Design, Synthesis and Biological Evaluation of Novel P62zz Ligands with Therapeutic
Potentials

by
Shifan Ma
Bachelor of Science, China Pharmaceutical Unitaera12

Master of Science, University &fittsburgh, 2015

Submitted to the Graduate Faculty of
School of Pharmacy in partial fulfillment

of the requirements for the degree of
Doctor of Philosophy

University of Pittsburh

2021



UNIVERSITY OF PITTSBURGH

SCHOOL OF PHARMACY

This dissertation was presented

by

Shifan Ma

It was defended on
March 22, 2021
and approved by
Robert B Gibbs, PhD
Paul Edward Floreancig, PhD
Lee Apostle McDermott, PhD
Junmei Wang, PhD
Terence Francis McGuire, PhD

Dissertation Advisor: XiangQun (Sean) Xie, PhD



Copyright © by Shifan Ma

2021



Design, Synthesisind Biological Evaluation of Novel P62 Ligandswith Therapeutic

Potentials

Shifan Ma, MS

University of Pittsburgh, 2021

p62 is a multifunctional protein containing multiple protein interaction domains, which
participate in a wide array of signaling patlys. Among them, p62 is closely involved in
autophagy and the ubiquitproteasome system (UPS) via its PB1, LIR, and ubigbitinnding
domain (UBA) motifs. Our lab discovered the first small molecule ligdR&3 as our lead that
interacts with p62 thnegh its ZZ domain. Our previous studies found KRK3 showed an
inhibitory potency on myeloma cell growth and reduced tumor size, and it recovered bone
formation in myeloma models. To increase the efficacy and improve the pharmacokinetic profile
of XRK3, we performed chemical modification 0fRK3 and screened the amioliferative
effects on three multiple myeloma cell lines. We identified comp@&.@8 whichhas a highein
vitro anti-proliferative effect (IGo< 500nM). Compound.28 also has gooth vitro druggable
properties and increases autophagosome number without inducing autophagy flux. The
mechanism underlying this asttimor effect can be illustrated by signaling studies that show
procaspas®& accumulation, which causes procasgiselfactivation and activation of apoptosis
signaling that results in cell death.

In addition, we found that a majority of our compounds can enhance autophagosome
formation as represented by LC3B conversion. If our compounds activate autophagy flux and
increase thelearance of misfolded and aggregated proteins in the brain by the autophagic process,

they might be helpful in reducirgelp reduce the neurotoxic proteins that cause some degenerative



disorders. This hypothesis is consistent with a previous study mion, who found tha{RK3

can increase the mutant huntingtin clearance by autophagy. Therefore, we measured the
neuroprotective effects of our compounds in differentiatedSSHY cells against hydrogen

peroxide, which is associated with oxidative streskragurotoxicity. We discovered a compound
capabl e of i nduci ng aut o psknadagin tevels With demanstrdtedr e d u ¢
neuroprotective effect. This compoub® may have therapeutic relevance towards the treatment

of neurodegenerative dsses.

Keywords: p62/SQSTM1, p6ZZ ligands, multiple myeloma, neurodegenerative diseases,

autophagy, oxidative stress.
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1.0 Introduction

1.1 p62and Its Multiple Domains

Sequestosome 1/p62itially identified in 1996 by Joung et al., functions as an
intracellular signal modulator in multiple signaling pathwaks.shown inFigure 1, p62 is a
multifunctional proteirthat consists of som@roteirrinteraction domainsThe structurencludes
an Ntermind PhoxBEM1 (PB1) domain, a ZZ-type zinc finger (ZZ) domain, a nuclear
localization signal (NLS)a TNF receptorassociated factor @RAF6) binding domain (TBS)a
nucleusexportsystem(NES), an LC3-interacting regior(1), a KeapZtinteracting region (KIR),

and a Gterminalbiquitin boundingdlomain(UBA) (2).

NF-kB cleavage

Nucleo-cytoplasmic shuttle targets for caspases
| PEST \ PEST
NLS NES

TBS UBA —COOH
l I

ERK1 aPKCs AMPA RIP1 TRAF6 CDK1 LC3  Keap1 Ub-proteins

MEKK3 Ub-organelles
\ Rpt1 TN

NF-kB RANK1 AutOpLagy Nrf2

1L-1 Protlasome degradation
Obesity Necroptosis 1 NGF/ [ Protein aggregation
Inflammation

Neuronal survival Oxidative stress

Figure 1. The Structure of p62 and Its Multiple Protein-Interaction Domains

19



Among its multiple motifs, p62 has an-trminal PB1 domainThis proteinprotein
interaction modulgreseng in many other signaling molecules, suchaagical protein kinases
Cs ( UP Kmitegenaetivated protein kinase kinase kinaséEKK3). Both these proteins
and p62 can bind to each other and themselves through their PB1 dofBa#)sFirst, p62
interacts with itself and aggregateathe PB1 domain, facilitating its homoligomerization and
cellular function(5). Additionally, heteroligomerization can also occur with p62 and other PB1
domainrcontaining proteins, including P K Gritogenactivated protein kinase ERK1), and
MEKK3, all of which play critical roles in different signaling pathways that modulate
adipogenesis angiogenesis, neuron survival, cardiovascular pathogenesis, as well as
osteoclastogened(6). The interaction between p62 aal@lKC is associated with the activation of
thenuclear factokappad NE-a B, which is downstream of cell stimulation by interleukin 1- (IL
1), receptor activator of NB B | i(RABNKLY7), andnerve growth factor (NGF). has also
beenreported that the interaction between p62 and ERK1 pr@adipogenesi€d).

Next, the ZZtype zinc finger domain in p62 interacts wille receptorinteracting protein
(RIP)to modulatethe N B pat hway,,andnédcrbptogig 20} Also, p62 possesses
a newlyidentifiedregion located between the ZZ andStat interacts witthe mammalian target
of rapamycin N TOR) regulatoraptor(11), makingp62 an integral component fimlemTORC1
complex. P62 is necessary for mTORCL1 activation in response to the uptake of amino acids and
the subsequent mMTORCL1 recruitment to lysoso(és Xie lab and their collaborators have
discowred P62 ZZdomainspecific inhibitors and identified them as potential treatsémt
multipleMy el oma and Hun(,ilhl§)t Thesedishibitrs Bagdansoastrated an
impact onmodulatng autophagy and proteolysid.6-18)

Moreover, p62 interacts with TRAF6, a lysine 63 E3 ubiquitin ligase, via its central TB
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domain(19-21). The interactiometweerp62 and TRAF6 induces p6PRAF6 aggregationwhich

leads to the activation of N& B(20-22). Impaired osteoclastogenesisas observedn TRAF6

and p62knockout mice, suggesting that increhsd~a B s i gn al s cely surgivalo mot e
pathways and osteoclast formati(@g, 22, 23).

Furthermore, the LIR domain andt€minal UBA domain enable p62 to function as an
adaptor between autophagy and ubiquitinated proté® binds to ubiquitinated proteins via its
UBA and then traffics the protein complexttee autophagosommembrandhrough interaction
with microtubuleassociated protein light chain BG3)-11. Additionally, p62 has a KIR domain
that directly binds to Keapl and interferes with the Keldf2 axis activating the Nrf2 mediated
reactive oxygen species (RO8)mination.

Furthermorescientistsdhavediscoveredwo nuclear localization systems and one nuclear
export system in the structure thfe p62 protein. They are involved in the nuclegdgoplasmic
shuttling for p62 and other scaffold proteins. P62 contains two pi(@)nglutamic acid (E), serine

(S), and threonine (Tich regionswhich serve as proteolytic signals for rapid degradd@dhn

1.2. SQSTM1/p62 A Signaling Hub for Many Pathways

P62 protein is a multifunctional scaffold protein for different signaling path{2g25). The

PB1 domain interacts with aPKC to regulate downstream targets. The downstream signaling
cascades will be elevated or suppressed based on tha dgownregulation of p62 protein
expression level. The aPKC cactigate the NFe B s i g praanbtingneuron survival and
triggers inflammatior(22, 26). The p62 PB1 domain also binds to MEKK3, thus activating NF

@ B s i g2av)aKnocking out p62 would rede the aPKC activity, thus increasimgtogen
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activated protein kinas@APK), protein kinase BAKT), andc-Jun Nterminal kinase JNK)
signaling(3 andl eadi ng to Ab pathology and i nThée ammat.
Glycogen synthase kinasé § K Baltivity was also enhanced in the péck-out mice, leading

to tau hyperphosphorylatid28, 29). Usually, p62 will suppres&RK activity, knocking out p62

activated ERK signaling, leading to insulin resistance, impaired plasma glucose levels, and obesity

(30, 31
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Figure 2. p62 asA Signaling Hub

As shown irFigure 2, p62 has another important domain: the TRAF6 binding site interacts
with TRAF6 toregulate different signaling patlays that play a role in neurodegenerative diseases
(20). In 2001,Sanzet al. reported that p62 interackelectively with TRAF6, thereby activating
theNFe B acti vat i onl(320NGFiatergcts with p75 and Trépamyosin receptor
kinase A (TrkA), leading ttNF-a B a c t (B3y. b 200D Wooten and his colleagues showed
that p62 binds tarkA but not p75, whereas TRAF6 binds to p75 but not TrkA. They demonstrated
an interaction between p62 and TRAF6 could act as a bridge to link p75 and TrkA signaling and

a high-affinity binding site for NGF. They also suggested that p62 serves as a scaffold protein for
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the activatonoNF-e B si gnal ing by NGF, which medi at es
response$33). Geetha ad his coworkers found that NGF stimulated TrkA polyubiquitinatson,
reduced level of which was obseniadb75knockout mice. Both mutations in ubiquitin (K63R)
and an absence of TRAF6 will abolish the polyubiquitina(@s). Moreover, blocking the TBS
domain in p62 and mutating the K485 in Trk A with arginine will also eliminate the
polyubiquitinaton of TrkA, and the following NGF activated NFB s i g(28a In 2005
Wooten showed that p62diditated the polyubiquitination of TRAFR@&4). This polyubiquitination

will be inhibited or blocked by mutation or deletion of either the PB1, or UBA, or TBS domain in
p62. NGF stimulates the TRAF5 polyubiquitination and -p&AF6-PKC complex formation,
which are suppressed by the blocker of &2AF6 interaction(34). C Zheng et al. reported that

in PC12 cellsAR impaired the Trk A phosphorylation, ubiquitination, complex formation with
TRAF6-P62P75(35). They also observed similar impairment on Trk A tyrosine phosphorylation,
ubiquitination, and downstream sigmagiin AD patient brain samples compared with the control.

A possible explanation is the nitrotyrosylation of Trio&reasedn the AD hippocampus, which
might, in turn, reduce the TrkA that undergoes ubiquitination and phosphorylé88n36).
Additionally, they reported a reduced production of matrix metalloproteinéstMP-7) in AD
hippocampus samples, which cleaves proNGF, resulting in an accumulation of proNGF and an
attenuated level of active NGRB5). The accumulated proNGF will activate the p75 (not with
TrkA), thereby inducing apoptosis and neuron death. Further analysis stimatve®? and AD
lessened the ubiquitination and phosphdigta of Trk A andTrk A regulated downstream
signaling, such aNlF-e B, -MABK phosphatidylinositeB-kinase (PI3KJAKT pathways(20,

35, 36). Furthermore, studies showed that deregulation of TrkA/p75 induced neurotrophin

signaling caused by lack of p62 or p75 have been linked to cholinergic dysfunction(8YAD
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The Keapl interaction region is anotheucial signaling domain in p62. Keapl is an
adaptor for Cullin3 ubiquitin ligase that senses oxidative stress andsbto nuclear factor
erythroid 2 related factor 2 (Nrf2). Nrf2,raessentialeucine zipper protein, is responsible for a
series of antioxidant proteins and detoxifies enzymes, which protect cells against oxidative damage
triggered by injury and inflamntian (38). Keapl binds to KIR at the same binding site for Keapl
Nrf2 interaction, thus inhibiting the interaction between Keapl and Nrf2, leading to the
stabilization of Nrf2 and transcriptional hyperactivatiorttug Nrf2 target gendg38, 39). Given
that p62 is closely involved in selective autophagy, the K&20ENrf2 axis is also linked to
selective autophag by some postranslational modification like phosphorylation and
ubiquitination(40). Moreover, since p62 is degraded through autophagy, the lack or deficiency of
autophagy in hepatocellular carcinoma cells or liver disgaatients will result in the p62
accumulation, thereby evoking persistent activation of K1242).

On the other hand, Nrf2 stimulates the p62 protein expresgimygucinga positive
feedback loop between Nrf activation and p62 protein expression. These studies showed that p62
served as a bridge to link the selective autophagy and ubiquitination systenoxididtive stress
response system and redox regula(#8). Maintenance of homeostasis of p62 protein levels is
crucial for neuron health. Kanninen showed that the ADpggms in transgenic AD miceere
improvedby elevated Nrf2 expressi@¢a4-46) (Figure 2).

In addition tothe signaling pathways mentioned above, p62 protein interacts with other
proteins and regulatesfferen signaling pathways influential to brain function. For instance, p62
has azZ(7) domain, which interacts with RIP to regulate-dBB s i gnal i ng and
pathways in conjunction with atypical PK4&Z, 48). Additionally, p62 binds to ubiquitinated

Dishevelled proteinit mediates its autophagic clearance so that p62 can inhibit the Wnt signaling,
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which is known to play a role in AD pathogenesis dpntrolling neuron development and
maintainingthe brain's synaptic functid49). Moreover, scientists reported that p62 could induce
the intracellular aggregation and autophagic clearance of cgdiémosie monophosphate
(CAMP) phosphodiesterastA4 (PDE4A4), thereby augmenting the cAMP signalifigne
reduced p62 protein expression will attenuate the cAMP signaling, which plags rale in the

mediation of memory and synaptic plasticiy0-53)

1.3. Autophagosome Formation and Autophagic Flux
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Figure 3. Key Componentsof the Autophagy Process

Regulation of the autophagy proceds associated with many neurodegenerative diseases.
Abnormal interactions of mutant superoxide dismutase 1 (mSQEeaginerich repeat kinase 2

(LRRK2), Parkin,PTEN-induced kinase 1RINK1), and mutant Huntington (mHTT) with Beclin

1 could alter the initi@on steps of autophagy. PINK and Parkin playital role in eliminating

damaged mitochondriand mut ati ons in these proteins, as
interfere with the overall mitophagy, the selective degradation of mitochondriatbghagy.

MHTT expression | eads to alter edsSycnaurcg-sgn)rne c(oly n
can interfere with autophagy through interaction with Rabla. Presénii®$1) mutations cause
impairment in lysosomal acidification and autophagy impant. In PD, modifications in

ATP13A2 could alter the function of lysosomes.
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As indicated inFigure 3, autophagosome formation can be induced by inhibition of the
MTORC1 complex and activation of AMi&ttivated protein kinase (AMPK).h€ increased
autoplagosome formationvill lead to the phosphorylation adutophagy activating kinase 1
(ULK1), thus phosphorylating all the componentthmULK1autophagyrelated proteins Ktgl)
complex, including Atg 13, Atg 101, ULK1, and ULK24). The phosphorylated ULK1 can also
phosphorylate AMBRA inthe PI3K class Ill complex composed ofvacuolar protein sorting
(Vps)34, Vpsl5, Atgl4, anB-cell lymphoma 2 BCL-2)-interacting protein (Beclii), enabling
the complex to relocate from the cytoskeleton to the isolation membrane in-dng@paagosome
structure. In the PI3K CIlII complex |, Beclihis negatively regulated by B2land BciX. They
arerelated to ER (Bdoplasmic reticulum) stre¢s4, 55). Then, Vps34 in PISK CIII complewill
generate PI3K, which selectively interacts with the PI3P effsctd/D repeat domain
phosphoinositidenteracting 1 and 2 (WIPlIsgatalyzing two reactions that mediate the isolation
membrane elongatidi®4). The first reaction ithe covalent conjunction of Atg5 and Atgl2 in the
presence of Atg7 and Atgl0, followed by the A#yty12-Atgl6 complex formatiorf{54). This
complex will translocate to the membrane of early autophagosomes and promote the covalent
interaction of LC3l with phosphatidylethanolamine (PE). In the process, Atg4 helps @80
translocate from the cell membrandhe early autophagosomal membrane, thus conjugating with
PE and becoming LGB. LC3-II can interact with p62 bodies (p62/NBRdeighbor of BRCA1
gene 1 proteintomplex with ubiquitinated proteins and organelles) and thereby facilitate the
elongation andlosure of autophagosomal membrane (Showkidgare 3).

Finally, the autophagosome will fuse with the lysosome, forming an autolysosome where

the ubiquitinated proteins and organelle complexes are degraded. Autolysosomes move along
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microtube tracks tamerge with the lysosome. Microtube acetylation, regulated Hgtone
deacetylase GHDACS6), is essential for fusion. Autolysosome formation requires late endosome
proteins, such as Rab7, sevefalS NAP R e cSNAREQ,rasdLysdsomalassociated
membrane proteinLAMPs)(54). In the lysosomal degradatioprocesslysosomal acidification
relies on vATPase, a proton channel on the lysosome membidreeelectrical gradient created

is counterbalanced taparallel influx ofanions mediated by chloride proton antiporte@ations,
including calcium, can efflux through distinct channels or transporters, inchvadoqgore calcium
channel proteinZIPC2and TRPML ( mucol i pin), (@&hThedtargmay

with organelle debris and proteindll be degraded in the autolysosonkégure 3)(54).

1.4. Role and Biomarker of SQSTM1in Autophagy AND UPS

Ubiquitin-enriched misfolded protein inclusions represent an invariant characteristic for
almost all neurodegenerative diseage®). P62 serves as a protein adaptor for ubiquitinated
substrates and selective autoph&gi). As shown inFigure 4, three domains contribute to the
role of p62 to shuttle ubiquitinated proteins to autophagosome for degraft&tjoMisfolded
proteins aggregated and bound to @rape and then ubiquitinated by UPS (ubigutinteasome
system) enzymes. The moenar poly-ubiquitinated proteins then recruit p62 via itgg@minal
ubiquitinr-associate@s7) domain, leading to p6@romoted protein aggregation. The UBA domain
binds to both monoand polyubiquitinated proteins, with a preference for the K63 ubiquitinated
proteins. Taniji et al. reported that BBnked polyubiquitin is the most stable enhancer for protein
inclusions formation by increasing the protein accumulation and facilitatiragellular inclusion

bodies' formatiorunder normal conditions. Under pathological conditions¢udtured with au
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and SOD1 mutation, K63 promotes the accumulation of tau and the formation ofc®@@ined
inclusion bodies. K63inked polyubiquitin, acts as a partner with p62 to enhance autophagic
clearance of protein inclusions linked to common neurodegenerasigasdy58). P62 may

regulate K63inked polyubiquitination via interaction with K63 ubiquitinating E3 ligases

(TRAF6) (36, 59, 60).
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Figure 4. The Trafficking Role of p62 in Selective Macroautophagy.
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As shown irFigure 4, ubiquitinated protein/p62 aggregatgew andbemme p62 bodies
which transport to a phagopheferming location to form an autophagosome. The formation,
growth, and transportation of p62 bodies cannot be achieved without the assistdnedl-of
terminal PhoxBEM1 (PB1) domain in p62. Theonstructionof p62 bodies relies op62
dimerization and further oligomerization. PB1 domain is indispensable and responsible for p62
dimerization. Any mutation or variants iRB1domain will hamper the p62 dimerization. Both p62
homodimerization and hetetimerization with NBR1, which aressentialf o r p62 bodi
formation, are regulated by the PBibtif. Although the underlying mechanism is still unknown,
the transportation of p62 bodies to autophagosome formation location is also dependent on the
p62PB1 mediated homdimerization and éterdimerization(51, 59-61).

There are several biological processes related to p62. These processes detddtbd
usingtheir correlated biomarkers, suchla83B and Beclin 1, biomarkers for macroautophagy.
These autophagy biomarkers might also be usealdisical prognostic biomarkeiproviding
information on the likely outcome of diseases on patients and helped identify patients for the
specific treatmengroup. For instance, LC3B is one of the best #tmedmost commonly used
autophagymarkerin multiplein vitro assays. In addition to LC3B, Other proteins, such as LC3A,
Beclin 1, ULK1, and VPS34are also used as autophagy biomarkers to monitor autophagosome
formationandautophagy flux. They might be appliedaggotential clinical prognostic biomarker
for manycancers as well. The BeclinMPS34 complex is a central coordinator for autophagy
downstream(62) Beclin-1 is a potential prognostic biomarker with favorable outcomes for lung
cancer, breast cancer, lymphqgraad gastric cancd63). Additionally, p62 itself is a biomarker

for autophagy flux. Accumulation of p62 protein measured by immunofluorescence and Western
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blot is usually considered an indication of autophagy inhibit{@2) P62 is an autophagy
biomarker in many human cancer specimens, such as multyelemma samplegl3).

