
ES 2
3
29 4
5c N
2€ , M= W= W |
ne cxcL8 BBC3 BcLar
G aCr mNRE
120 H

IL-8 release (pg/m)
versus Cir
33888
.-
3
.

-
cul NRS
+ neutrophils

Figure 5. Effects of NR6 treatment in CDKN2A null H2596 MCSs. (A) Representative phase contrast 383
images of H2596 MCSs treated with NR6, for 24 and 72 hours. Scale bar = 100 um. (B) Bar graph 384
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shows the number of viable cells in NR6 treated H2596 MCSs, represented as percentage versus un- 385
treated MCSs (Ctrl). (C) Bar graph shows the intracellular level of malondialdheyde (MDA) in NR6 386
treated H2596 MCSs (NR6) expressed as fold increase versus untreated MCSs (Ctrl). (D) Representa- 387
tive Western blot analysis of y-H2AX expression in untreated (Ctrl) or NR6 treated H2596 MCSs 388
(NR6). H2AX was used as loading control. (E) Representative Western blot analysis showing PARP- 389
1 expression/cleavage in untreated (Ctrl) or NR6 treated H2596 MCSs. Tubulin was used as loading 390
control. (F) Bar graph shows CDKN2A, IL6, CXCLS, BCL2L11 and BBC3 mRNA expression in NR6 391
treated H2596 MCSs (NR6) evaluated by real time-PCR and expressed as fold changes versus un- 392
treated control MCSs (Ctrl). 185 rRNA was used as housekeeping gene. (G) Bar graph shows the 393
levels (pg/ml) of IL-8 released in the medium by H2596 MCSs treated with NR6, expressed as per- 394
centage versus untreated MCSs (Ctrl). (H) Representative phase contrast images of H2596 MCSs 395
treated or not with NR6, for 48 hours, and then co-cultured with neutrophils for additional 24 hours. 396
Scale bar=100 pum. In all graphs reported in Figure 5, each bar represents mean of three independent 397
experiments + s.d., *p<0.05. 398

3. Discussion 399
Malignant pleural mesothelioma (MPM) is considered a highly lethal condition due 400

to its recurrence despite standard approaches [1]. Currently, there is no approved therapy 401
for relapsed MPM atter front-line treatment. The identification of molecular targets 402
and small molecules as candidate targeted therapies for patients with MPM is urgently 403
needed. 404
ALDHIA3 expression has been associated with worse survival outcomes in a variety 405

of cancers [39-43]. Recently, Cioce M. et al. reported that MPM patients with high 406
ALDHI1AS3 expression levels had a poorer prognosis [18]. Further the prognostic potential, 407
authors demonstrated that ALDH1A3 expression was responsible for the survival of MPM 408
chemoresistant cell subpopulations. Indeed, the downregulation of ALDHIA3 expression 409
in MPM cells increased sensitivity to pemetrexed and cisplatin [19]. 410
Here we describe that treatment with the higly selective ALDH1A3 inhibitor, NR6, 411
impaired the growth of ALDHIA3 positive MPM cells cultured as multicellular spheroids 412
(MCSs). Treatment of MPM MCSs with NR6 caused the intracellular accumulation of 413
malondialdehyde (MDA) and DNA damage. 414
Accumulation of lipid aldehydes, including MDA, results in DNA and protein 415
adducts that lead to alterations in gene expression and protein activity and contributetoa 416
persistent condition of cell stress damage. This stressed condition and persistence of DNA 417
damage play a role in maintaining a senescent arrest [44]. ALDHs, including 418
ALDHIAS3, oxidize aldehydes to their corresponding acids, reactions that are coupled to 419
the reduction of NAD*to NADH [45] . Consistently, we observed a significant reduction 420
of NADH levels resulting in an increased NAD*/NADH ratio in MPM MCSs treated with 421
NR6. The NAD*/NADH balance is critical for maintaining redox homeostasis in cells and 422
for influencing cellular energy metabolism by affecting the activity of NAD*-dependent 423
enzymes, including PARPs, deacetylase sirtuins and several dehydrogenases involved in 424
glycolysis and mitochondrial oxidative phosphorylation [46,47]. A global reduction of 425
total NAD could reflect a deregulation of the above cited enzymes, of NAD biosynthetic 426
pathways [48] and a global metabolic reprogramming in MCSs under the pressure of 427
NR6. Another possibi]ity could be a conversion of NAD*in NAD(P)?, used in detoxification = 428
pathways [49] to contrast the cell stress damage induced by NR6. Further studies could 429
clarify these hypotheses, with to the goal of identifying novel agents, including NR6, 430
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capable of affecting the NAD*/NADH ratio under pathological settings to achieve 431
therapeutic effects, as demonstrated for example for KP372-1 as a potent NQOI-mediated =~ 432
redox cycling agent. 433

