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Abstract 

Design, Synthesis and Biological Evaluation of Novel P62 Ligands with 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 pathways. Among them, p62 is closely involved in 

autophagy and the ubiquitin-proteasome system (UPS) via its PB1, LIR, and ubiquitin-bounding 

domain (UBA) motifs. Our lab discovered the first small molecule ligand XRK3  as our lead that 

interacts with p62 through its ZZ domain. Our previous studies found that XRK3  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 on XRK3  and screened the anti-proliferative 

effects on three multiple myeloma cell lines. We identified compound 6.28, which has a higher in 

vitro anti-proliferative effect (IC50 < 500nM). Compound 6.28 also has good in vitro druggable 

properties and increases autophagosome number without inducing autophagy flux. The 

mechanism underlying this anti-tumor effect can be illustrated by signaling studies that show 

procaspase-8 accumulation, which causes procaspase-8 self-activation 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 the clearance of misfolded and aggregated proteins in the brain by the autophagic process, 

they might be helpful in reducing help reduce the neurotoxic proteins that cause some degenerative 
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disorders. This hypothesis is consistent with a previous study by Dr. Kwon, who found thatXRK3  

can increase the mutant huntingtin clearance by autophagy. Therefore, we measured the 

neuroprotective effects of our compounds in differentiated SH-SY5Y cells against hydrogen 

peroxide, which is associated with oxidative stress and neurotoxicity. We discovered a compound 

capable of inducing autophagic flux and reducing tau and Ŭ-synuclein levels with demonstrated 

neuroprotective effect. This compound 5.8 may have therapeutic relevance towards the treatment 

of neurodegenerative diseases.  

 

Keywords: p62/SQSTM1, p62-ZZ ligands, multiple myeloma, neurodegenerative diseases, 

autophagy, oxidative stress.  
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1.0 Introduction  

 

1.1 p62 and Its Multiple Domains 

 

Sequestosome 1/p62, initially identified in 1996 by Joung et al., functions as an 

intracellular signal modulator in multiple signaling pathways. As shown in Figure 1, p62 is a 

multifunctional protein that consists of some protein-interaction domains. The structure includes 

an N-terminal Phox-BEM1 (PB1) domain, a ZZ-type zinc finger (ZZ) domain, a nuclear 

localization signal (NLS), a TNF receptor-associated factor 6 (TRAF6) binding domain (TBS), a 

nucleus export system (NES), an LC3-interacting region (1), a Keap1-interacting region (KIR), 

and a C-terminalubiquitin bounding domain (UBA) (2).  

 

Figure 1. The Structure of p62 and Its Multiple Protein-Interaction Domains 
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Among its multiple motifs, p62 has an N-terminal PB1 domain. This protein-protein 

interaction module presents in many other signaling molecules, such as atypical protein kinases 

Cs (ŬPKCs) and mitogen-activated protein kinase kinase kinase 3 (MEKK3). Both these proteins 

and p62 can bind to each other and themselves through their PB1 domains. (3, 4) First, p62 

interacts with itself and aggregates via the PB1 domain, facilitating its homo-oligomerization and 

cellular function (5). Additionally, heter-oligomerization can also occur with p62 and other PB1 

domain-containing proteins, including ŬPKCs, mitogen-activated protein kinase 3 (ERK1), and 

MEKK3, all of which play critical roles in different signaling pathways that modulate 

adipogenesis, angiogenesis, neuron survival, cardiovascular pathogenesis, as well as 

osteoclastogenesis (6). The interaction between p62 and aPKC is associated with the activation of 

the nuclear factor kappa-ȸ (NF-əB), which is downstream of cell stimulation by interleukin 1 (IL-

1), receptor activator of NF-əB ligand (RANKL)(7), and nerve growth factor (NGF). It has also 

been reported that the interaction between p62 and ERK1 promotes adipogenesis (8).  

Next, the ZZ-type zinc finger domain in p62 interacts with the receptor-interacting protein 

(RIP) to modulate the NF-əB pathway, inflammation, and necroptosis (9, 10). Also, p62 possesses 

a newly identified region located between the ZZ and TBS that interacts with the mammalian target 

of rapamycin (mTOR) regulator raptor (11), making p62  an integral component for the mTORC1 

complex. P62 is necessary for mTORC1 activation in response to the uptake of amino acids and 

the subsequent mTORC1 recruitment to lysosomes (11).  Xie lab and their collaborators have 

discovered P62 ZZ domain-specific inhibitors and identified them as potential treatments for 

multiple Myeloma and Huntingtonôs disease (1, 12-15). These inhibitors have demonstrated an 

impact on modulating autophagy and proteolysis. (16-18) 

Moreover, p62 interacts with TRAF6, a lysine 63 E3 ubiquitin ligase, via its central TB 
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domain (19-21). The interaction between p62 and TRAF6 induces p62-TRAF6 aggregation, which 

leads to the activation of NF-əB (20-22). Impaired osteoclastogenesis was observed iin TRAF6 

and p62 knockout mice, suggesting that increased NF-əB signaling promotes cell survival 

pathways and osteoclast formation (20, 22, 23). 