LC3 protein is thecritical component in autophagy necessary for autophagosome
elongaton and closureas displayed ifrigures 3 and 4 LC3 protein is cleaved by Atg4 protease
to expose its C terminal Gly residue and then conjugates to a phosphatidylethanolamine (PE) group
to get its active form LG3. LC3-II links p62 and autophagosome membré&rgether to form
autophagosome with62 lodies P62 interacts with LG8 via its LIR domain &mino acid332-
343). LIR binds toa key mitophagy componenBCL2 E1B 19 kDa proteimteracting protein
(NIX) (64, 65), as well as the autophaggpendentp53inducible nw«lear protein 1
(TP53INP(66). The LIR domain i short oligomer constituted of about 11 amino acids shared
by ten proteins, including p62. The interaction between p62 andlIL&&hors the p62 bodies
ontothe LC3-1l-containing autophagosomal membracmtinuingits maturation and elongation
in the aitophagy process. Based on the selective interaction betweeill 1208 p62, the
autophagosome will only contain the ubiquitinated protein aggregates with p62/NBR1, and go
through a selective autophagic degradation with lysosome fusion. Therefore, d623ahdre
indispensable regulators for misfolded protein clearance through selective autophagy. Knocking
down of LC3 proteins has been shown to induce the accumulation of p62/iBéritinated
proteins in the cell plasma. Other studies have shown thatitibated unfolded proteins or
organelles could interact with p62/NBR1, then attach to-L@8the autophagosomal membrane,
to trigger specific autophagic eliminatigf0, 67). To summarizep62 is a cargo protein that

shuttles the ubiquitinated proteins to autophagic degoad@9).
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1.5. Therapeutic Significance of p62

1.5.1. p62 and Multiple Myeloma

1.5.1.1. Multiple Myeloma

Multiple Myeloma is a cancer of plasma ceftighe bone marrowand is the second most
commonhematologicamalignancy after neiodgkin lymphomaPlasma cells develop from B
cells, a type of white blood cells in our immune systems,spaese t@a foreign substance that
entersthe body. Each plasma cell develops in response foarticular antigen and produces
antibodiesspecific to the antigen to fight agonist disease and infedtiamultiple Myeloma, the
plasma cellsundergoa complcated process and transform into malignant plasma, celled
myeloma cells. Myeloma cells locate in more than one spot of bone marrow prodinge
abnormal antibodies called M proteitilike normal antibodies, M proteins did not fight disease.
The cancerous myeloma cells multiply and grow too muibky accumulate in the bone marrow
and occupy the space for normal healitood cells located in the bone marrow, such as red blood

cells,healtty white blood cellsand platelet§Shown inFigure 5).
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Figure 5. Basics inMultiple Myeloma

The reduced number of normal blood cells will cause anemia, excessive bleeding, and
decreased ability to fight infection, commsymptoms of multipleMyeloma. The accumulation
of large quantities of M proteins bloodand urine canlamagehe kidneys and other orgafi$ie
buildupof myeloma cells in the bone can cause osteolytic lesions and pain of the bone, increasing
the risk ofthe bondraction.
The American Cancer So dMyeomyidthe United Stateafore s f o
2021 are: abouB4,900new cases will be diagnoset®(320in men andl5,600in women);nearly
12,830 deaths are expected to océB840in menand 5,570n women)(68). In 2017, there were
about 130,000 cases bfyeloma,translating to an agstandardized incidence rate of 2.1 per

100,000 persons. Multipl#yeloma caused 98,437 deaths globally, with anstgedardized
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incidence ratio of 1.5 per 100,000 persons. In8®ie latest year for which incidence data are
availabe, 25,286 nevMyeloma casesvere reported, and 12,266 people died of Myeloma in the

United State$69)
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Figure 6. Epidemiology of Multiple Myeloma in the US.

A. Rate of new myeloma cases appears in different age groups. B. Rate of new myeloma cases by
different races/ethnicity and sex. C. Death rate fMgeloma invariousage groups. D. Death

rates fromMyeloma byother sex and races/ethnicity. Chart and dagxe collectedrom the

Center for Disease Control and Prevention (CDC) wek&8e

As illustrated inFigure 6, Multiple Myeloma was estimated to account for 1.8% of all new

cancer cases and 10% of all hematological malignancies in the United States in 2018 from NCI
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cancerstatistic resut From the epidemiology result, both the incidence and death rates of
multiple Myelomaare2i 3-times higher in black individuals than in white individuals but is lower
in Asian and Hispanic individuals. Peogleler than 7(have more podsility to haveMyeloma,
and more deaths were causedvbyeloma in elders.

The actualunderlying pathological mechanism for multipyeloma is noknown yet
However, many efforts have been mdde a better understamag of the process of multiple

myeloma development.

Currently available treatment for multiplyeloma aims to improve patients' quality of
life by easing their symptoms and helping them receive more nutrition to fight against the disease.
Some of the drugs naslow down the spread of the disease for the patients. However, these drugs
cannot cure the disease, and about 15% of patients do not benefit from the currently available MM
medications. More effective drugs specific for MM are still in urgent need.

Seveal classes of medications can be used to treat MM, including chemotherapy,
proteasome inhibitors, immunomodulators, glucocorticoids, HDAtdne deacetylases)
inhibitors, an#CD38 (cluster of differentiation 38) monoclonal antibodies, an-SIniMF7
(signaling lymphocytic activation molecule family 7) antibody, a nuclear export inhibitor,
bisphosphonates for bone disease, antilrdg conjugates, and programmed ddgand 1 (PD
L1) and PD1 ligands(70).

All currently used drugs in the clinic for MMheirrelapse, and accompanying symptoms
treatments are summarized kwiheir classification, drug name, approved year, company, brand
name, adverse effects, mechanism of actions, and mechanism of potential drug resistance in

Appendix.Table of FDA-Approved MM Medications
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Chemotherapy is a class of medications that destrointobit tumor cells' growth,
including cyclophosphamide, melphalan, etoposide, melphalan flufenamide, bendamustine,
cisplatin, vincristine, doxorubicin, , and pirarubicin. It is one of the major types of drugs applied
for MM (70). However, due to the increasing number of agents that have been developed recently,
chemotherap has become less critical and used less frequently than before. It is often used in
combination with immunomodulators and corticosteroids. On February 26, 2021, the Food and
Drug Administration (FDA) granted accelerated approval to melphalan flufenaféegexto,
Oncopeptides AB) in combination with dexamethasone for adult patients with relapsed or
refractory MM who have received at least four prior lines of therapy and whose disease is

refractory to drug$71).

Chemotherapy can destroy cancer cells as well as normal cells. Therefore, it can cause
adverse effects, including infection, nausea, vomiting, hair loss, tummy upsets, diarrhea, and
constipation. In addition, lonterm use of chemotherapy will lead to wreesible damage dhe
heart and kidney, making it hard to balance the benefits and risks of applying these drugs.
Moreover, increased expression of efflux proteins, suchgsdhd ABCG2, plays a crucial role
in chemotherapeutic drug resistance for NIR2). Besides, RECQ1 overexpression protects the
cells from cytotoxicity due to melphalan and bortezomib treatrf¥@)t Additionally, MAGE-A
expression enhances resistance to melphalan by regulati2gaBd overexpression of BgL in

myelama cells associated with a reduced response to chemotherapeutid abents

Corticoster@s, such as dexamethasone and prednisone, are a classof medication
frequently applied in MM treatment. Corticosteroids can help decrease nausea and vomiting

caused by chemotherapeutic agents. Side effects of corticosteroids are heartburn, indigestion,
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moad change, insomnia, increased appetite and weight gain. The suppression of the immune
system due to steroids' logrm use will cause infections and weaken the bones. Drug resistance
is a common problem that occurs with the use of corticosteroids. Aatad glucocorticoid
receptor (GCR) lacking the-@rminal hormonéinding domain was found in MM cells resistant

to dexamethason@?2). An elongation block was found in the GCR gene NR3C1. Additionally,
FK506 binding protein 51 (FKBP5) overexpressi oncogenes FGFR3, and MYZ2) were
induced by dexamethasone treatment in MM c€lls. 73)

Immunomodulators are used in the first line to treat MM. The first one to be developed,
thalidomide, caused severe birth defects when taken during pregnancy, leading to its withdrawal
from the market before becomingadlable again. Common adverse effects of immunomodulating
agents are drowsiness, fatigue, severe constipation, painful nerve damage, thrombocytopenia (low
platelets), and low white blood cell counts. The most important mechanism behind
i mmu n o mo d esistanteaa MMbwas the downregulation of cereblon, a common primary
target for immunomodulating agents, a part of the E3 ubiquitin ligase complex, and a substrate
receptor of CRL472, 74).

Proteasome inhibitors work by inhibiting the proteasome activity that degrades the
proteins, which is essential for cell division, especially in tumor cells. This drug's common adverse
effects include nausea, vomiting, diarrhea, constipation, tirednesge,demage, fever, decreased
blood counts, and reduced appetite. L-oeign treatments with proteasome inhibitors is frequently
observed with primary and secondary drug resistance prolf&ns

Panobinostat is an HDAC inhibitor that can be used to treat patients who have already been
treated with bortezomib and an immunomodulating agent. It affects gene activation. Common side

effects include fever, weakness, nausea, loss of appetite, swellivganms or legs, lower blood
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cell counts, liver damage, and cardiac arrhythmia. A majority of currently available MM
medications cause drug resistance problems and come with some adversd @f&dis.

All currently avalable drugs has adverse side effects and drug resistance problem, which
makes the disease have a high replaseTherefore, there is always a need for new drugs treating
multiple Myeloma, especially those that have different mechanism of actions froentty
available agents.

The next section provides some evidence that p62 can be an important therapeutic target
on multiple myelom. Thus,uw p62ZZ ligands targeting a new potential therapeutic signaling
pathways may work differently from previous avhllagents, which might help to reduce drug
resistance problem when used in combination with other drubsyfcan effectively treat this

disease.

1.5.1.2. The Role ofp62 in Cancer

P62 is overexpressed wariouscarcinogenesis, including colorectal, breast cancer, lung,
ovarian, kidney, liver, esophageal, prostate, head and neck, gastric, Gamtbtyeloma. It
indicates that p62 might have assentiatole in carcinogenesis. Based on previous studies, p62
is rdatedto carcinogenesis through autophaBgsinduced\NF-s B s i gnal imediatedand NI
oxidative strespathway

First, p62 influencetumorigenesis via autophagy. Autophagy serves as a dedgkd
sword for cancerdepending on the context the tumorigenesis procesdlo one doubts that
autophagy plays wtal role in tumor formation, proliferation, metastasied metabolism, but the
exact function of autophagy in these processes is still controversiheé initial stageof cancey

autophagy heis to suppress tumor progreBgregulation of autophagy and failure to remove the
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damaged cargos contribute to genetic instability, genome damage, inflammation, naodsis
tumorigenesis Also, autophagy's hyperactiyitmight lead to autophagic cell dbaanother
mechanism to suppress tumor gro@ih). However, in the late stage of tumorigenesis, autophagy
is extensively supported to promote tumor cell survival and facilitate cancer progrBesioles
autophagy mighhaw its protective effect through regulationtomorassociated inflammation,
facilitation of tumor cell spreading throughout the organ, protection of tumor cells froikisan
(programmed cell death in anchoradgpendent cells when they detach from theosunding
extracellular matrix (ECM)), thus promoting tumor progression and metatasis). Therefore,
autophagy is @oubleedged sword for cancer, which might play both-@od antimetastasis
roles depending on contextual demaiidg). Although overexpression of @éoccursin most
cancers, some studies also show a contradictory result. For instance, hyperactivity of autophagy
andalow level of p62wasobserved in recurrent pulmanyametastasis of colorectal tumor patients
(80, 81).

Specific for multiple Myeloma, plasma cells have a hight@hagy activity(82).
Autophagy has a key rola immunoglobulin productiorMultiple Myeloma is a cancer ddng-
lived plasma cells in the bone marrow. In multiple myeloma patients, myeloma cells multiply
rapidly and synthesis a largeimberof abnormalimmunoglobulins, resulting in a significant
amount of unfolded or misfolded proteins locatedh@endoplasmic reticulum, which might be
toxic to cells. Cells can rely on several clearance mechanisms tead¢hsse potentigloisonous
proteins, including proteasorubiquitin system, autophagysosome system, and heat shock
protein chaperones. Among them, myeloma cells might be more relevant with autophagy
lysosome pathways, which could degrade protein agdes and recycle energy to meet the

demand for the rapid proliferation or synthesis of antibodiesvidence, a high basal autopphag
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level (82) and a high immunoreactivity agpst crucialautophagy biomarker (Bectihand p62) in
myeloma ceb correlated with prolonged patients survi{@l, 83, 84).

Ras proteoncogene is mutated in more than 25% of canaed is aressentiahctivator
of NFe B t hat i s | mp o Mutationtof RaoimhibiteceNfel B saucrtviivvaatli.on a
to cell death.P62 is also a mukillomain protein that was involved in many signaling pathways.
PB1 domain interacts with aPIsCThe ZZ domain binds RIP. THEBS domain binds TRAF6.
The tree domains link p62 to N B act i vat icarelatedwihti hc hifidNdesd)
osteoclastogenessdRasinduced tumorigenesi® 6 2 i s necessary for Ras
(IKK) through polyubiquitination of TRAF6, then triggering activation of MFB and pr omot i
tumor cell survival and transformatid®62 level was increased in human cancers and induced by
Ras. The deficiency of p62 produces enhanced ROSslamdlaccounts for increasedlaeath
and reduced tumorigenicity85) Additionally, another study shows p62 affects tumorigenesis
through a feedforward loop, where Ras induaetivation of NFkB through p62, then NB B
increass p62 expression transcriptional|4, 86).

Excessive productiomf intracellular reactive oxygen species (ROS) ofteurs in
malignant transformatiooaused byncogene activatioar enhanced metabolism tamor cells.
Tumor cells often posseasigh ROS levelaccompaniedby low levels of antioxidative or anti
toxic proteins, whichs harmfulto cells For multiple Myeloma, a large amoumf abnormal
antibody production requires more enerfiyrther increasingoxidative stressnduction (84).
Keapl is an adaptor for Culi® ubiquitin ligase thatenses oxidative stress and binds to nuclear
factor erythroid Brelated factor 2 (Nrf2). Nrf2, a basic leucine zipper protein, is responsible for a
series of antioxidant proteins and detoxifies enzymes, which protect cells against oxidative damage

triggeredoy injury and inflammatioii38). Keap1 binds to KIR at the same binding site for Keapl
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Nrf2 interaction, thus inhibiting the interaction between Keapl and Nrf2, leading to the
stabilization of Nrf2 andranscriptional hyperactivation of Nrf2 target g€88, 39).

On the other hand, Nrf2 stimulates the p62 protein expresproducinga positive
feedback loop between Nfactivation and p62 protein expressidncreased p62 level will
activate Nrf2, whichinduces the antioxidant and detoxifies proteins gene expregsanpting
cell survival and tumorigenesi$hese studies showed that péauld be acrucial adaptor to
regulatethe oxidative stress response syst@ntumorigenesi$43).

As discussed above, p62 is tightly involvedheautophagy proceséutophagy $ one of
the primary mechanismsregulating cellular homeostasis via the clearance of cytoplasmic
components and organell€3ellular homeostasis is critical faraintainingcellular level internal
steadystate, which isessentialfor cell survival. A cellular steadystate helpsto respondto
environmental stressesnd prevent cellular damagehus having a cytoprotective effeot
promoting cell survival. Therefore, autophagy is closed related to several disorslech, as
neurodegeneratioand cancer. Targeting autophagyis emerging as raattractive therapeutic
strategy to treat theshbsease$87). More than 00 clinical trialsfor autophagy modulain were
ongoing Most of them target autophagy for cancer treatmestjch asautophagy inhibitors
chloroquing(CQ) or hydroxychloroquindHCQ), already showing encouraging resu|&s)

However the role of autophagy in canceragotoxic or cytoprotective depesaan the
diverse cellular context.A deep understanding afutophagy's functionn different cellular
contexs is crucial forfinding an appropriate autophagy modulation in carié&r 88). Here, we
discussed the dual role of autophagy in cancer and summarized thelguskeitable drug
candidates targeting autophagy for cancer treatmentainle 37 in Appendix Table of

Autophagy modulators. Some of themcan overcome drug resistance issue that occurs in
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conventional chemotheragy62ZZ ligand$iavethe potential to mediate autophagy, thtfecing

carcinogenesis through autophagy.

1.5.1.3. The Role of p62 in Osteoclastogenesis

The interactions betweetlhe bone marrow microenvironment and myeloma cells are
essentiafor multiple myeloma development, progressiand treatmentThere are several types
of cells in bne marrow microenvironment, includihgmatopoietic cells (T cell8 cells, neural
killer cells, osteoclast, and myelettkrived suppressor cells) and Awgematopoietic cells (bone
marrow stromal cells, osteoblasts, amdlothelial cells). These cells setedifferent factors that
could influence the proliferation amdetastasis of myeloma cells and themselves could contribute
to the formation or damage of bor(g9)

Bone marrow stromal cells create a favorable niche for myeloma cell proliferation and
migration. The interaction between vascular cell adhesion protef€AM1) on bone marrow
stromal cell membrane and integrin on myeloma cell surface results in secretion of cytokines that
favor myeloma cell proliferation and protect cells agonist apop{@6js BMSCs, osteoblasts,
endothelial cellsand multiple myeloma cells all produce CxXGemokine ligand 12 (CXClL2),
which can bind to CX&hemokine receptor type 4 (CXCR4) on myeloma cells to induce
migration of myeloma cells to bone marrow nic{8l). Moreover, factors produced ime
microenvironment can be related to angiogenesis. For example, bone marrow stromal cells secrete
VEGF. This weltknown angiogenic factoenhance oxygen supply via increasing local
abundance of blood vessels, a fathat contribuesto migrationand leads to worse outcome in

clinic. (89) (Displayed inFigure 7)
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Interactionwith bone marrow stromal cells can mediate the leverotial factors, such
asNFeB | i gand ( RANKL) and o,shichooptibotetebpreedaaige ( T NF R
Osteoclasts have a role in bone resorption, while osteoblasts play a role in bone formation. Bone
diseases are often associated witbduced level of osteoblast and enhanced number and activity
of osteoclastsThe interplayof myeloma cells with baamarrow stromal cells and osteoblasts will
increase the production of RANKL and redussteoprotegerimevels (92). RANKL binds toa
RANK receptor, aNFFe B acti vator, |l eading to enhanced d
matureosteoclast492). Osteoprotegerin serves as a decoy receptoth®RANK receptor.A
reducedlevel of osteoprotegerin will increase tmeimberof active RANK recept@m CC-
chemokine ligand 3 (CCL3) produced by BMSCs is also involvedhi differentiation of
osteoclast$93). This is how the interplays between myeloma cells and cettseihone marrow
microenvironment to induce the imbalance between activitytadumber of osteoclasts and
osteoblasts, eventually resulting in bone diseg885(Figure 7)

Additionally, other types of cells also produce a wide range of factors involved in tumor
progresion. Ehdothelial cells can play a role in multiple myeloma cell migration. Endothelial cells
secrete extracellular cyclophili (94). Macrophages produce-L f{95), which act on BMSCs
andinduce IL-6 productionpromoting myeloma cell proliferation and resistance to apo@®is
Monocytes and osteoclasts can produce a proliferatdurcing ligand (APRIL) and induce NF

9B activation. My el o ma c e thépeductianmof progrgmenedcelle | vy a
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deathoneligand 1 (PDL1)(96, 97). The antimyeloma respnse via dendritic cells (DCs) is

partially impaireddueto low T cell activation capacity(89, 96). (Figure 7)
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Figure 7. The Pathological Mechanismof Multiple Myeloma

As shown inFigure 8, p62 play a role in osteoclastogenesisollowing the above
discussion, changes factors that causenimbalance between osteoclasts and osteoblasts might
lead to bone diseasddF-e B act i vati on piradstaoslastpgeness. NFBIp o st an't
protein complex that controls DNA transcription, cytokine producteord cell survival.The
activaton of NFe B i s known to be central for the reg
inflammatory cytokines, includingNF-U an-@ b, Land al so sever al ot
involved in the pathogenesis of osteoarthritis and osteoporosis (cyclooxy@ei@sex-2),

inducible nitric oxide synthase (iINOS) and MM(98).
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RANKL can activate osteoclastogenesis through both canonical and noncahbhadd
signalingpathwaysIn thecanonical pathway, RANKLUL-1, a n d birfl 8 RANK IL-1, and
TNF receptos, leads tahe quickly binding of TRAF6 tahe TBS domain in p62. €2 activats
aPKC throughthe PB1 domain, which indusghea ct i vat i on o f Aclivat®RIIKK i nas e
then phosphorylagel @ B U, | @BU undergoes subsequ etmet ubi g
proteasome, whicthenrelease anactiveform of NF-a B (lly a heterodimer formed by p50
and RelA. Consequently, the activatedMFB c an b e t rnhanuddusaodbingsdo i nt o
specific DNA sequences$o regulate transcription and translation, eventually mediating cellular
functions.In thenoncanonicabathway, RANKL binds t@ RANK receptor and triggers TRAF3
binding Here, it prevents osteoclasts precursors from apopdasipromots osteoclastogenesis
and osteoclaghediated osteolysis. P62 also binds to RIP1 through its ZZ domain, relevant to NF
9B signaling acti vatThepbt2camptix atssindsdophoaphdinositider ma t i
dependent kinase 1 (PDK1), recruiting aRKETNFU s i g n al i fDisplayed imfigure x e s
8). It was reported that mice with p62 deficiency exhibited impaired RAMituced

osteoclastogenesis vitro andin vivo (99).