Furthermore, NR6 triggered CDKN2A expression in MSTO-211H cells, leading to 434
sustained senescent arrest. Despite many years of research, cell senescence remains a 435
somewhat enigmatic cell state. Among senescence-related mechanisms, the senescence- 436
associated secretory phenotype (SASP) has gained considerable attention. Indeed, 437
senescent cells secrete a variety of soluble molecules [50], including inflammatory 438
cytokines, chemokines, growth factors, and proteases that impact tumour, immune, 439
inflammatory and other stromal cells. However, the composition of SASP varies 440
depending on the cell and tissue of origin, with the inflammatory cytokines IL-6 and IL-8 441
are consistently present and are responsible for the maintenance and propagation of the 442
SASP response in the tumor microenvironment [51]. 43

In our cell model, we observed that NR6 treatment induced IL6, but on the contrary 444
significantly inhibited CXCL8 expression and IL-8 release. The observed differential 445
expression of these two cytokines deserves further investigation. However, as IL-8 has 446
been described to be the major attractant for neutrophils [52], we analyzed the capability 447
of MPM MCSs to recruit these immune cells. Neutrophils are the most abundant 448
leukocytes circulating in human blood rapidly recruited to sites of tissue injury. Ithaslong 449
been assumed they have a short half-life and are rapidly cleaned from circulation [53]. 450
However, recent research has challenged old paradigms, and neutrophils have gained 451
increased attention. Recent reviews have provided evidence of their function in cancer 452
progression [54]. Tumour-associated neutrophils (TAN) show a high level of plasticityand 453
can exert dual functions. TANs can be part of tumour-promoting inflammation or 454
conversely, mediate antitumour responses [55]. A key function of neutrophils is their 455
ability to influence the behaviours of other immune cells. The complexity of neutrophil- 456
based immunosuppressive mechanisms was recently exemplified by evidence that 457
neutrophil extracellular traps (NETs) released in the tumour microenvironment shield 458
cancer cells from cytotoxic immune cells [56]. Here we describe that MPM MCSs recruited 459
neutrophils and induced NETosis. NR6 treatment prevented neutrophil recruitment by 460
exerting its effect on tumor cells, as neutrophils did not express ALDHIA3 and were 461
insensitive to its inhibition. The phenotype and the effects of neutrophils recruited inside 462
MCSs have to be further characterized. 463

Another open question is whether senescence and apoptosis are truly alternative cell 464
fates. One hypothesis is that cellular changes that are pro-senescent are actively anti- 465
apoptotic and that senescent cells are resistant to apoptosis [57]. The critical role for pl6=a 466
in cell-fate determination, following genotoxic stress, has been extensively discussed [58]. 467
Here we describe that CDKN2A plays a key role in MPM response to NR6 treatment. NR6 468
induced senescence in CDKN2A proficient cells, while induced apoptotic death in 469
CDKN2A silenced or homozygously deleted cells. Therefore, one-two punch approaches 470
combining NR6 with senolytics to remove CDKN2A positive senescent cells deserve to be 471

explored. Deletion of CDKN2Ais a common molecular alteration in MPM, and is 472
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associated with shorter patient survival [59]. In addiction to abemaciclib as a treatment 473
option for patients with plo=¥: negative relapsed MPM [10], we identified a novel 474
therapeutically exploitable vulnerability of CDKN2A null MPM cells. 475