Furthermore, the LIR domain and C-terminal UBA domain enable p62 to function as an 

adaptor between autophagy and ubiquitinated proteins. P62 binds to ubiquitinated proteins via its 

UBA and then traffics the protein complex to the autophagosome membrane through interaction 

with microtubule-associated protein light chain 3 (LC3)-II . Additionally, p62 has a KIR domain 

that directly binds to Keap1 and interferes with the Keap1-Nrf2 axis, activating the Nrf2 mediated 

reactive oxygen species (ROS)  elimination.  

Furthermore, scientists have discovered two nuclear localization systems and one nuclear 

export system in the structure of the p62 protein. They are involved in the nucleo-cytoplasmic 

shuttling for p62 and other scaffold proteins. P62 contains two proline (P), glutamic acid (E), serine 

(S), and threonine (T) rich regions, which serve as proteolytic signals for rapid degradation (24). 

1.2. SQSTM1/p62: A Signaling Hub for Many Pathways 

P62 protein is a multifunctional scaffold protein for different signaling pathways (20, 25). The 

PB1 domain interacts with aPKC to regulate downstream targets. The downstream signaling 

cascades will be elevated or suppressed based on the up- or down-regulation of p62 protein 

expression level. The aPKC can activate the NF-əB signaling, promoting neuron survival and 

triggers inflammation (22, 26). The p62 PB1 domain also binds to MEKK3, thus activating NF-

əB signaling (27). Knocking out p62 would reduce the aPKC activity, thus increasing mitogen-
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activated protein kinase (MAPK), protein kinase B (AKT), and c-Jun N-terminal kinase (JNK) 

signaling (3) and leading to Aɓ pathology and inflammation in neurodegenerative disease. The 

Glycogen synthase kinase (GSK3ɓ) activity was also enhanced in the p62 knock-out mice, leading 

to tau hyperphosphorylation (28, 29). Usually, p62 will suppress ERK activity, knocking out p62 

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

(30, 31) 

 

Figure 2. p62 as A Signaling Hub 

As shown in Figure 2, p62 has another important domain: the TRAF6 binding site interacts 

with TRAF6 to regulate different signaling pathways that play a role in neurodegenerative diseases 

(20). In 2001, Sanz et al. reported that p62 interacts selectively with TRAF6, thereby activating 

the NF-əB activation in response to IL-1 (32). NGF interacts with p75 and Tropomyosin receptor 

kinase A (TrkA), leading to NF-əB activation (33). In 2001, Wooten and his colleagues showed 

that p62 binds to TrkA 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 activation of NF-əB signaling by NGF, which mediates neuron survival and differentiation 

responses (33). Geetha and his coworkers found that NGF stimulated TrkA polyubiquitination, a 

reduced level of which was observed in p75 knock-out mice. Both mutations in ubiquitin (K63R) 

and an absence of TRAF6 will abolish the polyubiquitination (23). Moreover, blocking the TBS 

domain in p62 and mutating the K485 in Trk A with arginine will also eliminate the 

polyubiquitination of TrkA, and the following NGF activated NF-əB signaling (23). In 2005, 

Wooten showed that p62 facilitated the polyubiquitination of TRAF6 (34). 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 p62-TRAF6-PKC complex formation, 

which are suppressed by the blocker of p62-TRAF6 interaction (34). C Zheng et al. reported that 

in PC12 cells, Aß impaired the Trk A phosphorylation, ubiquitination, complex formation with 

TRAF6-P62-P75 (35). They also observed similar impairment on Trk A tyrosine phosphorylation, 

ubiquitination, and downstream signaling in AD patient brain samples compared with the control. 

A possible explanation is the nitrotyrosylation of TrkA increased in the AD hippocampus, which 

might, in turn, reduce the TrkA that undergoes ubiquitination and phosphorylation (35, 36). 