44



. o
“ﬁsps&,\l PKC IKKa . IKKE
CYLD \\IK__RVD‘/

induce

ROS formation Osteoclast stimulation

Osteoblast inhibition
Osteocyte apoptosis

FKB Autophagy

mediate

Transcription ROS elimination
Up-regulation of p62 and CYLD expressi ] Osteoclastogenesis Detoxification
Sustained RANKL signaling &eResorption NADPH synthesi

Figure 8. p62 in Osteoclast Signaling and Protein Trafficking

The binding of RANKL to the receptor protein RANK at the plasma membrane indtgeser's

formation triggering the recruitment of a series of adaptor proteins. TRA&yzesLys63

linked autoubiquitination via intrinsic E3 ubiquitin ligase activity, which is regulated by the UBA
domain of p62, and eventually deubiquitinated gestuitment of CYLD ¢ p62. In the interim,

this ubiquitination permits activation of the TABJAB2-TAK1 complex,activating the MAP
kinasesantiF-e B nduci ng kinase (NIK), which | eads to
Activation of TRAF6 and p62 also leads to actiwa of the Akt/PKB pathway. Simultaneously,

p62 binds aPKC through its-Ne r mi n a | PB1, all owing for the p
aPKC. Once activated, | KKb phosphoryl ates 1| a8
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degraded through the proteasosystem, liberating N B t o transl ocate to

interact with transcription promoters.

1.5.2. p62 and Neurodegenerative Diseases

1.5.2.1. Neurodegenerative Disease

Neurodegenerative diseases result from the progressive loss of function rindledeath

of neurons in the central and peripheral nervous systems. Common neurodegenerative conditions

i nclude Al zhei mer ' s di sease ( AD) , Par ki nson
Amyotrophic lateral sclerosis (ALS), Motor neuron disease,nPiiseases, Spinocerebellar

Ataxia, and Spinal Muscular Atrophy (SMADQ). Millions of people worldwide are suffering

from neurodegenerative disease, among which at least 500,000 Americans are affected by AD and
even more with PD.

These disorders primarily affect neurons. Unlike other cells in the body, neurons lack
regeneratie capabilities: once damaged or injured, they cannot be repaired, renewed, or replaced.
These conditions' onset results in inevitable progressive neuron dysfunction leading to neuron
death, resulting in brain function loss with related physical and megtaptoms. Current
pharmacological treatments can only reduce the symptoms associated with neurodegenerative
diseases to improve the comfort and wellbeing of the patient. But current methods are unable to
prevent, stop, or reverse disease progression.

Resarchers work on understanding the genetic and biochemical etiological components in

addition to studying the pathogenesis of common neurodegenerative diseases. Studies show these

conditions are likely caused by complex interactions of several factolsdimg genetic,
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epigenetic, pathogenic, environmental, and other unknown ones. These disorders' complexity
makes it challenging to map the biochemical and physiological pathways to identify potential
treatment better.
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Figure 9. p62 Can Be A Signaling Hub Related to Neurodegenerative Diseases.

1) p62 is tightly involved in autophagy through its UBA, LIR, and PB1 domain. 2) p62 also
participates in the ubiquitiproteasome system (UPS), another mechanism that controls protein

degradation in the cells via its UBA. 3) p62 canregulatd b s ngg n al i

1.5.2.2. Neurodegenerative Disease and Misfolded Protein Aggregation.

The maintenance of protein hemostasis is essential in sustaining a viable neuronal
microenvironment to support neuron health and adequate function, especially under metabolic
stres (25). Protein misfolding and aggregation are hatkngigns for the most common forms of
neurodegenerative diseasés6). For this reason, these conditions are often referred to as
Aprotei nopat hFigue o undesnormaianditions, imalfunctioning proteins are

removed by a protective mechanism. However, impairment of these mechanisms can lead to the
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accumulation of misfolded peptides, disrupting protein homeostasis and causing neuronal toxicity.
(105). Evidence suggests that polypeptide conformational changes can leathbdiiy®f the

misfolded intermediates due to interactions between hydrophobic regions and the surrounding
aqueous solution. Cons e-ghaetstotsHield the hydraphobicorégpns.e pt i
Aggr egat i-shaet aigometsitan seiouglisrupt the neuronal environment, as in the
caseamyl &i d buil dup i nto pl aque@®6). desooversient ed wi
of misfolded protein oligomers into insoledfibrillary species can be directly linked to cell death

(105. The most cytotoxic molecule is considered the oligomeric soluble protein, an intermediate

in the amyloid fibril production. Autophagy cleared the misfolded monomers and the toxic
oligomeric aggregates. Larger oligomer molecules and insolbils fvill form inclusion bodies

that can be visualized and measured as protein amyloid cells. Thereby, one of the attractive
therapeutic strategies to treat proteinopathies, including neurodegenerative diseases, is the removal

of toxic oligomeric molecwds Eigure 10). (106
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Figure 10. Schematic Representation of Misfolded Protein Degradation Processes.

The abnormal protein and protein aggregates were eliminated by different systems according to
their different size. In the neurodegenerative disease context, the mutations or alterations lead to
protein misfolding, followed by oligomerization, which is toxef neur ons. - For

S y n u c Jamyioid peptides, and polyQ proteins are prone to misfolding and aggregation in PD,
AD, and HD cellular conditions. The three types of machinery, including proteasome, autophagy,
and inclusion bodies, form a qualigontrol system to remove the misfolded proteins and
aggregates from the cellular environment. Unfolded peptides and the small size misfolded
monomers are degraded through ubigyttioteasome machinery. The larger size misfolded
monomers, native formatisnand misfolded toxic oligomers are cleared by macroautophagy. The

three pathways all start from protein ubiquitination.
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Figure 11. Misfolded and Aggregated Proteins Related to Neurodegenerative Diseases.

Abbreviation: Amoebiagill disease (AGD), Corticobasal degeneration (CBD), Neurofibrillary

Tangle Predominant Dementia (NFTPD), transmissible spongiform encephalopathies (TSES).

As shown inFigure 11, many neurodegenerative diseases share many of the hallmark
misfolded proteinaggregates, highlighting a common underlying mechanism for neuron
dysfunction (25). AD is characterized by amyloid plagqgt
neurofibrillary tangles formed by the accumulation of phosphorylated tau protein. The mutations

n-anfyloid precursor protein (APRN©d presenilin, wo pr ot eins i n Ab met a
are identified as diseaselated gene changes. The presence of protein deposits called Lewy
bodi es, f or me d -symuglein aagdg polgubiguitireted ptbteins is the central
pathological feature of PD. Lewy Oi@s have also been linked to the pathological outcomes of
multiple system atrophy (MSAPoly-Q expanded huntingtin, one of the various mutations of the
Poly-Q protein, is known to cause H[L02). Other diseasassociated mutations of the P€ly
protein have been identified in other neurodegenerative diseases, including Dentatorubral

pallidoluysian atrophy (DRPLA), Spinal and Bulbar Muscle Atrophy (SBMA), and
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Spinocerebellar Ataxia (SCA). TDB3 was noted as the diseasmising protein for both
Frontotemporal Dementia (FTLD) and ALS. Mutations in F&8 cause familial ALS, while
cytoplasmic and nuclear inclusions of TB are found in glial cells and neurons feearly all
anatomical studies of sporadic ALS and FTLD. Prion diseases are a family of rare progressive
neurodegenerative disorders characterized by the spongiform changes associated with neuronal
loss and failed response to inflammation. Prion disesase¢ aused by a #Apriono,
transmissible, pathogenic agent that can trigger misfolding of cellular proteins called prion
proteins, most of which are located in the brain. The common types of Prion diseases affecting
humans include Creutzfeldakob Disease (CJD), Variant Creutzfeldkob Disease (vCJD),
GerstmanfStraussleiScheinker Syndrome (GSS), Fatal Familial Insom{ii@7), and Kuru

disease. In summary, many of the misfolded protein aggregates are associated with
neurodegenerative diseases. Targeting the degradation of these misfolded or aggregated proteins
might be a strategy to treat neurodegeneratigserders. Macroautophagy is the major cellular

clearance mechanism of these toxic protein aggregteqFigure 11)

1.5.2.3. Neurodegenerative Disease and Autophagy.

Autophagy plays a crucial physiological and pathological role in regulating cell growth,
survival, and death, as well as macromolecule catabolic signaling, aging, inflammation, and
immunity. A deficiency or oveactivation of autophagy will cause neuronal dysfunction, an
underlying condition for several brain pathologigsh). The process of autophagy can be divided
into several sequential steps: induction, initiation/vesicle nucleation, autophagosome elongation

and completion, maturation and fusion, and degradafiguie 4). Genetic and pharmacological
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regulations of many key players in the autophagy process are associated with neurodegeneration,

indicating a strong relationship between autophagy and neurodegenerative (E&d955.

1.5.2.3.1. Neurodegeneration due to abnormal gene regulation of components in
autophagy.

Many studies have reported that the Bedlinevel is closely associated with
neurodegeneration. Reduced Bedlitevel was detected in eartyage AD(100 and HD(109).
Impaired Beclinl expression will increase A3 accumulation and mutant Huntington accumulation
in AD (100 mice and HD patient§109. Upregulation of Beclisl expression can be used to
increase the clearance of aggregated proteins and improve neuron functions, thus providing
protection against neurodegeneration and prolonging the life span 130110, HD (111,

112, PD (113, and MachadibJoseph disease, a disease characterized by polyglutamine protein
accumulatior(109. Interestingly, an enhanced Beelifevel has been reported in AIB)7), but

a reduced Beclii level in ALS patients ds been found to increase neural protective activity
against the diseagg5, 114).

Several research studies have indicated that regulating the-Bebliough its interaction
with other proteins can alter the initiation step in autophagy and modulate aggregated protein
clearance in neurodegenerative disease m@88). In PD, both Parkin and PINK1 can interact
with Beclin-1 to alter autophagy functiqa 15 116). Parkin, PINK1, and mutant LRRK2 can also
regulate the elimination of damaged ubiquitinated mitochondria, affecting the mitophagy pathway
(117). For ALS, the mutant SOD1 will interfere with the interaction between Bécdiind BCl-

X, thus influencing the autophagy levéll4). VPS35, a rare mutation observed in PD patients,

can also contribute to autophagy dysfunction due to impaired vesicle sequegSgririd).
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In the autophagosome elongation step, several mutations of the autophagy adaptor protein
p62 have been identified in both familial and sporadic ALS patients. Gene expressions of p62 are
also relatedo many neurodegenerative diseases, as mentioned @ emHTT expression
leads to altered cargoeg ni t i on and autophagy -Byaucleincare . It
bind to Rabla and inhibit the interaction between Rabla and the Atg9 complex, thus hampering
the trafficking of autophagy vesicl€s20). The genetic inactivation of Atg5 and Atg7 in the central
nervous system of mice will induce autophagy dysfunction and spontaneous neurodegeneration,
causing acumulation of aggregated proteins, extensive neuron loss, and death of th@ 2djce.

122). Silke Metzger et al. reported that the age of onset in HD could be ieabdiy a
polymorphism in Atg{123.

In the fusion and degradation step, the proteolytic ability of the lysosome depends on the
luminal pH in the lysosomé&5). The pH in the lysosome is regulated by ion channels on the
lysosomal membrane, includingATPase proton channels, chloride proton antiporters, and
calcium transporters, and so on. In AD, presetiilcan inteact with vATPase subunit, regulating
its maturation and function to control the pH level in the lysosome, thereby influencing lysosome
function (124). Other studies showed restored lysosome function could alleviateclai2d
symptoms and improve neural function, which is in accordance with the above fiftitys
Mutations in ATPase ATP13A2 in the lysosomal membrane were observed in familfaRgD
accompanied by impaired lysosome function, altered proteolytic activity, and abnormal
accumul ation of Syntucteip, hraligatgstleamigsos@me dlysflthction also

influences the occurrence of RIR7).
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These studies indicate a critical role of autophagy in neurodegenerative pathologies in
clearing toxic protein aggregates, protecting neurons against degeneration, and mayolongi

neuronal survival.

1.5.2.3.2. Autophagy stimulators as therapeutic agents for neurodegenerative
diseases.

Since autophagy serves as an efficient approach to selectively degrade abnormal disease
related proteins and damaged organelles in neurodegeeetiseases, several compounds were
screened and identified to enhance autophagy in specific steps and have potential therapeutic
efficacy to treat different neurodegenerative disorders. Here, we have summarized some of the
studies with compounds thaart induce autophagy, promote autophagic degradation of disease
related protein aggregates, and improve neuron function in cell and animal nAqzadix.

Table of Autophagy Modulators). Some of the compounds have shown therapeutic efficacy in
clinical tnals. We will use the mTOR inhibitor rapamycin, an agent widely tested in preclinical
models in different neurodegenerative diseases, as an example to illustrate the pharmacological
effect of targeting autophagy in neurodegenerative diseases.

Inhibition o MTOR by rapamycin enhances autophagy in the early stage of AD, improving
cognitive function, correlating with reduced levels of amyloid and t au phosphoryl
as delayed formations of plaques and tan@l8-130). D. Rubinsztein et al. reported that
rapamycin has a protective function agonist neurodegeae in fly and mouse HD models,
inducing the clearance of mHTT associated with motor acti(it$l, 132). Rapamycin
administration also protects neurons against degeneration and death imhatto andin vivo

HD model s, accompanied by an amgmilcieininthdabeasth a mo u
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(133). Rapamycin increases autophagy in both FAWLPL34), and SOD mutated mice models
(135). The rapamyciinduced autophagy alleviated the FTLD symptoms in the mice mddls

but augmented the motor degeneration in ALS mo(8). Rapamycin might exacerbate the
ALS pathology via apoptosis, oxidative stress, and other mechanisms in®SOMiice,
according to the severe mitochondrial impairment, higher Bax levels, and greater -8aspase

activation(135).

1.6. Previous Studies for p62 Small Molecular Ligands

Our group was the first to report some p62 small molecule ligals2-1004 (XRK3),
XIE2008, and XRK3F2 (As shown inFigure 12). These compounds are mainly applied as 1)
Potential indication for neurodegenerative diseases (autopbbggd XIE62-1004); 2) Potential
indication for cancer treatment (multiple myeloX&K3F2); 3) Available pharmacological tools
to investigate the p62 related signaling and mechanisms. Here, we summarized the previous studies
related toour group's four compoundsur collaboators, and other researchers. This could help
us understaneéur compounds' mechanism, applications, and bioactivitieguide our future

studies in this project.
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Figure 12. Chemical Structures of p62ZZLigands inPrevious Studies.

1.6.1. Previous Studies for XIE621004 (XRK3) and XIE2008

Our lab constructed a homology model of delhgth p62 using Modeller v9.18 based on
multiple templates, and the structure of the homology model was checked by ProSA and
Ramachandran plot. Virtual screening was carried out by Glide docking orhansechemical
database préltered by our established cddbsed partition chemistgpace matrix calculation
algorithm. A lead compoundlE62-1004 (XRK3)was discovered through ptdbwn assay with
wide-type and mutated p6@r biotinylated XIE62-1004/XIE2008and p62. The result showed
that biotinylated XIE2008 bound wildtype p62 but not mutants carrying point mutations within
the ZZ domain. Moreover, pulldown assays usinge@ninally or Nterminally deleted p62
mutants showed that biotinyéad XIE2008 pulled down ZZcontaining fragments but not ZZ
lacking fragments. Finally, we confirmed that biotinylated XIE2008 and XIH& couldblock

theinteraction between p62 and RIP1 throtighZZ domain by ceP.
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Non-reducing SDSPAGE showed thatIE62-1004 and XIE2008 induced the aggregation
of p62 (HEK293 cell lysate was incubated with p62 ligand). The oligomerization and aggregation
of p62 protein with a point mutation of residuetie ZZ domainor ZZ deletionin response to
XIE62-1004andXIE 2008was lessened. Immunostaining of HelLa cells showed that treatment of
XIE62-1004and XIE2008 induced the formation of cytosolic puncta positive for p62 tiarel
dosedependentlyGlutathioneS-TransferaseG ST)-pulldown assay coupled with ELISA showed
that XIE62-1004 increase p62 interaction with LC3. The results suggeXtésb2-1004 and
XIE2008 bind to the p62 ZZ domain and promote some conformational changes that induce p62
self-oligomerization and aggregation and increase its interaction with LC@B liffands also
induce autophagosome formation. Immunostaining showed that the induction ofdijaaTdp62
puncta formation coincided and colocalized with the stimulation ofh633tive cytosolic puncta
formation. Immunoblotting showed thftE62-1004 increase the level of LC3B and turn over
from LC3B-I to LC3B-II, which was blocked by p62 knockdown. @eatment with various
autophagy inhibitors HCQ, bafilomycin A1, MG132 wiiE62-1004 synergistically increased
the synthesis and activation of LC3dim cat i ng the stimulation of
group monitored the ratio oéd fluorescence proteiRFP) vs. green fluorescence proteiGFP
signals in HelLa cells stably expressing REFR LC3. This assayelieson the differential pH
stability of RFP (redouncta acidresistant) and GFP (greguncta acid-sensitive) RFRGFP
LC3 expressed in HeLa cell generates yellow fluorescent signals (RFP+GFP) in autophagosomes
(neutral condition) and red fluorescent signals (dRREP) in autolysosomes (acidic condition),

which revealed the distribution of LC3BL8, 136)
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P62 ligands were shown to induce autophagic degradation of mHTT, mutated Huntington
proteins. Immunoblotting showed th&tE62-1004 and XIE2008 decreased the level of GFP
HDQ103 aggregatesnanHTT carrying 103 glutamine repeats tieinsoluble fractiorof HeLa
cells stably expressing GRHPDQ103. Immunostaining assays showed that-GIB)103 puncta
werecolocalized with p62 and distributed to aggregates. Both the signal eBHBGEHA.03 and p62
were reduced by the treatment of XIEB204 or XIE2008 in HelLa tls expressing GFHMDQ103

but not changed in MEF ATGS5 (a protein that is essential for autophagy) knockoutl&:186)

An article published by our collaboratpi3r . K w 0 n previdegimooe unformation
about the mechanism ofIE62-1004 acting on autophagy. It was showed tMAE62-1004
increased LC3BI, inducing the formation of autophagosome in MEF cells that expressed wild
type p62 but not in MEF cells with p&Z mutation and p62 knockout. @eeatment with late
stage autophagy blocker, HCQ, did not alter the LC3B level increassoaudrsion from LC3
to LC3I. These results confirmed thatlE62-1004 induced autophagosome formation and

autophagy flux through interaction withe p62 ZZ domain(136)

To validate previous results in amwiwthal s,
10 mg/kgXIE62-1004and sacrificed them after 1, 3, 6,23r h. The animals showed a time course
induction of LC31 level and its conversion to LGB associated with enhanced levels of
autophagic core components such as ATG3, ATG5, and ATG7. Immunostaining assay using the
brain section from the mice showedtthrathe control brain without treatment, the basal level p62
and LC3 puncta are not colocalized with each other. In contrast, in the difraiice treated with
XIE62-1004 LC3 positive cytosolic puncta are increasétlis indicatesXIE62-1004 induces

p62-dependent macroautophaigyvivo. (136)
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Immunoblottingshoweda lower level of ubiquitinated protein aggregates measured by
FK2 (ubiquitinylated protein antibody FK2) in cells treated withe62-1004 cotreated with
proteasome inhibitor MG132. XIEERO04 facilitated the formation abiquitin-positive and LC3
positive puncta under proteasomal andVPase inhibition. The distribution and degradation of
the model subtract CLYFP, which is spontaneously misfolded and forms cytosolic aggregates
was monitored to support th¥tE62-1004facilitates the delivery afibiquitinated protein tthe
autophagosomdmmunostaining analysis showed that CYEP accumulated and colocalized
with LC3+ autophagic vacuoles when autophagic flux was blocked by, MGQh was further
increased byreatingXIE62-1004

In addition to the above studiedE62-1004was applied as a chemical tool that can bind
to p62, induce p62 setfligomerization and macroautophagy in some studies done by other
researchersXIE62-1004and XIE2008 were shown to activate p62 through faatiing disulfide
bondmediated setbligomerization. Other molecules that can mediate p62oéiglbmerization,
such as verteporfin and COR®/ induce oligomers of p62 that are interacted covalently with each
other through a disulfide bond independent naatdm and are carbonylated under oxidative stress.
Thesecrosslinked p62 oligomers have less capacity to bind ubiquitinated prabeinsthe
disulfide bond p62 oligomers.h€& production othesecovalently crosslinked p62 oligomers can
inhibit the procesef macroautophagy. Therefore, verteporfin and CORMill inhibit autophagy,
while XIE62-1004and XIE2008 will induce autophagy through p6@.37-139 YoungSun Lee
and hiscolleaguegound thatXIE62-1004treatment led to LC3B lipidation and puncta formation
but did notelevateBiP and HQL1 expressionrad the level of glutathione. This result suggested
that XIE62-1004 induces autophagy without inducing ER stress and affecting the glutathione

antioxidant systen(137)
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A paper recently published by Rastislav Horos in EMBL also applied our compound
XIE62-1004 as a tool compound to bind to p62 ZZ, induce p62 oligomerization and induce
autophagy. This paper reported a vault RNA (VtRNA, smalcamiing RNAs transcribed by RNA
polymerase Ill) that directly birsdo thep62 ZZ domain confirmed by immunoprecipitatiand
radioactive labeling binding assay. Overexpressing of vtRAlAthibits autophagy, and knockout
of VtRNA1-1 enhancesutophagy. Treating the VtRNAIL knockout cells withXIE62-1004
which also binds tthe ZZ domain, can activate autophagy strotiggnthecorresponding control
cell line. This finding further affirmed the role of iRNA1 as a negative O6ri |

autophagy directly via p62 and interference with p62 oligomerizgtl@7, 139 (138

1.6.2. Previous Studies for XRK3F2

XRK3F2 (an analog oKRK3 as shown irFigure 12) was tested by another collaborator
Dr . Ro od mamniukiplegnyetomgtreatment and related mechanism. The resedineh of
p62 ZZ ligandin this direction also attained some positive preliminary results and some
publications.