This study highlights that targeting ALDHIA3, via selective pharmacological 476
inhibition, is effective in MPM cell models. These results should be further validated using 477
3D culture models, in which cancer cells form spheroids within matrices as an attempt to 478
better mimic the in vivo microenvironment [60,61]. 479

In conclusion, our findings present ALDHIA3 as an attractive target for the 480

therapeutic management of MPM. 481
4. Materials and Methods 482
4.1 Reagents and antibodies 483

The monoclonal antibodies specific for Poly (ADP-ribose) polymerasel (PARP-1) and 484
a-Tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 485
polyclonal antibody specific for ALDH1A3 was purchased from Abcam (Cambridge, UK). 486
The polyclonal antibodies specific for histone H2AX and gamma histone 2AX (y-H2AX) 487
were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-mouse and 488
anti-rabbit IgG peroxidase conjugated antibodies and reagents were from Sigma-Aldrich 489
(St. Louis, MO, USA). The monoclonal antibody for human CD66b, the FITC 490
conjugated goat anti-mouse and the FITC conjugated goat anti-mouse were from 491
Invitrogen-ThermoFisher (Waltham MA, USA). The monoclonal antibody anti human 492
MPO and the PE conjugated goat anti-mouse were from eBiosciences-ThermoFisher, while 493
the polyclonal antibody anti human Cit-Histone H3 (Arg2, Arg8, Argl7) was from 494
Abbomax (San Jose, CA, USA). Nitrocellulose membrane and ECL were bought from Bio- 495
Rad (Hercules, CA, USA). Lipofectamine transtection reagent, sera, culture medium and 49
antibiotics were from ThermoFisher (Waltham, MA, USA). Non-specific (NS) or specitic 497
CDKNZ2A siRNAs were from Qiagen (Hilden, Germany). The highly selective and potent 498
ALDHIAS3 inhibitor NR6 was synthesized and characterized as previously described [23]. 499

The molecular structure of NR6 is reported in Gelardi et al. [23]. 500
501
4.2 Cell cultures and transfection 502

The biphasic MPM derived MSTO-211H cell line was obtained from the Istituto 503
Scientifico Tumori (IST) Cell-bank, Genoa, Italy; the epithelioid MPM derived REN cell 504
line was isolated, characterized and kindly provided by Dr. Albelda SM. (University of 505
Pennsylvania, Philadephia; PA, USA); the H2596 cell line, isolated by Dr. Pass HJ. from 506
surgical specimens derived from patients with resected sarcomatoid MPM, was kindly 507
provided by Dr. Thomas W. (RCSI, Dublin IRL). The mesothelial NP2 cell were kindly 508
provided by Dr. Steven Gray (Trinity College, Dublin IRL). Cells were cultured in standard 509
conditions in RPMI-1640 medium supplemented with 10% FBS, 1% L-glutamine and 1% 510
penicillin-streptomycin at 37 °C in humidified incubator with 5% CO:. Cells grown to 80% 511
confluence in tissue culture dishes were transiently transtected with non-specific (NS) or 512
specific CDKN2A siRNAs using Lipofectamine reagent. To get cell number and viability =~ 513

T
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information after treatments, cells were trypsinized, stained with Trypan blue, and 514

counted in a Biirker chamber. 515
516
4.3 Multicellular sphemids (MCSs) 517

MCSs were generated according to a published protocol [62] of 1% agarose in sterile 518
water solution. Before use, the coated plates were sterilized by UV light for 20 min. Ineach 519
well 1x104 cells were seeded in 100ul of RPMI 1640 medium, supplemented with 1% L- 520
Glutamine and 1% penicillin-streptomycin and 10% of FBS. After an overnight culture in 521
humidified incubator, at 37 °C, 5% CO, cells aggregate to form a single MCS/well. MCSs 522

were kept in culture for a maximum of 72 hours. 523
524
4.4 Malondialdehyde quantitation 525