Additionally, they reported a reduced production of matrix metalloproteinase-7 (MMP-7) in AD 

hippocampus samples, which cleaves proNGF, resulting in an accumulation of proNGF and an 

attenuated level of active NGF (35). The accumulated proNGF will activate the p75 (not with 

TrkA), thereby inducing apoptosis and neuron death. Further analysis showed that Aß and AD 

lessened the ubiquitination and phosphorylation of Trk A and Trk A regulated downstream 

signaling, such as NF-əB, p38-MAPK, phosphatidylinositol-3-kinase (PI3K)-AKT 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 in AD (37). 
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The Keap1 interaction region is another crucial signaling domain in p62. Keap1 is an 

adaptor for Cullin-3 ubiquitin ligase that senses oxidative stress and binds to nuclear factor 

erythroid 2ïrelated factor 2 (Nrf2). Nrf2, an essential leucine zipper protein, is responsible for a 

series of antioxidant proteins and detoxifies enzymes, which protect cells against oxidative damage 

triggered by injury and inflammation (38). Keap1 binds to KIR at the same binding site for Keap1-

Nrf2 interaction, thus inhibiting the interaction between Keap1 and Nrf2, leading to the 

stabilization of Nrf2 and transcriptional hyperactivation of the Nrf2 target gene (38, 39). Given 

that p62 is closely involved in selective autophagy, the p62-Keap1-Nrf2 axis is also linked to 

selective autophagy by some post-translational modifications like phosphorylation and 

ubiquitination (40). Moreover, since p62 is degraded through autophagy, the lack or deficiency of 

autophagy in hepatocellular carcinoma cells or liver disease patients will result in the p62 

accumulation, thereby evoking persistent activation of Nrf2 (41, 42). 

On the other hand, Nrf2 stimulates the p62 protein expression, producing a 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 system to the oxidative stress 

response system and redox regulation (43). Maintenance of homeostasis of p62 protein levels is 

crucial for neuron health. Kanninen showed that the AD symptoms in transgenic AD mice were 

improved by elevated Nrf2 expression (44-46) (Figure 2). 

In addition to the signaling pathways mentioned above, p62 protein interacts with other 

proteins and regulates different signaling pathways influential to brain function. For instance, p62 

has a ZZ(7) domain, which interacts with RIP to regulate NF-əB signaling and inflammation 

pathways in conjunction with atypical PKC(47, 48). Additionally, p62 binds to ubiquitinated 

Dishevelled protein. It 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 by controlling neuron development and 

maintaining the brain's synaptic function (49). Moreover, scientists reported that p62 could induce 

the intracellular aggregation and autophagic clearance of cyclic adenosine monophosphate 

(cAMP) phosphodiesterase-4A4 (PDE4A4), thereby augmenting the cAMP signaling. The 

reduced p62 protein expression will attenuate the cAMP signaling, which plays a vital role in the 

mediation of memory and synaptic plasticity. (50-53) 

1.3. Autophagosome Formation and Autophagic Flux 

 

Figure 3. Key Components of the Autophagy Process.  

Regulation of the autophagy process is associated with many neurodegenerative diseases. 

Abnormal interactions of mutant superoxide dismutase 1 (mSOD1), Leucine-rich repeat kinase 2 

(LRRK2), Parkin, PTEN-induced kinase 1 (PINK1), and mutant Huntington (mHTT) with Beclin 

1 could alter the initiation steps of autophagy. PINK and Parkin play a vital role in eliminating 

damaged mitochondria, and mutations in these proteins, as seen in Parkinsonôs disease (PD), could 

interfere with the overall mitophagy, the selective degradation of mitochondria by autophagy. 

mHTT expression leads to altered cargo recognition and autophagy failure. Ŭ-Synuclein (Ŭ-syn) 

can interfere with autophagy through interaction with Rab1a. Presenilin-1 (PS1) mutations cause 

impairment in lysosomal acidification and autophagy impairment. In PD, modifications in 

ATP13A2 could alter the function of lysosomes. 
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As indicated in Figure 3, autophagosome formation can be induced by inhibition of the 

mTORC1 complex and activation of AMP-activated protein kinase (AMPK). The increased 

autophagosome formation will lead to the phosphorylation of autophagy, activating kinase 1 

(ULK1), thus phosphorylating all the components in the ULK1autophagy-related proteins 1(Atg1) 

complex, including Atg 13, Atg 101, ULK1, and ULK2 (54). The phosphorylated ULK1 can also 

phosphorylate AMBRA in the PI3K class III complex, composed of vacuolar protein sorting 