Il n the previous study, our col | a®mtengidl or s D
target for multiple myelomareatmentsupported by the following point. 1) Marrow stromal cells
from MM patients had increased VCAMand IL-6 expression levels. 2) N6 B, -MABKS
signaling, and PKC3 phosphoT™NFUat honeased trdo saé
extent in MM stromal cellshannormal cells. 3) p62 is a common component that serves as a
platform forformingthese signaling complexes. 4) Knockidgwn p62 in patiertlerived stromal
cell s signifi canOAM-L, ILebdevets aradgeelted Rdivater,of B a n d

p38MAPK signaling as well as decreased stromal cell support of MM cell growth and osteoclast
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formation. In the subsequent study, we found that XRK3F2 inhibited MM cell growtharel
marrow stromal des (BMSC) growth enhancement of human MM cells. discoveredthat

XRK3F2 specifically interacted with p62 and inhibited TAlfnduced murine p62 osteoclast

formation but not p62 osteoclast precursoXRK3F2 also blocked RANKEinduced osteoclast
formation by a high dose.dlevaluate the effect ®RK3F2 on downstream signaling induced by

TNFa and RANKL on osteoclast formation, we found tK&K3F2 treatment reduced the level

of c-Fos and NFATchnddecreased the phosphorylation of RK&hd kBa induced by TNR.
(140

Also, XRK3F2b | o ¢ k e-thduTeN $igdaling processes in MM patient BMSC and MM
cells. Moreover XRK3F2 directly inhibits the growth of MM cell lines and primary multiple
myeloma cells but does not aft BMSC viability. FurthermoreXRK3F2 induces new cortical
bone formation in MM bone diseasevivo. ¢ C T -ray wate u¥ed to evaluate bone disease at
the end of the study. Marked periosteal reactions were observedaynoX6 out of 1 XRK3F2-
treatd andonevehicletreated animal, suggesting new bone formation along the tibia. However,
eCT and histology analysis ¢ oXRKBR2 tneagd MVh |1 ncr
bearing animals, determined by the ratio of new cortical bone volume tobtwtal volume.
Interestingly, no new bone formation was detected in theMiidnbearing leg o0KRK3F2-treated
animals, indicating a lack of effect on bone without MERK3F2 induced more cortical bone
formation in animals with tumor burdens measured by Iglé2éls at the end dhe study than
animals with low tumor burden, suggesting KKRK3F2 has less effect on normal bone formation

thanMM -related bone formatior§140)
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To investigate the mechanism behind the effec{RK3F2 on new bone formation, we
tested whether XRK3F2 influensthe production of MMderived osteoblast inhibitor, or indusce
osteoblast differentiation directly, atters MMinduced suppression of osteoblast differentiation.
The results showed thaXRK3F2 did not induce Ik7 and TNFU expression (o0s
differentiation suppressor) in 5TGM1 MM cells or induce osteoblast differentiation measured by
osteoblast diffeentiation biomarkers Ocand Runx2 in primary murine BMSC and MC4 cells, a
mouse osteoblast precursor cell line. The expression of Runx2 was suppressed in MC4 cells by
co-culturing with 5TGM1 MM cells This suppression othe Runx2 level was blocked by
treatment ofiXRK3F2. Therefore XRK3F2 inhibits the MMinduced osteoblast differentiation

measured by Runx2 expressi¢i41)
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Figure 13. The M echanism ofAction of XRK3F2 to I nhibit OsteoblastFormation.

The signaling mechanism behinds XRK3F2 inhibiting the itdluced osteoblast differentiation

by Runx2 expression. The figure is from the paper published by our collabdfztt)s

Some reports indicate that multiple myeloma cells indepeessive chromatin in BMSC

on theRunx2 gene directly through interaction with transcriptional repressor GFI1 that recruits

histone modifiers (HDAC1, histone deacetylase 1; EZH2, enhancer ohpestdog 2), as shown

in Figure 13 It was reported thaXRK3F2 blocked MMinduced upregulation of GFI1 and

suppressd Runx2 expression in osteoclast precussarcultured with MM cells. It also showed

that XRK3F2 could prevent TNRa and IL-7 induced upredation of GFI1 and repression of

Runx2 in osteoblast differentiation. Chromatin immunoprecipitation (ChIP) analyses suggested

thatXRK3F2 reduced TN& and IL-7 or MM induced GFI1 occupancy at the RufiX2 promoter
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and blocked the recruitment of HDAC1, thumaintaining H3K9ac (a transcriptionally permissive
chromatin mark) on Runx2 promoter and allowing osteoblast differentiatRK3F2 treatment
increased H3K9ac levels on Runx2 gene promoter in-MBWISC (primary BMSC from MM
patients) to the level observad HD-hBMSC (primary BMSC from health donors) but did not
alter HD-hBMSC. Additionally, XRK3F2 treatment of longerm MM-hBMSC cultures after
exposure to MM cells rescued MMduced suppression of Runx2 and its downstream osteogenic

differentiation and nmeralization(141)

Therefore XRK3F2 might be applied to treat multiple myeloma, which was demonstrated
effectively to inhibit MM-induced osteoblast differentiation and myeloma cell growth/replication
andincrease osteoclast formatiornvitro. Treatment oKRK3F2 also leadto new bone formation
in MM -bearing animalsThe potentiaimechanism othe XRK3F2 effect on p62 signaling in
multiple myeloma is disolluagrdadFUapl isl | bWwsst i MW
preOB activate p6ZZ domain signaling, which rafts in activation of downstream pathways
involvingNFHUB and p 38 MA FZKdomé&ruactivatioa increasesGFEI1 levels, which
subsequently translocate into the nucleus, bind the Runx2 gederecruits the chromatin
modifier HDACL1 to deacetylatand repress the Rursi1l promoter. Inhibition of the p&2z
domain byXRK3F2 may actdifferently to prevent transcriptional repression of Runx2 by GFI1.

First, suppressing activation of transcription factors such asuBF or C/ EBP Db, t hus
Gfil transcription. Second, by inhibiting nuclear translocation of GFI1, thereby preventing its

ability to target the Runx2 promoté¢il.41)
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In conclusion, there are three potential applicatadrour p62 compounds. (1) Our p&Z ligand

XRK3 (also known asXIE1004), the first smalimolecule that binslwith the P62 ZZ domain

can be applied as a tool compowtaldy the related endogenous signaling and genetic perturbation

or chemical perturbation induced pharmacological effects on these signaling. (2) Our p62 ligands

can beappliedto treat multiple myeloma, supportéeg threepieces of evidencexirst, in vitro
antiproliferative effects on several multiple myeloma cell lines (MM1.S, MM1.R, RPMI8226,

U266, MM-hBMSC (human), MC4 (mouse), 5TGM1 MM (mousahd osteoblast/preOB cells.
Second,in vivo anttMM effects of XRK3F2 measured by tumor size change and bone
fraction/osteoporosis recovery in rats and mice. Third, signaling studies revealing the acting
mechanism behinds the scene. (3) Our p62 compooadshelp totreat neurodegenerative
diseasesD r . K w o nremrtegthatXIEJD04 (XRK3) could bind to p62ZZ, induce p62
selfoligomerization, activate autophagy flurcrease the clearance of misfolded mutated
Huntingtin, the accumulation of which is a princip
disease. Therefore, we suppose our p62 compounds mighéiadtephagy flux and enhance the
clearance of other misfolded and aggregated proteins in the brain that are association with
pat hol ogi cal mechanism behinds the other neu

di sease, Par ki,FBELD,rmdds HRlii cskefass ed i sAeLaSs e
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2.0. Novel P62 Ligandgo Treat Multiple Myeloma

Multiple myeloma (MM) is a plasma cell cancer that damages the bones, immune system,
kidneys, and red blood cell count. Under healthy conditions, the plasma cells produce antibodies
to fight infections; however, with MM, the cells release too much immunoglobulin into the blood
and bones. The immunoglobulin accumulates in the body, causing organ damage, and it releases
chemicals and triggers other normal blood cells to dissolve bamsingeto lytic lesions on the
bone. As the disease worsens, the abnormal plasma cells will spread out of the bone marrow
throughout the body and damage more organs.

Although great efforts have been made to improve the symptoms and lengthen the lifetime
of MM patients, some subgroups of MM patients cannot benefit from the currently available
medications and still face a high risk of de&thaddition,drug resistancissuesften occur during
the treatment of multiple myeloma, which resuita high relapse rate of this disea¥@us, more
diverse treatment is required for this disease.

P62 can be a potential therapeutic target for MM. First, p62 is overexpressatibirns
carcinogenesis, including colorectal, breast cancer, lung, ovarian, kidney, liver, esophageal,
prostate, head and neck, gastric cancer, and mydBOn&l). It indicated that p62 might play an
important role in carcinogenesis. Based on previous studies, p62 is related to carcinogenesis
through autophagy, Rasduced NFe B s i g n @ahkeNrf2-mediatedxidative stress pathway
(76-78).

P62 also plays a role in osteoclastogenesis. RANKL can activate osteoclastogenesis
through canonical and noncanonical-BFBB  slinggpattavays. P62 activate aPKC through PB1

domain, which activated inhibitor of N6 B ki nase and theB phbosphooy
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NF-eB inhibitor U undergoes subsequent wubiquiti
then releases an actiferm of NFa B . ConsequentalBy,i sacttriavnastl eodc aN Fe
nucleus and binds to specific sequences of DNA to regulate transcription and translation,
eventually mediating osteoclastogenesis. It was reported that mice with a p62 deficiencgaxhibit
impaired RANKL-induced osteoclastogenesis vitro and in vivo (99). Multiple myeloma is
related to high osteoclast activity and low osteoblast activity. It was reported that p62 acts as a
signaling hub for bone marrow stromal cells (BMSCs), inducing an increase of osteoclast
formation and the accompanying growth and spdatisease.

Recently, we identifieKRK3F2 targeting the p62/SQSTM1 ZZ domain witlpatential
to inhibit MM ¢ dnddced gsteoclast formationd Oui SiuBlylalso showed that
XRK3F2 induced new bone formation and reduced the tumor size inigheMM burden area
without converting noitumorbearing bone in 5TGM1 MM rat models. Another study reported
thatXRK3F2 could reverse epigenetiiased mechanisms of Mividuced Runx2 suppression and
promote osteogenic differentiation

Our previous studgehave shown the beneficial effect of our compounds targeting p62 in
the treatment of MM on botm vitro MM cell lines and MM animal models. To improve the
efficacy of our lead compound, we performed a chemical modification on our lead compound and
attaired more than 100 analogs (I synthesized more than 70). We developed one compound with
a 1Gfold antiproliferation effect compared with the lead compound in MM cell lines and better
druglike properties, such as higher solubility, less toxicity on BJ,catld better selectivity with
more difference between the results from-&2 cells and normal cells. In this study, we further
identified that our p62 compounds kill the myeloma cells throughLjg&2iDISC-apoptosis

signaling using fluorescence microscqp&1) and immunoblotting (IB).
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| this section, we described how we used computational methods to help design and decide
which compounds we made at first. We explained how we did chemical modifications and how

we measured efficacy and some properties oftimepounds we got.
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2.1. Computer-Aided Drug Designfor P62ZZ Ligands

At first, we described how the computaded drug design methods helped us to design
and prioritize the synthesis of our compourlls. om t he economi c aspect,
computational methods that can help us decide which compaoorsysithesize at first. In this
study, we applied

From our previous studies, we screened the NCI database by molecular docking using on
the homology models of fulength p62 protein constructed in our lab. Based on the docking
results, including scores, posasd other properties, we tested several compounds and identified
our lead compounXRK3, which proves interaction with p62. Using similar molecular docking
methods, we built a homology model of fldhgth p62 and validated the structure. We then
screenedour designed compounds against the p62 structure to prioritize the compounds we
synthesized at first. The compounds we desigaredased on our chemical inventory atine
chemical accessibility of the compounBswersteps, less cost, and easy procesiare preferred
for the design of final compounds.

We used both structuteased molecular design and ligamased molecular design
approachksto design and screen our compounds virtually. Molecular docking asiogiology
model of fulllength p62 represds structurebased molecular design. Ligabdsed molecular
designincluding similarity search and fragmemaised drug desigwas conducted using multiple
myeloma medications and clinical drugs. Since not much information is available for p62 specific

small molecules, we modifthembased on our lead compountRKS.
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2.1.1. Structure-based Molecule Design

The structure of a protein is needed for struehased molecular design, mainly molecular
docking. No available crystal, NMRr cryo-EM structurewas reported for our target fdéngth
p62 protein. Therefore, it is necessary for us to build a homology model using templates from other
crystal structures amaifull-length sequence of p62 protein before molecular docking. Member in
our lab did that mviously, which works well to identify our lead compouK&K3. | madesome
modificationsto that model by adding zinc ismn the ZZ domain, checking disulfide bondsid
Psi/Phi dihedral borsl

2.1.11 p62 Wild-Type Full-Length Homology Model

As shown in Figure 14, a homology model of a fulength human p62 protein was buijlt
using MODELLER9.19with multiple sequence alignments and structure modeling protocol by
our lab member. The models were further refined by clustering, docking, and energy
minimization with a harmonic constraint of 100 kJ/mol/A2 applied for all protein atoms, using
the steepst descent and conjugate gradient technique to eliminate wrong contacts between
protein atoms and structural water moleculEse identification of problems in theoretical
models of protein structures is a significant challenge in computational struginicay. A
series of tests were applied to the refined homology model to evaluate its internal consistency
and reliability and to identify potential problems in the protein modelsa result, the best and
the most reliable homology structure of the p6@tgin was then used in virtual screening and

molecular docking studies.

71



P62 protein

Z7-domain (orange) Predicted binding pocket (purple)

ZZ domain J \\

Figure 14. Homology Model of Full-Length p62 Protein and Binding Site in ZZ Domain.

Backbone conformation was investigated by the Psi/Phi Ramachandramuspigt
RAMPAGE. RAMPAGE generates a Ramachandran plot using data derived by the Richardsons
and his colleagues. The Ramachandran diagram plots Phi versus Psi dihedral angles for each
residue in an input PDB file. Favored, allowed, and disallowed regiendedined in the plot
based on denskiglependent smoothing for ngtycine, norproline, glycine, proline, preroline,
and nonrpre-proline residues from higresolution protein structures. The Ramachandran plot for
the p62 structure model using RAMPAGE\s¥ revealed that among the 438 residues, 387
residues (88.4%) were in the favored region, 42 (9.6%) were in the allowed regions and 9 (2.1%)
were in the disallowed region, indicating that the predicted model is accepialee(15). The
reliable homolgy model of fulllength p62 was used in the next section to screen compounds

through docking.
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Figure 15. Ramachandran Plot of p62 Homology Model Calculated by Rampage.

2.1.2. Virtual Screening for p62ZZ Ligands by Molecular Docking

The predicted 3D structure of the p62 protein was then used for molecular docking virtual
screening studies using the repdnpeotocolq18, 142). The binding pocket in p62ZZ was defined
using the MOLCAD module in SYBYIX 1.3. Several residues were involved in our putative
binding cavity, including, Arg139, Cys142, Cys145, Aspl147, Cysl154, Lys157, Leul59, His160,
Aspl129, Asnl32, Tw48, Aspl4d9, and Cysl51. The compounds were designed using both
medicinal chemical methods based on the structure and activity of the lead compound and chemical
accessibility and the computational approaches, including similarity search, freggsedtdrg
design, and molecular docking. The compounds agbod docking pose, chemical accessibility,

and draggability were selected for the following chemical synthesis and bioassay test.
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A virtual screen was carried out on p62 models against NCI chemiahbdatto filter out
several compounds for bioassay tests. Among those compo{(RKS, wasselected as our lead
compound due to its interacting with the p62 protein, inducing p62 oligomerization and autophagy
flux. For the first round of chemical modificati, we added substitutes on the phenyl rings and
tested the analogs by bioassays. We founddR&3 with 4-fluoride on each phenyl ring, named
XRK3F2, had similar activity a¥XRK3 by binding with p62 and inducing autophagy. Moreover,
XRK3F2 showed a lowelCso value thanXRK3 in regards to inhibiting MM cell growth.
Therefore XRK3F2 was also investigated to find indications for further modifications. In addition
to changing the different substituents on the two benzoyl rings, we also considdéiaddiverse
side chains on the amino group.

Two structures have higher aptioliferation activities on three MM cell lines than
XRK3F2 and share the same signaling activityx&K3. XIE106 is one of the two structures
We performed a series of vitro andin vivo bioassays on this compound. This compound shows
a good and specific aAtM activity on both cell lines and rat models. Compo6rZBwas a new
compound for this series. We added a guanidine group to mirargiNine aggregation and their
effect on p62and macroautophagy. Coincidently, compo6rBpossessed a higher antincer
activity in MM cell lines compared to that of other p62 ligands that were synthesized.

As a representative of our chemical modification process for this series of p62 ligands, we
selectedKRK3F2, XIE106, and compoun@.28to illustrate how the chemical modification would
influence the interaction between p62 and p62 ligands based on the docking poses of the four
analogs. As shown ilRigure 16A, one benzoylring iXRK3F2h as-"ai nt eracti on wi t
and His160, which abilizes the compounds in the ZZ domain. The other side chXRK8F2

points to the PB1 domain and forms a hydrogen bond with Asp73 and Tyt8RB1 domain
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and Cys151 in the ZZ domain. Meanwhile, anothdéludrobenzoyl group approaches the other

side of the pocket and forms hydrophobic interaction with Cys151, Aspl149, and Tyrl48. As
illustrated inFigure 16B, compound6.28 shares similar binding poses AR®RK3F2; the 2
aminoethari-ol side chain was replaced by the amguanidine group, which has nednydrogen

bond donors and acceptors to interadih Asp73 and Tyr89. The increased size of amino
guani dine shoves the other hand Of imhhersatnt uotnl
Tyr148 and His-160.nt &hac ¢inhdgmgendbordls nmayp increase the
competition of compoun@.28for binding with the p62 protein. With this posekigure 16C,

XIE106 has a hydrophobic interaction with residues Asp149 and Asnl132 as well as a hydrogen
bond with Aspl149; the other side ofeth benzoy !l -riingt droaatsi on wi t h

His160.