About 50 pL of a 5,5-dimethylcyclohexane-1,3-dione (DCHD) 20 mM working solution 526
(DCHD dissolved in 2.5 g of ammonium acetate trihydrate and 2.5 ml of glacial acetic acid 527
in 25 ml of deionized water) were added to 50 uL of spheroids lysate samples and the 528
mixture was incubated in 60°C water bath for 1 hour. Samples were diluted by adding 200 529
uL of acetonitrile and centrifuged at 13.000 rpm for 10 minutes, than the supernatants were 530
injected onto the LC system. Quantification of Malondialdehyde in samples was 531
performed by using the calibration curve obtained by analysis of Malondialdehyde 532
tetrabutylammonium standard solutions in the range 10-1000 nM derivatized with DCHD. 533

534

° 0O R O

R
g +o¢©T + NHf ——= INl + 3H,0

H 535
Derivatization of aldehydes with DCHD 536
537
LC-HRMS chromatogram, M2 spectrum of MDA derivatized with DCHD and additional 538
information, are shown in supplementary materials. 539
540
4.5 NAD- quantitation 541

For NAD* quantitation, a pool of 10 MCSs was extracted with 400 uL. of NADH/NAD* 542
Extraction Buffer by two freeze/ thaw cycles (20 minutes on dry ice, followed by 10 minutes 543
at room temperature) and vortexed for 10 seconds. After centrifugation in a cold 544
microcentrifuge 5 minutes at 4°C at top speed, supernatant (containing extracted 545
NAD*/NADH) were collected and transferred into new tubes and then deproteinized by 516
filtering the samples through a 10 kD Spin Column (ab93349). The levels of both NADt 547
(total NAD* and NADH) and NADH were measured using the ab65348 NAD*/NADH 548
Assay Kit (Abcam, Cambridge, UK) according to the manufacturer’s instructions. After 549
reading absorbance at OD 450 nm, the level of NAD* was calculated by subtracting NADH 550
from NADt and normalized on cell number. 551

552
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4.6 IL-8 measurement 553
IL-8 was quantified using the commercially available kit anti-human [L-8 ELISA MAX 554
Delux set (BioLegend Global Headquarters, San Diego, CA) according to the 555

manufacturer’s instructions. The expected minimum detectable concentration of IL-8 for 556

this set is 8pg/mL. 557
558
4.7 Isolation of human neutrophils 559

Human neutrophils were collected and isolated from venous blood samples from 560
healthy volunteers. 20 mL of venous blood were mixed with 10 mL of 0.9% saline with 561
Dextran 500, and the left standing for 30 minutes at room temperature to allow 562
sedimentation of red cells. After the sedimentation, leukocyte-rich supernatant was 563
recovered and centrifuged at 1.200 rpm for 10 minutes. The pellet was diluted in 8 ml of 564
PBS and carefully stratitied over 4 ml Ficoll-Paque Plus and then centrifugated at 1.800 565
rpm for 15 minutes. The supernatant, which contains mononuclear cell layer, was 566
discarded. For lysing red blood cells, the remaining pellet was resuspended with 0,2% 567
Na(l for 30 seconds and then mixed with an equal volume of 1,6% NaCl. The neutrophils 568
were washed, pelleted, and resuspended in RPMI-1640 supplemented with 100 TU/ml 569
penicillin, 0.1 mg/ml streptomycin and 0,25 pg/ml amphotericin B. The percentage of 570
neutrophils was evaluated by cytofluorimetric analysis using anti CD14 (monocytes), CD3 571
(T lymphocytes) and CD66b (neutrophils) antibodies and was considered satisfactory 572
when CD66b > 90%. For co-cultures experiments, 4x10¢ neutrophils were added to each 573
MCS, previously treated with NR6 (1 pM) or DMSO for 48 hours, and incubated at 37°C 574

in 5% CO: for an additional 24 hours. 575
576
4.8 Confocal Microscopy Analysis 577