Cys145

Figure 16. Docking Poses of XRK3F2, 6.2&nd XIE106 in p62.

(A) The docking pose ofRK3F2 (5.25 with p62. (B) The docking pose of compouh@8with
p62. (C) The ddang pose ofXIE106 (5.21)with p62. The compounds are represented by cyan
sticks. The ZZ domain is in orange, and the PB1 domain is in green.

75



In addition to alkyl groups linked to the amine, heterocyclic rings were also substituted for
the amine to inv&igate the influence of diverse functional groups on interactions with the p62
protein, as shown ifrigure 17. Compared to benzene, heterocyclic aromatic rings are more
favorabl € tsd afckin mg’  mwgutehl7AHaNds1TIB6 tBe. benkofd][1,3]dioxole
in 3.16 and the pyridine irB.10 all have facdo-face localized stacking with both benzene in
Tyr148 and imidazole in His160 as a sandwich. The other two hands in the three structures filled
in the ZZ domain and extended to 81 domain, interconnecting with the surrounding residues.
Based on the docking poses, the three compounds are assumed to have a strong binding affinity

with the p62 protein.

“ 1 2" _ » NS/ k. \ A -
¥ ys145 ' ~ lcysas
Cystdz % Cys142

Figure 17. The Docking Poses of Compounds with Hetecyclic Rings.

(A) The docking pose @.16with p62. (B) The docking pose 8f10with p62. (C) The docking
pose of3.9with p62. The compounds are represented by cyan slibksZZ domain is in orange

and the PB1 domain is in green.

The imidazole icompound3.10possesses edge-face stackings with benzene in Tyr148
and imidazole in His160 ifkigure 17B. The other parts of the compounds retained interactions

with residues Cys151, Cys154, and Aspl149 in the ZZ domain as well as Asp37 and Tyr89 in the
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PB1 domain. Moreover, the amine in these six compounds connected to the heterocyclic rings

forms hydrogen bonds with His160.

This molecular docking part will help us decide the priority we synthesized compounds for
thetest. We can also look back to this data to find any important interactions between compounds
and p62 if any 14old difference in activity was identified in ags with small modifications.

Some of the docking data will be mentioned in the discussion of results from the next 3&etion.
compounds we synthesized all have a good docking score and performance, which is summarized

in Table 4-11.
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2.1.2. Fragmentbased Drug Design

Other than molecular docking, which is a structoased drug degn, we also try to screen
compounds and predict compound activities by ligaased drug design methodg/e do not
have enough ligand data targeting p62 protein. So,remope a diseasgpecific fragmenbased
drug design approach to design compounds that maythapetential to treat multiple myeloma.
| collected antiMM drug structures to make arélM fragments. One thousand compounds were
virtually re-synthesized fnm the fragment database in the hope that they might have the potential
to treat MM. The resynthesized compounds were filtered using tools provided in our databases and
docked into our previously established p62 homology model to find p8p£&ific compouds
with therapeutic potential for MM treatment. Four compounds that share the same scaffold with
our p62ZZ ligands were selected from the resynthesized molecules pool. They were synthesized
and evaluated with aniM activity in vitro. The activities of tese four compounds are discussed

together with other p62ZZ compounds in the next section.

2.1.2.1. Multiple Myeloma Drugs

| collected the artMM drug information from DrugBank www.drugbank.cor

ClinicalTrial.gov (www.clinicaltrials.goy, NCI website Wwww.cancer.go), and MetaCore

(portal.genego.com). From the databases, about 200 agents were found in clinical trials, and 18
drugsare approved by the Food and Drug Administration (FDA) to treat different stages of
myeloma. The drug and formulation informatian listed in the Appendix Table of Drug

Candidate in MM Clinical Trials andAppendix Table of FDA-Approved MM Medications
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2.1.2.2. Multiple Myeloma Fragment and Resynthesized Compounds

The anttMM fragment database construction workflow is illustrateéigure 18, based
on MM medication data we collected. First, we combined allfiMi medications to remove
duplicated drugs aceding to CAS ID and molecular fingerprints and to eliminate the biologic
agents (combined regime and different brand numbers of agents might cause a replication
problem). A database of 109 aMM small molecules was established. After that, a fragment
dataset was generated based on the structure of 10Mlhtcompounds using RECAP
algorithms. Duplicated fragments were eliminated based on molecular fingerprint similarity.
Unfavorable fragments with toxicity or nonselective covalent t interaction witleipsotvere
filtered out by our databasmplemented toxic and Pan Assay Interference Compounds (PAINS)
remover . The fragments wer e o0anl swhifcihl tCGlroegdP t<h3r
mol ecul ar weight (MW) O 3586, rpootlaatra bsluer fbaocned sa rC
bond donors (HBD) O 3, hydrogen bond acceptor.
filters, an antMM fragment database ag constructed with 250 fragments and was ranked by

frequency.
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Figure 18. Workflow to Design Compounds with Anti-Multiple Myeloma Activity.

The top 20 ranked fragments were listed'able 1 with frequency, ClogP, MW, HBD,
andHBA. 3D principal component analysis (PCA) plots for fragments before or after the filter
with ClogP, MW, and ring counts (as well as HBA, HBD, and rotatable bonds) are displayed in
Figures 19A and 19C. All of the fragments after the filter fit into thange defined by the rule of
three, while before the filter, some fragments did not meet the criteria from the rule of three as

outliers.
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Table 1. Top-Ranked Multiple Myeloma Fragments After the Filter.

Structure ID | Fre |Clog | PSA | MW HBA |HB | RBC
q P D
1 6 -0.39 | 21.26 | 87.07 |2 1 0
HN/\
K/o
©/C 2 5 234 |0 112.01|0 0 1
/@iw 3 4 1.71 |29.46|138.07|0 1 4
o
4 4 -04 |48.72 1251 |2 2 3
N/\N/\/\NHZ
@
O N 5 -0.47 | 43.09 | 73.05 |2 1 3
NH 6 4 -0.47 | 43.09 | 73.05 |2 1 3
o\)\
7 4 -0.06 | 29.1 |99.07 |2 1 1
O
N
8 4 1.81 |17.07|120.05|1 0 2
/O
(\N/ 9 4 -0.48 | 15.27 | 100.1 | 2 1 1
HNQ
HO\/\NHZ 10 |3 0.88 |46.25|61.05 |2 2 3
©\NH2 11 |3 0.17 |38.91|108.1 |2 2 0
N
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12 |3 284 |3.24 |163.13|1 0 6

¢
<

13 |2 218 |[17.07|126.1 | O 0 2

14 |2 283 |18.2 |118.07|0 0 0

J

cl — 15 |2 1.07 |17.82|116.01|1 0 2
@)
N
\//0 16 |2 1.56 |59.59|217.98| 3 0 4
S Cl
Y,
/O
cl 17 |2 281 |17.07|173.96|1 0 3
(0]
Cl /
18 |2 284 |0 128.04| 0 0 2
E
E
. 19 |2 2 6 21 3 1 4
oo [ [ 2
' 20 |2 |1 2 151. | 2 |1 1
F

Note: Lists of the structure of fragments with their ClogP, polar surface area (PSA), molecular
weight (MW), hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), and the number of
rotatable bonds (RBC).
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The antiMM fragments were mixed with 100 of the most commonly used fragments and
resynthesized 1,000 compounigssilico from fragments. The resynthesizedngpounds were
filtered through the rule of 5 araitoxic filter to attain 758 compounds. These compounds were
then docked into our previously established p62 homology model using Maestro. The result was
ranked according to an overall performance basedookingy score, binding free energy, and
binding pose. The tepanked resynthetic compounds are listedTable 2 with their structure,
ClogP, MW, HBD, HBA, and docking score. A PCA analysis was also performed for the
resynthesized compounds dataset, as/sho Figures 19B and 19D. All of the compounds in the
filtered datasets met the basic requirement
to synthesize. The synthesis route is showfignre 23 Afterward, several small molecules were

syrthesized and evaluated by bioassays for theirmntiferation effect on MM cell lines.
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30

Figure 19. The Plot of Physiochemical Properties for Multiple Myeloma Fragments.

(A and B) The plot of the number of HBDs and HBAs aggihe aromatic ring count for the MM
fragment database (A) and resynthesized compounds database based on MM fragments (B). (C
and D) The plot of LogP and MW against PSA for the MM fragment database (C) and
resynthesized compounds database based on Mhématg (D).

Table 2. Top-Ranked Resynthesized Compounds After filter.

Structure SlogP | TPSA MW HB |HB | RB

3.69 |58.12 318.15 |5 1 5

o0

o
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\/@ 4.65 |42.96 446.59 12
NWN\/@iO/\©
— 411 120.32 | 380.13 4
HN
0
Sj)k
\< N °
S
\F:©/F 5.21 21.26 345.43 7
(0}
‘ 4.18 52.01 354.10 4
Ho/\(N\ F
F
N
s
0 1.78 69.61 369.22 5
\N/\\N HN\@J\HA
/ N
H 4.67 57.78 343.17 2
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3.33 [92.39 |[376.46 10
371 |84.66 |350.10 3
F 962 |41.49 |[293.31 7
°\j©/
H
HO/\/
N n 3.22 [100.3 |379.08 6
(O .
(o)
(6]
] HN\S{/
//\L
(0]
H 3.08 |70.23 |260.04 1
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e 3.17 62.46 37219 |5 1 5

1.43 141.41 | 399.19 |8 4 7

0.48 157.61 |416.17 |10 |3 5

\/@/F 5.49 48.31 463.53 |2 1 12
9 @[
@N\/\/N O/\©\

Our study is to design compounds targeting p62 to treat multiple myeldmeeefore,

fragments and resynthesized compounds were also dockéldep&?2 homologynodelto explore
the possible binding site and binding mode for reference. As showigume 20A, a general
binding pocket was defined in the p62 ZZ domain baseduopm@vious studies. The fragments

accumulated in four locations, especially locations 3 and 4, as displalygpire 20.
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2.1.2.3. Docking Poses for Multiple Myeloma Fragments and Resynthesized Compounds.

Try89
/ Lys157
,9 Met85 Leu159
. Gl
uS;éﬁ. 4(@ p His160
% = H|5163
Location 1

"1
( \( Asn132
/ AN ~ Cys131
p : if | \ ? L Cy5142
et L N Cys145

Try148

D. E.

Try89
= Lys157 i
Met85 Leul59
Glus2 A o Glug '
: . His160 us2 CA
N His163
Asn132

N

Asn132

Cys131

Try89 -
Y Lys157
Met85 Leu159
Glug2
/éﬁ- yy His160
His163
Asn132% \'S
Cys131
ys1p Cy5142
Location 2
Cys145

Try148

- Try89
= Lys157
Met85 Leu159
7 7 @
Glus2 SN, 5 His160
Hlsl63

é Cy5142
Cys145
Try148

Asn132

Cys13

Figure 20. Binding Pocket, Docking Poses, and Locations of Fragment Clusters in P62.

(A) The full-length p62 homology model (green cartoon) and the defined binding pocket in the ZZ

domain. The pocket is marked by the surface. (B) Fragnfpimis sticks) clustered in location 1

surrounded by important residues in the binding pocket of p62 (green sticks). (C) Fragments
(purple sticks) clustered in location 2 surrounded by important residues in the binding pocket of
p62 (green sticks). (D) Fganents (white sticks) clustered in location 3 surrounded by important
residues in the binding pocket of p62 (green sticks). (E) Fragments (blue sticks) clustered in
location 4 surrounded by important residues in the binding pocket of p62 (green stiglkd). (F

the clusters of fragments in the binding pockaetssurrounded by key residues. The oxygen is

highlight by red, nitrogen is in blue in the sticks, and the polar bond hydrogen is in white in all

sticks.
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Somefragments showed a higher docking sctoe, binding free energy, and a good pose.
To illustrate, we aligned two or three fragments with their resynthesized compounds. We found
some compounds display a binding pose that overlaps with these fragments, indicating the
potential of these compoundshtie p62 ZZ domain ligands with aiviM effects. For instance, in
Figure 21, compounds.10(Figure 21A) overlapped very well with fragment 4 in location 4 and
fragment 3 Figure 21B) in location 2.Figure 21C shows the f1H-imidazol1-yl)propanl-
amino goup of compound.10f or ms t he samestacamapgi and a hyd
fragment 4 with imidazole ring in His160, benzoyl ring in Trp148 and amide in His160, indicating
the addition of fragmemt might be beneficial for p62 binding. The core sohlffin compound
6.10also shares the same structure and similar binding mode with fragment 3. Another example
is compound3.28 (Figure 21D). The guanidine group from compourd®8 and guanidine
fragment aligns well and forms several hydrogen bonds wittowuding residues, including
Lys157, Glu82, Asn132, and Cys131, indicating that the introduction of the guanidine group might

favor interaction with p62, as shownhkigure 20F.
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Figure 21. Binding Poses of Resynthesized Compnds 6.10 and 3.28 with p62.

(A) The binding pose of resynthesized compo@riD (yellow stick) in the binding site. (B) The

binding poses of three fragments (white, purpled blue sticks) that are usedsiymthesize the

compound 6.10 virtually(C) Ovelap of the binding poses of resynthesized compduh@and

the three fragments that are applied to virtually synthesize the compound in the ZZ domain of the

p62 protein. (D) The binding pose of resynthesized comp82&{yellow stick) in the binding

site. (E) The binding poses of three fragments (white, purple and blue sticks) that are used to in

virtually synthesize the compour@l28 (F) Overlap of the binding poses of resynthesized

compound3.28and the three fragmenthat are applied to virtually synthesize the compound in

the ZZ domain of the p62 protein. All the clusters of fragments (white, blue and purple sticks) and

resynthesized compounds (yellow stick) in the binding pockets surrounded by key residues (green

stick) atthep62 protein binding site.
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Try148 and His160Figure 22A-C shows that compountil.25aligns well with fragment 2 and

fragment 10, thus interacting with p62tlo u g h
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Try148 and His160Figure 22D-F illustrates how compoundkl.21overlap with fragments 11
and 13, with plenty of interaction with p62. The four compounds are examples of how we choose
compounds to beysthesized from the docking aspect. The fragments can be considered for

chemical modification as functional groups that add to the core structure.

Try89 Try89
\ Lys157 = Lys157
MELS3 Leu1so Met85 Leu159
Glug2 Glu82 -
- %«4 y His160
) ~

4
Asn132 > X Asn132‘<gf\‘
Cys131 Cys13

é Cys142 é Cysm
Cys145 Cys145
Try148

7 His160
H|5163

Met85 ﬂ 'Leu159 Met85

Glig2_f A
- A
f

Asn132°%

His160 X His160
D

His163

His160

His163 His163

p'/{ Asn132-8C ¥ o 4 \a : A
> 4 #
Cys142 Cys131 %, Cys142
=
4 . 4
Cys145 Try148 Cys145

Figure 22. Binding Poses of Resynthesized Compounds 11.25 and 11.21 with p62.

Cys131

(A) The binding pose of resynthesized compolh@5(yellow stick) at the binding site. (B) The
binding poses of three fragments (white and blue sticks) are used to synthesize the compound
11.25 virtually. (C) Overlap between the binding poses of resyagtesompound1.25and the

three fragments that are applied to virtually synthesize the compound in the ZZ domain of the p62
protein. (D) The binding pose of resynthesized compdun@l(yellow stick) in the binding site.

(E) The binding poses of threafments (purple and blue sticks) are used to virtually synthesize
the compound. 1.21 (F) Overlap between the binding poses of resynthesized comgduaiti

and the three fragments that are applied to virtually synthesize the compound in the ZZ domain of

the p62 protein.
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From that molecular docking studies for resynthesized compounds and their corresponding
fragments, we selected four compounds to synthesize. After we got the four purified compounds,
we measured the asproliferative effects on MM1.S an@PMI8226 cells by MTT assay. The
results veresummarized in Table 3 in the next section.

2.1.2.4. Anti-Multiple Myeloma Activities of Some Resynthesized Compounds.

The four compounds synthesized in this study are list@alite 3 with ICso of their antt
proliferative effects on several MM cell lines. The compounds we selected all have some anti
proliferation effects on MM1.S and RPMI8226 cells, which was in line with our expectations.
Among them, compountil.25has low antMM activity (ICso > 50uM), while compound$1.21,
6.10,and3.28showed good anfroliferative effects on U266 and MM1.S cell lines, which was
consistent with our expectations (1uM <s§&5uM). Compound3.28was selected for further

studies, with the highest aftM activities (IGso= 1.07uM).

Table 3. Synthesized Compounds List and their AntMultiple Myeloma Activities.

ID Structure Docking | ICso(uM) | ICso(uM)
Score MM1S RPMI8226

11.25 F F 6.76 81 68
o T
H\/(j/
HO™ >

11.21 F F 7.12 2.8 2.59
o
H
O\/N\/@
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6.10

6.34

6.9

1.22

3.28

)’\ll\'-'H [I
_N
H,NT N

H

0 M
S

8.73

3.25

1.07

help design and prioritize compounds we can synthesize in the next step for further bioassay test.
We synthesized four compounds in this section and measuredrhproliferative effectsFrom

the fragmenbased drug design part, we got a compaowitid an 1Go value of 1.07uM for future
studiesIn the next part, we will describe the chealsynthesis methodsnd strategiese applied

in chemistry modification on our lead XRK3Bhe modified compounds we selected to synthesis

all have a good moletar docking performance (a good score and reasonable pose). This section
screened a large amauof in silico designed compounds, filtered them through ADMET

properties, and provided a list of compounds pools that can be chosen for synthesis and future

study development.
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2.2. Chemistry Synthesis

From the above computarded drug design section, we screened a laugeerof virtual
compoundsWe picked up some compounds based on docking results to synthesize and test

vitro.

2.2.1 Introduction

CompoundXRK3 (Figure 23) was chosen as a lead compound due tp&2 interaction
validated by pulldown assays, which can be further optimizeddnerate selective p62 ligands;
it also showed an interesting backbone as it has three phenyl rings connected to a chiral center that
is more easily modified. The lead optimization strategies that were utilized in this study added a
functional group in th R position, as this moiety has been shown to induce p62 binding affinity
as previously discussed. In addition, the central chiral benzoyl ring was replaced by a central
pyridine ring. Furthermore, three variable positions were evaluated for p62 speaiittin vitro
anti-proliferation effects by utilizing fragments at R based on fragment size, charge, and lipophilic

property Eigure 29).
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Figure 23. Chemical Modification on p62ZZ Ligands

We designed four classes of analogs based on the structure of our lead. For the synthesis
of the first analogKigure 24), commercially available 3,-dihydroxybenzaldehyde was reacted

with benzyl bromide in the presence oiGOs as a base in dried DMF wve bisbenzylated
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benzaldehyde intermediafe Then, the imine formation ok with an amine in heated MeOH,
followed by the treatment of NaBHbr a reductive amination reaction, yielded the corresponding
desired benzylamine produdssand byproducC. Fortunately, weonly obtained this byproduct
7.2 from 4-CHs substituted aldehyde intermediatel. Next, the synthetic route for anal@jis
outlined inFigure 25. The synthesis of analo@s started from the commercially availablg2
aminoethyl)benzené,2-diol. To avoid unwanted benzylation on the amine nitrogen of the
substrate, amine was protected by the Boc grfollpwed by the bisbenzylation on two hydroxyl
groups to furnish the intermediae The Boc group was then removed by HCI to attain a high
yield of amingICl intermediateF. A simple coupling reaction was then carried out with
intermediatd- and acyl chloride to obtain the amide anal@g&or the next two analogs displayed
in Figure 26, benzylation was performed with 3jthydroxybenzaldeyde and substituted benzyl
bromide to give the analogs$, subsequently followed by reductive animation to obtain the bis
benzylated benzylamine analobsFinally, reductive amination of intermediale which was
obtained from the benzylation ofhy/droxylkenzaldehydend substituted benzyl bromideyith
corresponding aminegjelded the analogK. All of the desired compoundse summarized in
Tables 4-10. These were purified by flash column chromatography and verified by NMR and

LC/MS.
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Figure 24. Synthetic Route for Analogs A, B, and C.

Reagents and conditions) Benzyl bromide, KCOs, DMF, 70 °C, 12 hoursji{ stepl: RNH,
MeOH, 12 hours, 60 °C; step 2: NaBH/1eOH, room temerature, 12 hours. (MeOH: methanol,
DMF: dimethylformamide)

Ry
E 4.4 Ry=24-di-F F

5.4 Ry=4-F
6.4 R;=4-Cl R= ;

7.4 Ry=4-CHy \O

Figure 25. Synthetic Route for Analogs E, F, and G.

43 Ry=24-di-F R= CH3

Reagents and conditions) étep 1: Ditert-butyl dicarbonate, THF: water: MeOH2:1:1, room
temperature, 6h; step 2: NaOHi) Benzyl bromide, KCQOs, DMF, 70°C, 12 hours;iii) HCI,
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ethanol, room temperature, 1 houv) (acyl chloride, EIN, DCM, room temperature, 12 hours;
(THF: tetrahydrofuran; DCM, dichloromethane)

OH
R1 R1 R1 R1
O 0 (0] o
i ii
O —— -
OH
~
o}
H

R4=2,4-di-F
R4 =4-Cl HN Rq=4-Cl

OH . oﬁ R1 )
i ii R
o) — > >
AN O 5 HN

Figure 26. Synthetic Route for Analogs H, J, and K.

Reagents and conditions) Benzyl bromide, KCOsz, DMF, 70 °C, 12 hours;i{ stepl: RNH,
MeOH, 12 hours, 60 °C; step 2: NaBH1eOH, room temperature, Tidurs.

2.2.2. Methods for chemical synthesis
2.2.21. Materials and Reagents

All reagents were purchased from commercial sources and used without further
purification. Analytical thinlayer chromatography (TLC) was performed on Syilates on
alumina. Visualization was accomplished by UV irradiation at 254 nm. Flash column
chromatography was performed using the Biotage Isolera flash purification system with SiO2 60
(particle size 0. 040 DODNMRZEAECNMVUR wardrécorded 6n ame s h )

Bruker 400 MHz and a Bruker 600 MHz spectrométe®alk Hall eightt floor and BST10034
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Splitting patterns are indicated as follows: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad
peak. The purity of all final derivatives foidbogical testing was confirmed to be >95% as
determined using the following conditions: a Shimadzu HPLC instrument with a Hamilton
reversep hase col umn (HxSi I, C 128; eluedt Axansisting of 5% mm |
CHsCN in H0O; eluent B composed &0% CHCN in HO; flow rate of 0.2 mL/min; UV
detection, 254 and 214 nm.

2.2.22. Synthesis Procedure for 3;bis(benzyloxy)benzaldehyde

Method 1

3, 4dihydroxybenzaldehyde (3.00 g, 21.7 mmol) was diluted with dry dimethylformamide
(DMF, 50 mL). Benzyl broide (7.65 g, 44.7 mmol) was added slowly, followed by anhydrous
K2C0s (9.60 g, 69.4 mmol). The mixture was stirred at room temperature for 2 hours. Additional
K2COs (2.40 g, 17.3 mmol) was added, and the mixture was heated to 70 °C for 30 minutes and
thencooled to room temperature. The mixture was partitioned betwg@rahid ether (120 mL
each). The organic layer was separated, and the water layer was extracted with ether (3 x 50 mL).
The pooled organic layers were washed wit®H2 x 50 mL) and saturateaqueous NaCl (50
mL). The pale, straweolored extracts were dried over anhydrous sodium sulfate and concentrated
to yield a white crearcolored solid (6.57 g, 95%) after washing with hexanes (75 mL). The
product was characterized HY NMR (600MHz,CDC4) : UG 9. 8 1-7.316ém, 12H)H)04 7. 49
(d, J = 8.3 Hz, 1H), 5.27 (s, 2H), 522 (s, 2MC NMR ( 600MHz, CDCI 3) U 1
149.19, 136.56, 136.24, 130.29, 128.68, 128.60, 128.13, 128.04, 127.33, 127.08, 126.73, 113.07,

112.32, 70.96, 70.82.
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2.2.2.3 General procedure for amino products

Method 2:

3,4-Bis(benzyloxy)benzaldehyde (318 mg, 1 mmol) was dissolved in dry ethanol, and
ethanolamine (61mg, 1 mmol) was added. The reaction mixture was stirred for 12 holiG.at 60
The reaction solution &s cooled down to room temperature. NaBs¥mg, 1 mmol) was added
slowly in small portions, and the resulting solution was stirred for another 12 (ig3<l44).
The solvent was evaporated in vacuum, and the residue was dissolved in water and extracted with
ethyl aetate. The organic layers were combined and dried witB®iafiltered, and evaporated
in a vacuum. The residue was purified by a flash column to generate the desired p(¢8ldet 2
bis(benzyloxy)benzyl)amino)ethdol (2.0 g, 56%).!H NMR (CDCk): 7.527.33 (m, 10H),
7.01:6.84 (m, 3H), 5.20 (s, 2H), 5.17 (s, 2H), 3.71 (s, 2H), 3.64(%.8, 2H), 2.93 (s, 2H), 2.72

(t, J= 4.8, 2H).

2.2.24. General Procedure for Generating Aminoguanidine Blockers.

Method 3

3,4-bis((4chlorobenzyl)oxy)benzaldehyde (3.72g, 9.6 mmol) was dissolved in dry
methanol, and aminoguanidine hydrochloride salt (1.12g, 10 mmol) was added. The reaction
mixture was stirred for overnight at PC. The reaction solution was cooled down ¢mm
temperature. The solvent was evaporated in vacuum, and the residue was purified by a column
chromatography and eluted by chloroform and methanol to generate the desired proe@uct (E)

(3,4-bis((4-chlorobenzyl)oxy)benzylidene)hydraziiecarboximidamide(1.58g, yield 37.2%).
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IH-NMR (300MHz, DMSQd6): 8.006 (s, 1H), 7.718.710 (d, 1H), 7.523.448 (m, 9H), 7.310
7.3057.2837.277 (dd, 1H), 7.119.190 (d, 1H), 5.186 (s, 4HFC NMR (300MHz, DMSGd6)
i 155.81, 150. F653136.488d), I32.913294 (), 136.04, 129.79, 128.93,
127.25, 123.20, 114.24, 112.15, 69.87, 69.55.MS (ESI):m/z443.5 (100%), 445.5 (M + H)

2.2.2.5 General Procedure for Generating Amide blockers

To a solution of A3,4-bis((4chlorobenzyoxy)phenyl)ethari-aminium chloride §.3,
403mg,1 mmo) and triethylamine (EA, 125 mg, 1.25 mmol) in anhydrous dichloromethane
(DCM, 4 mL) was slowly added a solution of metlegrbamic chloride (103 mg,1.1 mmol) in
anhydrous DCM (3 mL). The mixture wésen refluxed for 3 days. The reaction mixture was
diluted with water (5 mL) and extracted with DCM (8 mL x 3). The combined organic layers were
subsequently washed withe® (10 mLx 3) and brine (10 mL x 3), dried over anhydrousSia
and concentratednivacuo (145. The crude product was purified on a silica gel column
(CH2CI2/MeOH = 19/1, v/v) to affordN-(3,4-bis((4chlorobenzyl)oxy)phenethyl)acetamide
(white solid,6.5, XIE5-2-73, 270 mg, 61% yield)The chemical structured was characterized by
IH-NMR (CDCL): 7.371 (m, 8H), 6.895.872 (m, 1H), 6.796.730 (m, 2H), 5.389 (s, 1H), 5.1-18
5.107 (d, J = 4.4 Hz, 4H), 3.8@471 (m, 2H), 2.752.7422.725 (t, J = 6.8 Hz, 2H), 1.941 (s,
3H).

2.2.2.6 Synthesis Procedure for BoeProtected Guanidine Amine

Method 4
Dissolve 1,3Di-Boc-2-methylisothiourea (2.9g, 10mM) in THF (25ml), added the solution

of 1,3Di-Boc-2-methylisothiourea dropwise to a stirred solution of-digiminobutane (1.99,
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2.16ml, 26mM) in HF/H20 (40ml, 20:1, volume/volume). After stirred for 1h in 80 the
reaction mixture was concentrated in vacuum, and the residue was partitioned betwessmnGHCI
10% aqueous NaHCOThe organic layer was dried by adding8@; and stirring for over 1h,

filter out N&SQy, and evaporated the solvent. The residue was then purified by chromatography
on silica gel column using CH&(contain 1% TEA) and Methanol system, give product 1.23g as

a yellow oil (cited in JIMC, 2001, vol48-2955).

2.2.27. General Procedure for Synthesis of Removing Boc Protect Groups

Method 5

Generation hydrochloride gas by slowly adding concentrated sulfuric acid (dropwise) into
sodium chloride, the additional water in the generated HCI gas was thewe@ by concentrated
sulfuric acid and lead to the reaction mixture in a thmeeked bottle by tube. The starting material
(Boc-protected compounds) was dissolved in solvent2(TH (not reactive to HCI) to make the
reaction mixture. The hydrochloridag was bubbled into the reaction mixture and then reacted
with starting material to eliminate the protection group. The reaction mixture was stirred at room
temperature with hydrochloride gas bubbled in for about 40 min. Stop the generation of HCI gas,
cortinue stirring at r.t. for about half an hour, then evaporate the solvent, add solvent to resuspend
it, and evaporate solvent several times to remove extra hydrochloride. Too much residual
hydrochloride will make the product not so stable in r.t. The mtodhas then placed under the

vacuum overnight to remove the solvent. We confirmed the structures with NMR am&LC

Results

This section was to synthesize new compounds and provide novel small molecules for

assay test and structeaetivity relationshipanalysis Seventy compoundsexesynthesized in this
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section. The structure was confirmed by proton and carbon NMRM&C The structure
characterization spectrums are listedAjpppendix. B. Chemical Characterization Speatums.

The structure information was summarized with activity dat@able 4-11 in the next section.
After the structure and purity of the final producesraconfirmed, we testéthe efficacy of these
compounds byn vitro andin vivo bioassaysOur goal is taget some compoundbattarget p62
and havea potential therapeutic effectf treatingmultiple myeloma. If the compounds did not
show any antproliferative activity on multiple myeloma cells, they might be less valuable for

further analysis and discusait this study.

2.3.p62ZZ Ligands Inhibit Myeloma Cell Growth

2.3.1.Introduction of the specific problem

In the above part, we described the chemistry approach we used to synthesize and design
compounds. Then, we will need to measure the efficacy and other properties of these compounds.
We are aiming at getting compounds to treat multiple myeloma througttiteygp62 protein.
Therefore, it is necessary to measure the efficacy of these compounds to inhibit myeloma cell
growth by a weHacceptable and easy-handlein vitro screen assay. Their capacity to inhibit

myeloma cell growth represents their potergiéctof treatingmultiple myeloma preliminarily.
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2.3.2. Methods

Here, he MTT cell viability assay was conducted to determine thepaoliferation effects
of thecompounds on MM cell lines. MM1.S, MM1.R, and RPMI8226 cells were kipilyided
by Dr. Deborah L. Galson (University of Pittsburgh Cancer Institute). U266 and BJ normal human
fibroblasts were obtained from American Type Culture Collection (ATCC). Cell lines were
maintained in an appropriate growth medium with 10% fetal be@enem (FBS) and sutultured
twice per week. MM1.S, RPMI8226, and U266 cell lines were authenticated by Short Tandem
Repeat (STR) profiling utilizing 16 different STR loci. These studies were conducted using
protocols approved by the University of Pittsbg h 6 s | RB and I ndiana Uni v
MM1.R, MML1.S, U266, and RPMI8226 cells were maintained at 37 °C in a humidified
5% CQ and 95% air atmosphere and cultured in RRBWO medium (Gibco Laboratories, Grand
Island, NY) containing 10% fetal bovine serdRBS) and sulzultured twice per week. BJ cells
were cultured in Eagle's Minimum Essential Medium (EMEM, Gibco Laboratories, Grand Island,
NY). The test drugs and positive control were initially dissolved in dimethylsulfoxide (DMSO),
and then the solutionvgere diluted 1:1000 in RPM1640 medium. Different cells were seeded on
a 96well plate in 200 mL medium per well at a density of 3;080000 cell counts per well,
depending on cell type for 8 h. Then, the cells were incubated with serial concenwatests
compounds and controls for 72 hours. An MTT assay kit was utilized to determine the percentage
of cell survival. MTT (3(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (Sigma, St.
Loui s, USA)) solution (5 mlydhakenat180rpnefdr ) minutess a d d
and then incubated for 4 hours at 37°C and 5%.d@e metabolism product (formazan) was

di ssolved in 150 €L isopropanol and shaken at
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540 nm and subtracted from theckground at 720 nm. The effect of ligands on cell viability was
expressed as percent cell viability, with vehitkated control cells set at 100%. The concentration

of each drug was examined in triplicate. The concentrations of the compounds weres2@,3,0

1.25, 0.625, 0.3125, 0.15625, 0.075 and 0.01 mg/mL. The data were analyzed by GraphPad Prism

7.0.

2.3.3. Results and Discussion

Cell viability was significantly altered by our p62ZZ ligands in three MM lines (MML1.S,
RPMI8226, and U266). Howevemn the normal human cells (BJ), the cell viability was not
significantly changed by the tested compounds compared to the negative control (DMSO),
indicating the antproliferative activity in MM cell lines of our compounds was not due to their
cytotoxicity, indicating favorable therapeutic indices of our p62ZZ ligands. Additionally, we
measured the effect 6f28on cell viability on p62 cell and WT cells. We found that the knockout
of p62 dramatically reduced the inhibitory effect of our compound ogloma cells, indicating
that p62 is necessary for the compounds to elicit the antiproliferative effect in these cells.

The exact 1Go values for all the compounds are illustratedables4-10. To obtain more
potent derivatives, we modified the lead compadXRK3F2 by adding diverse substitutesi1fR
on the benzyloxy ringTable 4).

Generally, potencdid not change significantlyy adding chloride§.25), fluoride (4.24,

XRK3, andXRK3F2) into the 4position of two benzyloxy rings compared to compoXRK 3.
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Table 4. The List of Benzyloxy Analogs with their Anti-Proliferative Activity.

0
o do

Analogs 3.1t0 3.31

ID R-groups MML1.R, RPMI82 U266, Auto | Internal ID
ICso(UM) | 26, ICso | ICs0(MM) | phag
(UM) y
3.1 | -CHO > 20 > 10 15.8 = XIE5-1-8
3.2 | -CHOH 3.342 3.311 2.743 - XIE5-1-33A
3.7 H\I\> 9.53 4.78 41.37 + XIES-2-
\C,N s 54/55
Ho
3.8 H\/@ 10.57 2.27 5.28 + XIE5-2-53
\C/N o
Hy
3.9 H = | 4.242 2.00 10.23 = XIE5-2-49
oSy
Ha
N = 2.
3.10 " /4\) 4.749 1.72 2.24 XIE5-2-64
Ha
3.14 H 1.47 0.9912 4,72 + XIE5-2-46
\C’N o~
Ho
3.16 H O> 9.724 6.73 4.32 + XIE5-2-51
\C/N o)
Ho
3.25 Ha 4.4 3.7 5.9 + XIE62PY1-
H NSC173162
XRK3
3.29 Ho H 5.12 3.58 4.59 + XIE1-4-3
G SN NH
H NH
3.28 J‘l" 3.25 1.07 6.72 + XIEX5-2-44
SN N,
H H
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3.31 HNGNHe 1 10.23 9.96 21.74 = 5-1-54CT
A XIE5-1-64

|
H,C.
2C NH

Other than adding different substitutions at thep@sition, replacing R with various

functional groups with different sizes, lengths, hydrophobic, hydrophilic, and electronic properties
was another strategy for our chemical modification. First, we introduced diverse functional groups
connected to the ame in the R position as shownTables4-8, such as guanidin&.28, 3.29,
3.31), heterocyclic rings (furarg.8, 4.8, 5.8, 6.8&hiophene3.7, 4.7, 5.7, 6.7pyridine, 3.9, 4.9,
5.9, 6.9, 7.9 imidazole, 3.10, 4.10, 5.10, 6.)0 substituted aromatic s (1,3,4
trimethoxybenzylamine3.15, 4.15, 5.15, 6.154-(N,N-diethylamino)benzylamine3.13, 5.13,
6.13 anisole3.14, 4.14, 5.14, 6.)4guanidine with different length linkers (C2 link&:29 C6
linker, 3.31to replace the-hydroxyethyl substituterothe amine.

The IC50 values for most of the analogs fall into the same range (2uNb < ITOUM).

No big difference was observed for their potency to inhibit myeloma cells in our test. Therefore,
we will not go through every compound fiis potency. Wefocus onthe discussion of a few
compounds that have the lowestd@alues. | will also mention what kind of modification will

lead to the loss of potency @€> 50uM) or reduce potency (&> 10uM). Sometimes, we

a)

mentioned reduced or improved potency. It is not as muahlésfold differencelt 6 s | us't
relatively higher or lower IC50 value.

Compound6.28 (ICso < 02uM) possessing aminoguanidine moiety showed the highest
anttMM potency,indicating that the aminoguanidine group is favorable for@arcer activity

on myeloma cells. Compoun®s28, 3.29 and 5.29 also work well in blocking myeloma cell



proliferation. Compoun®.31(ICs0>20uM), which has a longer carbon linker between aram#
guanidine than compound&28 and 3.29 possesses a reduced potency to inhibit tumor cell
growth, indicating an influence of the length of the R groups on the activity of molecules.

As compoundb.28 shows a good anMM activity, we compared the doclgnposes of
compoung 6.28, 5.29, 7.30and3.310on p62 as shown irFigure 27. Compound5.29in Figure
27A with a twocarbon linker between amine and guanidine shasesilar pose as compound
6.28in Figure 26C.The twacarbon linker was bent to the uppale of the pocket, which interacts
with residues in the PB1 domai n, | eavi AAg an a
interaction with Tyr148 and His160 in the ZZ domain. Therefore, the analogs withatian
linker between amine and gidine might have comparable activity to compo6ra8 The three
carbon linker shown ifrigure 27B folds itself in the upper side of the pocket in the PB1 domain,
thus | eaving enough spacei nftoerr atchtei ocno myo ot uhn dT ytr
the ZZ domain. The guanidine group kigure 27B flips over and form hydrogen bonds with
Tyr89 and Asp73.

When we further increased the length of the linker to six carbon, as sEmguiia 27C,
there was not enough space for the linker to bend over itself; thus, the structure was pushed toward
the ZZ domain side, which makes the position of benzoyl groupangstarallel nor favorable to
a-" interaction with Tyr148 and Hisl1l60. Some s
ZZ domains, losing some interactions with residues in the ZZ domain and diminishing the binding
affinity and activity with p62. Tius, enlengthening the linker to six carbon or more may impair the

binding of analogs to p62 and influence the downstream activities.
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Figure 27. Docking Poses of Compounds with Guanidine.

=0 AN /
j(:ysﬂs

(A) The docking pose d.29with p62.(B) The docking pose af.30with p62. (C) The docking
pose o0f3.31with p62. The compounds are represented by cyan sticks. The ZZ domain is in orange

andthePB1 domain is in green.

The employment of heterocyclic moieties was not favorable to théusmbir activity on
MM cells. Compound8.7, 4.7, 5.7, 6.(thiophene, 1G> 10 uM), 3.8, 4.8, 5.8, 6.8uran),3.9,
4.9, 5.9, 6.9, 7.9pyridine),4.11, 5.11, 6.113-morpholinel-amine), and.10, 4.10, 5.10, 6.10
(imidazole) havesimilar moderate amproliferation effects on three MM cell lines. The

RPMI8226 cell line was the most sensitive one in response to our compounds.

In addition to the substituted aromatic rings that linked to the amine in the R position, alkyl
groups that linked to amine werealinvestigated. Most compounds with a long flexible chain or
alky ring worked well in blocking the proliferation of myeloma cells. Certain flexible length of R
groups (45 C-bond) favors artMM potency. Too short (aldehyde intermediat#, 4.1, 5.1, 6.1
7.1, 8.1, 9.) or too long B.31and7.31) R groups are not favorable for high aptoliferative

potency(ICso> 10 pM).



Table 5. The List of 2,4di-F Benzyloxy Analogs with their Anti-Proliferative Activity.