MCSs were let to adhere for 1 hour to poly-L-lysine coated glass cover slips and then 578
fixed in 4% paraformaldehyde (PFA) for 30 minutes, at room temperature. Cells were 579
permeabilized with 0.5% Triton-X100 in PBS for 5 minutes, at room temperature. After 580
fixation MCSs were rinsed in PBS and incubated blocking solution (10% FBS in PBS) for 1 581
hour. Primary antibodies diluted (1:50 ) in 2% FBS in PBS were incubated at room 582
temperature for 1 hour. After washing with 2% FBS in PBS the immunoreactivity was 583
revealed using the secondary antibodies diluted (1:100) in 2% FBS in PBS for 30 minutes, 584
at room temperature. Negative controls were performed by substituting the primary 585
antibodies with the 2% FBS in PBS buffer. The immunostained MCSs were counterstained 586
with Diamidino-2-phenylindole (DAPI), rinsed with PBS and mounted on slides using 587
fluorescent acqueous mounting medium (Agilent Dako, Santa Clara, CA, USA ). Confocal 588
imaging was performed using a LSM700 laser-scanning confocal microscope (Carl Zeiss, 589
Le Pecq, France) with 63x magnification. To image the entire spheroid laser scanning 590
microscope acquired single plain tile scans that have been automatically stitched into 591

larger mosaic. 592
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4.9 Protein extraction and immunoblot 595

Cells were extracted with 1% NP-40 lysis buffer (50 mM Tris-HCl pH 8.5 containing 5%
1% NP-40, 150 mM NaCl, 10 mM EDTA, 10 mM NaF, 10 mM Na4P207 and 0.4 mM NasVOq) 597
with freshly added protease inhibitors (10 pg/ml leupeptin, 4 pg/ml pepstatin and 0.1 598
Unit/ml aprotinin). Lysates were centrifuged at 13.000 rpm for 10 minutes at 4° C and the ~ 599
supernatants were collected and assayed for protein concentration with the Bradford 600
assay method (Bio-Rad). For histones analysis 5 x 10° cells were lysed in a 4x pellet volume 601
of Buffer A (300 mM sucrose, 10 mM HEPES, 10 mM KCl, 2mM MgClz , ImM EGTA) 602
supplemented with 0,15% NP-40, protease and phosphatase inhibitors. Cells were then 603
centrifuged at 1.300 rpm for 5 minutes at 4 °C. The pellet (nuclei) was washed 5 times with 604
Buffer B (50 mM HEPES, 0,4 M NaCl, ImM EDTA) and then resuspended in 3x pellet 605
volume of Buffer B supplemented with protease inhibitors, sonicated, and then incubated 606
on a thermomixer for 20 minutes at 4 °C with 1.300 rpm. Then samples were centrifuged 607
for 15 minutes at 13.000 rpm at 4 °C, and the supernatant containing the nuclear proteins 608
was quantified and used for downstream applications. Proteins were separated by SDS- 609
PAGE under reducing conditions. Following SDS-PAGE, proteins were transferred to 610
nitrocellulose, reacted with specific antibodies and then detected with peroxidase- 611
conjugate secondary antibodies and chemioluminescent ECL reagent. Digital images 612
were taken with the Bio-Rad ChemiDocTM Touch Imaging System and quantified using 613

Bio-Rad Image Lab 5.2.1. 614
615
4.10 RNA isolation and Real-time PCR 616

Total RNA was extracted using the guanidinium thiocyanate method. Starting from 617
equal amounts of RNA, cDNA used as template for amplification in the real-time PCR (5 618
ug), was synthesized by the reverse transcription reaction using RevertAid Minus First 619
Strand cDNA Synthesis Kit from Fermentas-Thermo Sdentific (Burlington, ON, Canada), 620
using random hexamers as primers, according to the manufacturer’s instructions. 20 ng 621
of cDNA were used to perform RT-PCR amplification of mRNA. The real-time reverse 622
transcription-PCR was performed using the double-stranded DNA-binding dye SYBR 623
Green PCR Master Mix (Fermentas-Thermo Scientific) on an ABI GeneAmp 7000 624
Sequence Detection System machine, as described by the manufacturer. The instrument, 625
for each gene tested, obtained graphical Cycle threshold (Ct) values automatically. 626
Triplicate reactions were performed for each marker and the melting curves were 627

constructed using Dissociation Curves Software (Applied Biosystems, Foster City, CA, 628

USA), to ensure that only a single product was amplified. 629
630

4.11 Statistical analysis 631
Statistical evaluation of the differential analyses was performed by one-way ANOVA 632
and Student’s t-test. 633
634
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