L

A,

Analogs 4.1 to 4.32

ID R-groups MM1R, RPMI8226 U266, Autop | Internal
ICso(UM) |, ICs5o(UM) | ICs5o(uM) | hagy | ID
4.1 | -CHO > 20 > 10 > 20 = XIE5-1-85
4.2 | -CH20H 3.46 5.49 5.61 - XIE5-2-93
4.3 | -CH2CH2NH2 3.18/11.76 | 1.74 5.98 - XIE5-2-70
4.4 | -CH2CH2NH-Boc > 100 > 100 > 100 = Lpl-66
4.5 @ 0.43/>5 0.97/>5 0.82 - XIE5-2-74
)I\N/\
H
4.6 @ >10 >10 > 10 = XIE5-2-79
N7
H
4.7 H\/D 12.83 10.3 13.51 + XIE5-2-3
SN S
Hy
4.8 Hﬁ 10.98 5.02 21.35 + XIE5-2-14
\C/N o)
Hy
4.9 H = | 9.53 3.52 20.12 = XIE5-2-10
SNy
Hy
N 2.
4.10 H D 5.21 491 11.07 + XIE5-2-13
o NN
Hy
4.11 0 3.06 4.20 7.44 + XIE5-2-7
H
\c’N\/\/N\)
Ha
4.15 o~ 2.73 4.86 6.95 +/= XIE5-2-11
O\
\C/ O/
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4.16 H\/@\ 4.67 5.33 9.63 = XIE5-2-15
\C,N o~

Ho
4.17 \CH2 8.32 2.97 9.32 - XIE5-2-22
HN\©\
F
4.28 J‘l" 4.40 2.30 8.02 + XIE5-2-40
SN N,
H H

F
J@E"“@
A B}
F
Analogs 5.1 t0 5.29

ID R-groups MM1R, | RPMI8226 | U266, Autop | Internal ID
ICs0(UM) |, ICs0(UM) | ICs0(UM) | hagy
51 | -CHO > 20 > 20 > 20 = XIE5-1-24
5.3 | -CH2CH2NH:2 17.57 2.38/3.10 | 10.75 - XIES-1-68
5.4 | -CHCH2NH-Boc > 100 > 100 > 100 = Lpl-64
5.5 © >10 1.20 3.51 - XIES-2-75
)J\N/\
H
5.6 O >10 >10 >20 = XIE5-2-77
NN (repeat)
H
5.7 H\/@ 4.95 3.90 14.83 + XIE5-2-16
\C,N S
Hy
5.8 Hﬁ 4.43 0.68/4.74  6.98 + XIE5-2-1
\C/N 0]
H
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5.9

5.10

5.11

5.13

5.14

5.15

5.16

5.25

5.28

5.29

=
H |
NS
~c” N
Hy
N
H [~
\C’N N \/)
Hy
5

10.98

2.402

2.754

3.34/1.51

5.14

3.43

2.94

5.30

2.12

5.39

8.74

1.71

3.43

0.66/0.82/0
74

4.77

441

2.22

2.50

0.97

3.21/2.41

19.03

6.95

8.30

1.25

10.07

6.04

5.68

4.00

3.26

4.98

XIES-2-18

XIES-2-21

XIES-2-17

XIES-2-23

XIES-2-2

XIES-2-19

XIES-2-20

XRK3F2

XIES-2-43
XIES-1-52

5-1-27AT
XIES-1-66

Table 7. The List of 4-Chloride Benzyloxy Analogs with their Anti-Proliferative Activity.
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Cl

o LT
Rﬁo«@m

Analogs 6.1 to 6.28

ID R-groups MM1R, | RPMI8226 U266, Autop | Internal ID
ICso( |, ICs0(MM) | ICs0o(UM) | hagy
M)
6.1 | -CHO > 20 > 20 > 20 = XIE5-1-84
6.3 | -CH2CH2NH:2 6.00 13.00/7.00  >10 XIE5-1-71
6.4 | -CH2CH2NH-Boc >10 1.67/2.30 | >100 - Lpl-67
6.5 12.50/16 1.70 2.63 - XIE5-2-73

O
)]\N/\ 12
H
O

6.6 2.77 1.10 5.04 = XIE5-2-80
H
6.7 H\/E\> 2.50 3.25 8.86 + XIE5-2-33
N S
Ho
6.8 H\/E\> 4.67 3.25 4.78 + XIE5-2-31
\EI/N 0
2
6.9 H = | 5.08 0.60 4.92 = XIE5-2-35
\E/N \N
2
6.10 H FN 6.90 1.22 6.86 + XIE5-2-38
\C/N\/\/Nj
H,
6.11 ! (\o 9.04 1.19 18.85 + XIE5-2-39
\E'N\/\/N\)
6.13 | NN 5.26 2.96 491 = XIE5-2-9
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6.14 H 6.77 4.74 5.18 + XIE5-2-32
\C’N o~
Ho
6.15 o~ 4.12 4.14 3.99 + XIE5-2-36
2N
H
\C/N\/C[O/
Ho
6.16 ’ 0 8.46 1.48 3.90 + XIES5-2-37
~~-N O>
C
Ho
6.25 H, 5.12 3.72 4.35 + PY1-32
/C\N/\/OH
H
6.28 J\Jl:' 1.19 0.17/0.47  2.10 + XIE5-2-68-3
SN N NH,
H H
Table 8. The List of 4Methyl Benzyloxy Analogs with their Anti-Proliferative Activity.
@"ﬁ
T
Analogs 7.1to 7.31
ID R-groups MM1R, | RPMI822 | U266, Aut | Internal ID
ICs0(pt 6, ICso(t | oph
M) [Cso(uM) | M) agy
7.1 | -CHO >20 >20 > 20 = XIE5-1-85
7.2 | -CHOH 6.20 3.50 7.30 XIE5-1-54A
7.3 | -CH2CH2NH:2 25 12.42 XIE5-1-69
7.4 | -CH2CH2NH-Boc > 100 > 100 > 100 XIE5-1-65
7.5 O 2.94 3.97/>10 | 5.56 XIE5-2-76
)]\N/\
H
7.6 o >10 >10 >20 XIE5-2-78

dN N (repeat)
H
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7.7 Y I \ 6.26 2.40 7.46 + XIE5-2-59
N S
Ho
7.8 H /\ 10.52 5.83 13.08 + XIE5-2-59
\C/N O
H,
7.10 " IcN 4.75 1.72 2.24 = XIE5-2-64
\C/N\/\/Nj
Ho
7.14 H 4.29 2.66 2.65 + XIE5-2-61
\C/N o~
H2
7.28 NH 5.38 3.15 9.36 XIES-2-45
e NN SNH
H H 2
7.29 CH)2 H NH 4.43 0.96 9.28 XIE5-1-26BT
- \N/\/ \W 2
H NH
7.30 /DiH 13.10 6.41 10.56 + XIE5-1-61BT
PR
2~ >NH
7.31 HNYNHZ 13.54 5.56/10.13 13.89 = XIE5-1-55CT/
" XIE5-1-65
|
HaC\H

Converting amine to amide is another frequently applied chemical modification strategy.
The intermediate moleculds4, 5.4, 6.4and7.4 having Boc group and compoundl$, 5.6, 6.6,
and 7.6 with cyclohexanecarboxamide showed a lack of-amtior effect @ MM cells (ICs0 >
100uM). In contrast, compourdl3and compound4.5, 5.5, 6.5and7.5with acetamide showed
a moderatanti-proliferation effects on MM celluM < ICso< 5uM). It suggests that a cyclic

alkyl group is less advantageous for the amideig in the R position than a small and short alkyl

group.
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On the other hand, the substitution position on the benzoyl core ring was considered when
we did the chemical modification, as shownTiable 9. We found that conversion from 1,3,4
substitution tal,3,5substitution (Analog8.1, 8.25, 9.1, 9.25, 9.26, to 10)3#aintained similar
anttMM activities. The results represent that a transposition from -$i#4titution to 1,3;6
substitution on the core phenyl ring of compounds makes no significant differences in-the anti

MM activity.

Table 9. The List of 1, 3, 5Substituted Analogs with their Anti-Proliferative Activity.

Analogs 8.1 to 8.25, 9.1 to 9.25, and 10.20 to 10.34

ID R1 R2 ICs50(UM) Autop Internal
hagy ID
MM1R RPMI8226 U266
8.1 p-Cl -CHO >20 12.19 11.64 = 5-1-83
8.2 p-Cl -CH20H 9.686 8.88 9.58 5-2-83
8.25 p-Cl Hp 2.49/9. 0.63/0.80 10.0/ + 5-2-90
Oy OH 98 4.60
H
9.1 p-CHs -CHO 8.15 12.20 11.74 5-1-82
9.2 p-CHs -CH20H 1247 3.61 5.65 5-2-84
9.25 p-CHs H, 4.49/2. 1.18 4.15 5-2-85
Oy OH 66
H
9.26 p-CHs Ho > 10 7.00 7.85 = 5-2-89
/C\N/\/NHZ
H
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10.33 2,4di-F o) 4.25 2.67 XIE5-1-52

10.34 2,4di-F OH o 3.42 2.15 = XIE5-1-56

However, deletion of one substitution will lead to the loss ofnatiferative activity(ICso
> 50uM) on MM cells, as shown iffable 10. To bespecific, balancing the differences with

compoundd1.25and11.26

Table 10. The List of 1,4Disubstituted Analogs with their Anti-Proliferative Activity.

poea

Analogs 11.20 to 11.27

ID R1 R2 IC 50(UM) Autoph Internal
agy ID
MM1.R RPMI8226 U266
11.25 2,4di-F H, 68 81 > 100 Lpl-52
/C\N/\/OH
H
11.26 2,4di-F Ho > 100 > 100 >100 = LP1-53
- \N/\/NHQ
H

2.3.4. Conclusion



We did not do mchSAR analysis based on thest®alues we got from MTT assays. Most
of the compounds showed some activity by a moderatevilue between 2uM to 10uM, which
did not indicatea significant difference when accountirfigr the variance between individual
experiments. Therefore, | simpéfl our result analysis by pointing out some functional groups
that are not favorable for axgdroliferative activity on myeloma cells. We also identified some
compounds with more th&0-fold higher activity.

To summarizethe compoundvith aminoguaniding€6.28 hasa good potency to inhibit
MM cell growth in the three MM cell lines. The side chain lengths of compounds with good
activities are C4C5 bond length, indicating that the size within this range will not significantly
influence the artMM activity. However, too long side chain3.81and7.31, > C8) or too short
side chains3.1, 4.1, 5.1, 6.1, 7.1, and8.1, < C2) will reduce the artVIM activity. Compound
6.28 showed the highest artiM potency and was selected for our signaling studies, discussed

below.

2.3. Compound 6.28CausesMM Cell Deathvia Autophagy M ediated Apoptosis

2.3.1. Compound 6.28 Inhibits the Growth of MM Cellsrelated to the function of p62

After we got some hits that show preliminary potency to kill myeloma ceiésimportant
to make sure whether the compounds have their effect through the mechaniswpes=g
Otherwise, the study will be more phenotype driven not mechaghistn. Themechanism of

how the compounds work is unclear, which is not favorable for potential drug development. We
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proposed that the compounds targeted on p62 and have antiproliferative effects on myeloma cell
lines. In order to demonstrate this, we answer tHeviihg questions.

First, do our compounds bind to p62 protein; second, how our compounds bind to p62
protein and influence its function; third, how this influence related to cell death, which signaling
pat hways | inked our c¢ o mpndcehdbah)fouett, dsa backsp, iboar p 6 2
compounds do not cause cell death by p62 related signaling pathways, then what kind of signaling
mechanism is working behind their actions.

First, to see whether the antiproliferative effects of our compourdsrglated to the p62
protein. We used p62 knockout cells to see whether the knockout of p62 will influence the effect
of compounds on myeloma cells

M ethod

As shown irFigure 28, according tdhe preliminary results from the p62 WT and knockout
(p62") bone marrow stromal cells (BMSCs) transduced with various p62 datektion mutants
(Figure 28A), the p62ZZ domain is essential for BMSeénhanced MM growthRigure 28B) and
osteoclast (OCL) formationF{gure 28C). The design of the p62 domadleleton construct is
displayed inFigure 28A. These constructs and the fldhgth p62 were transduced into p62
knockout BMSCs. Afterward, the transduced BMSCs and WT BMSCs wecelitmed with
MML1.S cells. The number of MM1.S cells was counted after theuttare and compared in
Figure 28B. The cell count of MM1.S ceultured with p62 BMSCs dramatically dropped
compared with cells eoultured with WT BMSCs, indicating the key role of p62 in myeloma cell
growth. The reduced cell count can be increasedhieyttansduction of p62 constructs in
BMSCs.Fultlength p62 attained the highest increase rate, while p62 with ZZ domain deletion saw

the smallest increase among all constructs, suggesting that th&Zpd@main is important for
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myeloma cell growth. A simar experiment was performed for OCL formation; OCLs were co
cultured with the transduced and WT BMSCs. As showkignire 35C, the lack of p62 inhibits

the OCL formation, which can be recovered by the addition of p62. However, adding the p62
mutant to th&ZZ domain deletion results in a similar cell count as the OCL formation without any
p62. This resultis consistent with our hypothesis that blocking the-gB2domain can reduce

OCL formation and inhibit myeloma cell growth
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Figure 28. Deletion of P62ZZ Inhibit Myeloma Cells Growth and Osteoclasts Formation.

(A) The design of domain deletion constructs of p62. (B)'pBRSCs were transduced with
individual p62 domain deletion mutant and subsequentiguttoired with GFRMML1.S cells.

After the ceculture, the number of MM1.S cells was counted. Data are shown as the mean £ SD
(n=5). *p <0.01 in comparison with fdikngth p62 transduced BMSCs. (C) Similar to (B) except
that the effects of the p62 domain deletion mutants on BMSC support of OCL formation were

assessed. The results are representative of at least three independent different experiments.
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To make sure ouraenpoundé  aproliferative effects are related p62, we measured
our compounds' effect on WT cells and pa2lls. We counted the number of MMiGE-P cells
co-cultured with p62 bone marrow stromal cells (BMSCs) and WT BMSCs under a fluorescence
microscope (FM) after the exulture. The number of viable MM1-GFP cells cecultured with
p62 knockout cells was less than thosecgliured with WT BMSCs. We apply a pairetest to
analyze the difference between the two groups. We found the cell awonttered with WT
BMSCs and the one with p62 KO BMSCs are significantly different. The effects of compound
6.28on MM1.SGFP cell proliferation in BMSCs from p82and p62- mice were evaluated, as
displayed inFigure 29. We found that compoungl28inhibited MM1.SGFP cell growth dose
dependently when ecultured with BMSC from WT mice. No inhibitory effect of compouha8
was observed when progenitors werecatiured with BMSCs from p62mice, indicating that
compound6.28 acts in a p6alependent einner. We used multipletésts to investigate the
difference in cell count caused by different concentrations of comp6ugitreatment. A
significantly different cell number was observed between 1uM and 2.5uM treatment groups on
WT cells, indicating theffective concentration of compouf®8to inhibit myeloma cell growth.

(Figure 29
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Figure 29. 6.28Inhibit sthe Myeloma Cell Growth through P62-ZZ Domain.

The effect of compoun@d.28on p62 knockout cells and WT ceills|as meausredMM1.S-GFP

cells were cecultured with BMSC from p62 and p62 mice, treated with increasing
concentrations of compourd28(0, 1, 2.5, 5, 10, 20 uM), and then stimulated WitNF U.  Af t er
co-culture, the cell number of MM1-6FP was counted under FM. Data are shown as mean + SD
(n=3). A paired ondail t-test was applied to analyze the results from two groups with WT BMSCs

and p62 KO BMSCs. Multipletests were used to analythe cell count between groups that have
different concentrations of compou®8treatment. * representsyalue <0.05, ** represents p

value<0.01, *** represents-palue < 0.001

2.3.2. Compound 6.28 Induces Apoptosis Signaling inMM1 .S Cells.

We chosecompound6.28 which hasa goodantitumor activity, to investigate the
molecular mechanism behind the atdancer effect. Our leakRK3F2 induced apoptosis
signaling in MM cells that lead to cell death. CompoGr&Bmay also induce apoptosis signaling

in MM cells that cause myeloma cell death.
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MML.S cells were seeded in sixell plates (8.7 x 104 cells/well) overnight. Theve
treated MMAS cells with different concentrations (OuM, 2.5uM, 5uM, 10uM, and 20 uM) for
16h, as well as with a fixed concentoat (10uM) for a different duration of time (Oh, 2h, 4h, 8h,
and 16h). After treatment, cells were harvested, and protein extracts were prepared in
radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris base pH 8.8, NaCl 150 mM, EDTA
1 mM, NR40 1%, deoycholic acid 1%) supplemented with a mini EDTi&e protease inhibitor
cocktail tablet (Roche), Phenylmethanesulfonyl Fluoride (PMSF, 1mM). Protein extracts were
sonicated. Proteins extr aePAGE g€l Fanstegell onwwear e  r L
nitrocdlulose membrane. The membranes were blocked for 2 h at 37°C in blocking buffer (5%
BSA in TBST solution). Then membranes were subsequently probed withasgase 3 (Rabbit,
9962, Cell Signaling Technology) and abtactin antibodies (mouse mAI#5441, Sigma)
overnight at 4 °C. The membrane was then washed and incubated wibddfRBated secondary
antibody at room temperature for 2 h. Following further washings, each protein's expression was
detected using an enhanced chemiluminescence detkitt{&CL, Pierce) and visualized by an
Image Lab BIORAD imaging system. Immunoblotting results were quantified using ImageJ.
Results are shown as mean + SEM. Statistical significance was determined using atpsired t

Oneway ANOVA was performed to copare tumor volumes between groups.

Compound6.28induces caspase 8 activation dodagure 30A) and timedependently
(Figure 30B), as represented by the increasing level of caspase 8 cleavages compared to
procaspase 8n addtion, in agreement with caspase 8 activation, compoa@d enhances
caspase 3 activation at a concentration as low as 5jiMMM1.R cell line in a time and des
dependent manneas showrby the increased cleavage of caspase 3 at 17kDA lin&film in

Figure 32A. Our results also showed that compo6riZBinduces a robust cleavagepafly (ADP-
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ribose) polymeraseP@ARP) whenstarting at a concentration as las 2.5 uM in MM1S cells
aftera 16-hourtreatment displayed in 96kDa thfe 71" line on theleft side film. The cleavage was
induced in a dosdependentRigure 30A) and timedependent manneFigure 30B). In Figure

30B, the treatment peridsl extension to 16 hours did regnificantly differat PARP, caspase 8,
and caspase 3 cleavage comparethé® h treatment. Caspase 8 and 3 activations, as well as
PARP cleavage, suggest the activation of apoptosis signahigsignaling pathway issgppendent

on the activation of procaspase 8, which is partially triggered by the accumulation of

autophagosonse
A. Compound 6.28 B. Compound 6.28
0 25 5 10 20 Dosage (uM) 0 2 4 8 16 Time(h)
— an amm amw == Caspase 3 (35kDa) = ===« emp === Caspase 3 (35kDa)

“ Caspase 3 (35kDa) -” Caspase 3 (35kDa)
“ — Caspase 3 cleavage (17kDa) —1 gaspase g cge??(vDage (17kDa)
« Caspase 8 (57kDa) . aspase 8 ( a)

~ ... Caspase 8 cleavage (43kDa) - Caspase 8 cleavage (43kDa)
— — PARP (116kDa 5 an PARP (116kDa)
== PARP (cleavage) (89kDa) —— PARP cleavage (89kDa)
— - :I, LC3 (14, 16kDa) b~y 9 3| :Il LC3 (14, 16kDa)
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Figure 30. Compound 6.281 nduces ApoptosisSignaling Time- and DoseDependently.

MML.S cells were treated with compound 6.28 at various concentrations (OuM, 2.5uM, 5uM,
10uM, and 20uM) for 16h, incubated with 10uM of compound 6.28 for different time period (Oh,
2h, 4h, 8h, and 16h), as well as presented with 100nM rapamycin (positivel &optnm as an
autophagy inducer) for 16h. The immunoblotting analysis was performibe amole-cell lysate

to detect p62 level changeCBB conversionPARPL cleavage, caspased@)dcaspase 8 cleavage
using antip62,ant-LC3B, antrPARPL, anticaspas@&, andanti-caspase &ntibodies3actin was

applied agheloading control for this assay.

124



DMSO TNFa

- + + + - + + + Compound6.28 (10uM)
T - - + - Z-IETD-fmk (50uM)
- - -+ - - - + ZVAD-fmk (50uM)

Caspase 3 (35kDa)

Caspase 3 cleavage (17kDa)
Caspase 8 (57kDa)

Caspase 8 cleavage (43kDa)

' PARP (116kDa)
PARP cleavage (89kDa)

_-g—-— p62 (60kDa)

LC3 (14, 16kDa)

F . = B-actin(42kDa)

Figure 31. Compound 6.28 Induces Apoptosis that was inhibited by caspase inhibitors.
MML.S cells were starved overnight with 2% FBSnadia and treated with 10uM compound 2s
and DMSO (negative control) for 16h. In the meantime, some of the cells were pretreated with
50uM Z-VAD-fmk, a Parcaspase inhibitor, or 50uM-EETD-fmk, a caspase 8 inhibitor, for 3h.
Half of the cells are also stitated with20pMTNFU f or 10 min in compari s
analysis performed on whetell lysates detected expression of p62, LC3B conversion, and the
cleavage of PARP, caspase 3, and caspasa&irfiwas also detected to ensure equal sample
protein loading.

To further confirm whether compouigd28can induce apoptosis signaling, we pretreated

the MML1.S cells with caspase inhibitors, 50 uMVAD-fmk (a PAN caspase inhibitor) and 50
MM Z-IETD-fmk (a caspase 8 inhibitor), then treated the cells Wit uM of compound.28for

16 h, effective dosage and treatment time demonstrated in the above experiment. The

immunoblotting analysis was performed to measure the protein level change of p62, LC3B,
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caspase 8, caspase 3, and PARP. As showigime 31, we observed that cleavage of caspase 8,

PARP and caspase 3 was increased by the treatment of confp@8mlso, the pretreatment and
co-treatment of 2VAD-fmk and ZIETD-fmk inhibited the induction of cleavage of caspase 8,
caspase 3 and PARP causedcbynpounds.28 This result indicates that compound 2s induces
apoptosis signaling and that this apoptosis is likely through the activation of caspase 8. Meanwhile,

we confirmed that compoun6.28 increasedthe LC3B-Il level, but this induction was not
influenced by the pretreat ment of caspase inhil
i nduction on the apoptosis signaling and obse

of full-length caspase 8 suggested that its cleavage/activationssas@kased.
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Figure 32. The cytotoxicity caused by compound 6.28 can be inhibited by caspase inhibitors.

MTT a®osaWwls S cel |l s treated seift kb odipsoduramdZz2h wiotnic
without cas 4 &£&fDmkn haVirdeEft mk s( bot h at 50 mM) . E ¢

assayed in triplicate. Results are representa

As shown inFigure 32, we confirmed the role of caspase 8 in mediating the cytotoxic
effects of compound.28 by meauring the viability of MM1.S cells treated with different
concentrations of compoud28in the presence or absence (DMSO vehicle) of caspase inhibitors.

While the 1Go value for compound.28in inhibiting myeloma cell growth was observed to be
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1.258 uM, pretreatment of the cells with 50uM iEZTD-fmk (Figure 34A) or 50uM ZVAD -
fmk (Figure 34B) shifted the curve to the right and yieldedd@alues of 5.217uM and 3.782uM,
respectively. The distinct inhibition of cytotoxicity by these caspak#itors indicates that

caspase 8 plays a clear role in mediating compeéw2ftinducedmyeloma cell death.

2.3.3. Compound 6.28 Increases Autophagosome Number but not Autophagy Flux.

Our compounds targets pahd 62 is closely involved in the autophagy flux, which has
a dual function on cell death and survival. In most cases, autophagy flux activation will promote
cell survival in stressful conditions. Autophagy flux stimulation might not be good for cancer
treatmat. One leadXRK3 activated autophagy flux in HelLa cells, which may be adverse for
cancer treatment. Therefore, we want to investigate whether comp@8wan induce autophagy
flux in myeloma cells, which may be disadvantageous to promote myelomareelaku

MML1.R cells were cultured in siwell plates, treated with different concentrations (OuM,
2.5uM, 5uM, and 10uM) of compound 6.28 with or without 50nM bafilomycin Al (lysosomal
inhibitor) for 16h. Cells were harvested after treatment and collbgtegntrifuge at 1,200 rpm
for 4 min. Some of the cells were lysed in RIPA lysis buffer for 1B, as we described above.

As shown inFigure 33A, the LC3B conversion caused by compo@riZgBtreatmentose
dependentlyindicates that compoun@.28 increased aophagosome numbers in the cells.
Although the LC3B conversiowasinduced by6.28from LC3B-1 to LC3B-1l, we still nee@dto
confirm whether compoungl28induces autophagy flux lanLC3B turnover assay that assesses
the degradation of LG8 inside the autolysosome. As shownRigure 33A, the combination

treatment of compoun@.28 and lysosomal inhibitor (50nM Bafilomycin Al) did not further



increase the LC3B level significantly compared to the group without Bafilomycin Al-co
treatmentThe quantification of the bands in immunoblotting is showFigarre 33B, representing
the same resultdhe cotreatment with lysosomal inhibitors further increatieelLC3B-I level
slightly but dd not significantly increasthe LC3B-I1I level.

Oneway ANOVA was applied to analyze the difference in p62, LC3BC3B-I | , -and
actin leves treated by the different doses of compo@i28 The p62, LC3H, and LC3BII are
influenced by various conceations of compound 6.28 treatment significantly. The expression of
b-actin is not affected. A paireddst was used to analyze the expression level difference between
the two groups treated with bafilomycin A1 and without bafilomycin Al. We confirmeadhba
LC3B-II level is not further increased significantly. The LGB®&as influenced a little by the €o
treatment of lysosomal inhibitor bafilomycin Aheseresultssuggestedhatcompound 6.28 did

notinduce autophagy flux.
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Figure 33. Compound 6.28 Induce a Weak Autophagy Flux Measured biB.

MM1.S cells were treated with.28 at various concentrations (OuM, 2.5uM, 5uM, and 10uM),
50nM Bafilomycin Al (lysosomal inhibitor) plus the same concentrations (OpBUM. SpM,

and 10uM) 016.28 and 100nM rapamycin (positive control, known as autophagy inducer) for 16h.
The IB was performed otthe whole-cell lysate to detect p62 protein level change and LC3B
conversionfrom LC3B-I to LC3B-II using antip62 and antLC3B monoclonal antibads. The
betaactinwasapplied aghe loading control for this assajx oneway ANOVA was applied to
analyze thesignificance ofdifferences among thetreatmentgroups. Multiple t-tess were
performedto analyze thalifference ofindividual dose responséetweenthe different doses
within groups A paired ttest was applied to analyze the difference between the groups with
bafilomycin Al and without bafilomycin A%, p < 0.05; **, p< 0.01; ***, p <0.001; *** p <
0.0001.

12¢



Some ofthe cells after the treatment were fixed with 2% paraformaldehin PBS
(pH=7.4) at room temperature for 15 min to observe under an immunofluorescence microscope.
After washing two times with PBS, cells were collected through a centrifuge at 1,200 rpm for 3
min every time. The cells were permeabilized with 0.1% TirXoin PBS solution for 15 min.

After washes with PBS three times, centrifuge at 1,300 rpm at 3min, the cells were then incubated
with blocking solution (2% BSA in PBS) for 45 min and then incubated with primary antibody
(made in PBS with 0.5% BSA) overmigat 4°C after onréme wash. The next day, the cells were
washed three times with PBS, centrifuge at 1,300 rpm for 3 min each time to collect cells, and then
incubated with secondary antibody goat-antiuse 1IgG H&L (Alexa Fluor® 647, red, ab150115)
andgoat antirabbit IgG H&L (Alexa Fluor® 488, green, ab150077) for 1 h in the dark. All the
procedures after that were protected from light. The cells were washed two times with PBS,
centrifuge at 1,400 rpm for 3 min each time, then DAPI (1pg/ml) staine8d foin. After three
washes with PBS, the pellet of cells was resuspended by the mounting media (ProfyIN
gallate and 70% glycerol), then the mounting media with the cells were added to the slides
dropwise. Then the coverslips were mounted on slidésmounting media and were sealed with

nail polish to prevent drying and movement under a microscope. Images were taken using a
fluorescence microscope.

Similar resultan beobservedn Figure 34 for the immunostaining result€ompared to
the DMSO treament, bothbafilomycin A1 and compoun@.28increased the p62 puncta (green)
and LC3B signal (red), and the p6@ntaining puncta wereartially colocalized with LC3
containing autophagosomes in the cytoplasm of M3klls, with no overlapping with theet!
nucleus, which was stained by DAPI (blue). The combination treatment of Bafilvinycin Al

and 10uM compoun@.28did not furtherincrease the LC38 levels. In conclusion, compound
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6.28increased the autophagosome level but dicgigpificantlyinduce autophagy flux, as shown

in Figure 34.

p62 LC3B DAPI Merge Merge

DMSO

Bafilomycin A 1
100nM

6.28 10uM

Bafilomycin
A1100nM
+6.28 10uM

Figure 34. Compound 6.28 Induce a Weak Autophagy Flux Measured by FM.

Immunofluorescence microscopy analysiss done fop62 and LC3B colocalization. MMS.

cells were treated with DMSO, 50nM bafilomycin AIQuM 6.28 10uM 6.28 plus 50nM
bafilomycin Al, as well as 10uN8.28 plus 50nM bafilomycin Al for 16h. The cells were then
fixed with 2% paraformaldehyde phosphatéuffered saline®BS and permeabilized with 0.1%
Triton X in a PBS solution. After the next step of blocking, the cells were subjected to incubation
with a primary antp62 mousemonoclonal antibody or primary atiC3B rabbit monoclonal
antibody at £C ovenight. MM1.S cells were subsequently incubated with fluorescédabeled
secondary antibody goat amtiouse 1gG H&L (Alexa Fluor® 647, red, ab150115) and goat anti
rabbit IgG H&L (Alexa Fluor® 488, green, ab150077) from Abcam in the dark foFbllowing

that, the cells were stained by DAPI (1ug/ml) for 5 min. The pellets of the cells were resuspended

in mounting media and added onto slides. The slides were covesambbgrslip and sealed with
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nail polishing oil to allow confocal immunofluorescence mscopy to determine the
colocalization of p6zontaining puncta with LG8ontaining autophagosomes. This figure shows
each color stain in individual plots and also merges DAPI stain (blue),@8B staining greer),
antip62 fluorescence staime) together in one plotmages were obtained in the phase of 20X

magnification using the microscope.

To investigate our compoundso effect on both
their potential overlap, we didhmunofluorescence stain on p62 and LC3B, two key biomarkers

in autophay, in MM1.S cells. The cells were treated with compound 6.28 and caspase inhibitors
Z-VAD-fmk and ZIETD-fmk. The results were showed Figure 35 that compounds.28
increased LC3B sitpling by itself, but the level of LC3B was not changed by the addition of
caspase inhibitors, indicating no significant chamgautophagy flux was due to the blocking the

apoptosis sigaing.
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Figure 35. The effects ofcaspases inhibitors on autophagy signalings by FM.
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Immunofluorescence microscopy analysis of p62 and LC3B colocalization. MM1.S cells were
treated with DMSO, 50uM Z/AD -fmk, 50uM Z-IETD-fmk, 10uM 6.28 10uM 6.28plus 50uM
Z-VAD-fmk, as well as 10uM5.28 plus 50uM ZIETD-fmk for 16h. The cells were then fixed

with 2% paraformaldehyde in phosphéigfered saline (PBS) and permeabilized with 0.1%
Triton X in a PBS solution. After the next step of blocking, thesog#ire subjected to incubation

with a primary antp62 mouse monoclonal antibody or primary &@3B rabbit monoclonal
antibody at 4°C overnight. MML1.S cells were subsequently incubated with fluoredabalssl
secondary antibody goat amtiouse 1gG H&L(Alexa Fluor® 647, red, ab150115) and goat-anti
rabbit IgG H&L (Alexa Fluor® 488, green, ab150077) from Abcam in the dark for 1h. Following
that, the cells were stained by DAPI (1pg/ml) for 5 min. The pellets of the cells were resuspended

in mounting mediand added onto slides. The slides were covereakcbyerslip and sealed with
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nail polishing oil to allow confocal immunofluorescence microscopy to determine the
colocalization of p6zontaining puncta with LG8ontaining autophagosomes. This figure shows
each color stain in individual plots and also merges DAPI stain (blue),@88 staining (green),
anti-p62 fluorescence stain (red) together in one hhoages were obtained in the phase of 20X

magnification using the microscope.

2.3.4. The Signaling of Compound 6.28to I nhibit MyelomaCell Growth.

Macro autophagy is commonly known as a dowgalged sword in cancer theraf®8). It
suppresses cancer initiation by inhibiting chronic inflammation, oxidative stress, and genome
instability (76). Besides,autophagy promotes cancer cell survival by maintaining cellular and
organelle homeostasis by either clearing unwanted tissue debris and foreign antipgns or
providing nutrients and energy essal for survival. Thus, it is challenging to clarify the role of
autophagy in cancer development for potential therapeutic stra(8@jes

In this study we confirmed that compour@28increases autophagosome number but has
no significant inductive effect on autophagy flux. In this case, there are two possibilities. The first
is thatcompounds.28induces autophagosome formation at theyestdge of autophagy, but the
impact on promotinghe autophagic procesthat degradesutolysosome was impaired by a
compromising mechanism that keeps autophagyhe normal level to maintain cellular
homeostasis. Another assumption is that compéu2gicould be a latstage autophagy inhibitor,
which increases the LC3B levels by blocking the degradation of autolysosome and causing the
accumulation of LC3B and p62. @eeatment with lysosomal inhibitors may not lead to a further

increase of LC38I level in this case.
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Figure 36. Induction of DISC-M ediated Autophagydependent Apoptosis.

As shown inFigure 36, autophagy and apoptosis are highly interconnected and shared
some crucial regulators. The blockage of autophagosomeation and cargo recruiting might
trigger the activation of caspasel8pendent apoptosis cell death. Many efforts have been made
to determine the mechanidmehindt he switch of swtrophivadye aftrbaom pii
through the stabilization ofthe deathinducing signaling compleXDISC)(146)). Autophagy
functions as a clearing factofgr remouvng the excess procaspa8eand limits the activation of
caspas& and its downstream apoptosis pathways within an acceptable normal range. In that
process, p62 binds to pebpiquitinated procaspask and @rgos procaspas® onto the
autophagosome membrane by interaction with LC3B located on the membrane. Under normal
conditiors, the sealing of the autophagosome will release theup&fuitinated procaspase 8
LC3B complex, one of iDISCAutophagosome willhenfuse withthe lysosome to degrade the
iDISC complex and prevent activation of procaspase 8. When autophagy flux was blocked by our

compounds, the autolysosome degradation was impaibeguitinatedprocaspase 8 and LC3B
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accumulated on the autophagosomembranetriggering caspase 8 oligomerization and self
activation to initiate apoptosis signalif@03 147)
Summary and Conclusions-Mechanisms by which Compound 6.28 Causes MM Cell Death

In sum, our compouné.28induces apoptosis signaling, which is commonly known as a
mecharsm leading to cell death. Bddition,6.28also increases the autophagosome number but
did notsignificantlyaffect autophagy flux. Collectively, there are two explanations for this result.
One isthat compound6.28 increases the autophagosome formation in the cells, whight
promote the localization of procasp#kseon the autophagosome membrane. However, the
treatment of compoungl28did not induce the autophagy flux to the degradation of autolysosome.
Therefore, the excess autophagosome and the procaéspasght accumulate, triggering
procaspase 8 sedfggregation and activation that initiate the downstregooptosis signaling,
leading to MM cell death. Another possibility is that compo6@rBitself blocks the autophagy
flux in the late stage, causing the accumulation of autophagosome and proteins inside it. The
accumulation of procaspasemight self-acivate to trigger the apoptosis signaling, resulting in
myeloma cell deathThe above assumption was made based on currently available data and
literature reports. More evidence will be needed to prove that our compounds act through that

signaling pathwayto result in myeloma cell death.
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2.4 Evaluation of Interaction between Compounds ang62

We designed and synthesized compounds that target p62 protein to have its functions. Thus, we
need to confirm our compounds have interactions with p62 protein,ha@ndhteractions are
correlated with the functions of compounds to treat multiple myeloma. We need to have some
assays to confirm our compounds bind to p62 and how it links to the downstream signaling
pathways. In this section, we spedilly answeredvhether our compounds bind to p62 protein

and how it relateto the autophagy flux.

2.41. Expression, Purification, and Refolding of p62 fronE.Coli

Rationale: It is necessary for us to demonstrate that our compound aimed at targeting p62
has an interaction with p62 protein. And it regulated the downstream signaling patiwviys
arerelated to p62 protein function. Here, to achieve this,, fivet need to get the purified p62
protein for assay development and test. Therefore, we expressed, extacteulrified p62
protein from E.coli to supp tagtionavehs@mpouds.v el o p me

Aim: Get stable large scale purified p62 protein for assay development and test

Methods for p62 protein expression: Sequestosom&/p62(R21A) was expressed By
coli BL21 (DE3) c+RIPL as inclusion bodies under numerous growth gonslitested, which
varied the growth temperature and IPTG concentration. The procedure esdatgg62 protein
production fromE. Coli. is listed inFigure 37. Following the procedure reported in the methods,
purified refolded preparations of the pé&iant indicated a final yield of 2.5 £ 0.4 mg of p62 per

liter culture (n = 4).
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Figure 37. Large Scale Culture of p62 Protein Procedure

Methods for purification steps

Frozen bacterial pellets were allowed to thaw on ice, then resuspended in Buffer A (50 mM

Tris-HCI, 0.15 M NaCl, 2 mM EDTA, 0.1% Triton 400, pH 7.5) and sonicated for 8 on/off

cycles of 30 s (output = 10 RMS watts) using a Fisher model 100 sonicatam(T iresher

Scientific, Waltham, MA USA). Next, PMSF (1 mM) was added to the complex mixture, which

was then incubated on ice for 10 min before centrifugation (5000 rpm, 20 min, 4°C) and decanting

of the supernatant. To enrich the inclusion bodies, thesdedliet was consecutively washed with
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Buffers B1B3, containing TristHCI (20 mM), NaCl (0.15 M) supplemented with either 0.5%

Triton X-100 (B1), 2 M NaCl (B2), or 2 M Urea (B3) respectively. Pelleted IBs were solubilized

in 80 ml denaturing buffer (8 Mraa, 50 mM TrisHCI, 0.3 M NaCl, 20 mM imidazole, 10 mM
o-mercaptoethanol, 1 mM PMSF, pH 8.0) overnight at room temperature with gentle shaking.
Membranes and debris were removed by centrifugation (20,000 rpm, 30 min, 4°C), then the
supernatant was filtedeby vacuum with a 0.22 pum membrane (Sartorius AG, Goettingen,
Germany) and dil ut e d-filtevediMAC denawuong (Dyrbeiffero(6 M Wea,2 2 & m
50 mM TrisHCI, 0.1 M NaHPQ;, 0.5 M NacCl, 20 4kE pH 80).dlez ol e,
material was loded at 1 mL/min into a-tnL IMAC HisTrap FF column, prequilibrated with

IMAC D buffer, using an AKTA purifier instrument (GE Healthcare, Piscataway, NJ USA). After
re-equilibration in IMAC D buffer, bound proteins were eluted using IMAC D buffer witiVD.3
imidazole. Fractions were collected and pooled, then concentrated to 2 mg/mL when appropriate
using an Amicon Ultrafiltration spin cartridge (30 kDa MWCO; Millipore, Billerica, MA USA)

foll owing the manufacturerds instructions.
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Figure 38. Experimental Procedure for Expression and Purification of P62 Front.Coli.

Purified denatured protein solution was diluted into refolding buffer (0.1 MH@E 0.1
M NacCl, 1 M arginine, 5 mM GSH, 1 mM GSSG, 20 mMaoaeyclodextrin, 3 mM CTABpH
8.0) in 3 pulses, with 1 h between pulses at RT. The solution was gently mixed by a magnetic stir
bar (~200 RPM) after each pulse for 10 min and then allowed to incubate at RT for 48 hr. The
refolding solution was dialyzed three times (twice for 4hientovernight at room temperature)
against 1 L of IMAC native (N) binding buffer (50 mM sodium phosphate, 0.5 M NaCl, 1 mM
GSH, 0.2 mM GSSG, pH 8.0) using-®&&Da membrane (Fisher). The dialysate was filtered using
a 0.22 pm vacuum filter prior to loadjn(2 mL/min) into a HisTrap FF column that was-pre
equilibrated with IMAC N buffer. Recaptured protein was eluted with IMAC N buffer
supplemented with 0.3 M imidazole and 10% (v/v) glycerol, then concentrated as before to the
desired concentration. Proteiras further purified by size exclusion using a Superdex 200 10/300
column (GE Healthcare) with IMAC buffer plus 10% (v/v) glycerol at a flow rate of 0.4 mL/min.
Purified protein was dialyzed against storage buffer (50 mM sodium phosphate, 0.15 M NaCl, 1.0
mM GSH, 0.2 mM GSSG, 1 mM PMSF, 0.1 mM ZnCI2, 0.02% &% v/v glycerol, pH 7.5)

overnight at RT using -BL slidealyzer cassettes (Thermo FishePBurification steps are

14C

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