(Vps)34, Vps15, Atg14, and B-cell lymphoma 2 (BCL-2)-interacting protein (Beclin-1), enabling 

the complex to relocate from the cytoskeleton to the isolation membrane in the pre-autophagosome 

structure. In the PI3K CIII complex I, Beclin-1 is negatively regulated by Bcl-2 and Bcl-X. They 

are related to ER (Endoplasmic reticulum) stress (54, 55). Then, Vps34 in PI3K CIII complex will 

generate PI3K, which selectively interacts with the PI3P effector's WD repeat domain 

phosphoinositide-interacting 1 and 2 (WIPIs), catalyzing two reactions that mediate the isolation 

membrane elongation (54). The first reaction is the covalent conjunction of Atg5 and Atg12 in the 

presence of Atg7 and Atg10, followed by the Atg5-Atg12-Atg16 complex formation (54). This 

complex will translocate to the membrane of early autophagosomes and promote the covalent 

interaction of LC3-I with phosphatidylethanolamine (PE). In the process, Atg4 helps pro-LC3 

translocate from the cell membrane to the early autophagosomal membrane, thus conjugating with 

PE and becoming LC3-II. LC3-II can interact with p62 bodies (p62/NBR1 (neighbor of BRCA1 

gene 1 protein) complex with ubiquitinated proteins and organelles) and thereby facilitate the 

elongation and closure of autophagosomal membrane (Shown in Figure 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 to merge with the lysosome. Microtube acetylation, regulated by histone 

deacetylase 6 (HDAC6), is essential for fusion. Autolysosome formation requires late endosome 

proteins, such as Rab7, several ñSNAP Receptorsò (SNAREs), and Lysosomal-associated 

membrane protein (LAMPs)(54). In the lysosomal degradation process, lysosomal acidification 

relies on vATPase, a proton channel on the lysosome membrane. ñThe electrical gradient created 

is counterbalanced by a parallel influx of anions mediated by chloride proton antiporters.ò Cations, 

including calcium, can efflux through distinct channels or transporters, including two-pore calcium 

channel protein 2 (TPC2) and TRPML (mucolipin), which may also influence pHò (54). The cargo 

with organelle debris and proteins will be degraded in the autolysosome (Figure 3)(54).  

1.4. Role and Biomarker of SQSTM1 in Autophagy AND UPS 

Ubiquitin-enriched misfolded protein inclusions represent an invariant characteristic for 

almost all neurodegenerative diseases (56). P62 serves as a protein adaptor for ubiquitinated 

substrates and selective autophagy (51). As shown in Figure 4, three domains contribute to the 

role of p62 to shuttle ubiquitinated proteins to autophagosome for degradation (51). Misfolded 

proteins aggregated and bound to chaperone and then ubiquitinated by UPS (ubiquitin-proteasome 

system) enzymes. The mono- or poly-ubiquitinated proteins then recruit p62 via its C-terminal 

ubiquitin-associated (57) domain, leading to p62-promoted protein aggregation. The UBA domain 

binds to both mono- and poly-ubiquitinated proteins, with a preference for the K63 ubiquitinated 

proteins. Tanji et al. reported that K63-linked polyubiquitin is the most stable enhancer for protein 

inclusions formation by increasing the protein accumulation and facilitating intracellular inclusion 

bodies' formation under normal conditions. Under pathological conditions, co-cultured with tau 
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and SOD1 mutation, K63 promotes the accumulation of tau and the formation of SOD1-contained 

inclusion bodies. K63-linked polyubiquitin, acts as a partner with p62 to enhance autophagic 

clearance of protein inclusions linked to common neurodegenerative diseases (58). P62 may 

regulate K63-linked polyubiquitination via interaction with K63 ubiquitinating E3 ligases 

(TRAF6) (36, 59, 60). 

 

Figure 4. The Trafficking Role of p62 in Selective Macroautophagy. 
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As shown in Figure 4, ubiquitinated protein/p62 aggregates grow and become p62 bodies,  

which transport to a phagophore-forming location to form an autophagosome. The formation, 

growth, and transportation of p62 bodies cannot be achieved without the assistance of the N-

terminal Phox-BEM1 (PB1) domain in p62. The construction of p62 bodies relies on p62 

dimerization and further oligomerization. PB1 domain is indispensable and responsible for p62 

dimerization. Any mutation or variants in PB1 domain will hamper the p62 dimerization. Both p62 

homo-dimerization and heter-dimerization with NBR1, which are essential for p62 bodiesô 

formation, are regulated by the PB1 motif. Although the underlying mechanism is still unknown, 

the transportation of p62 bodies to autophagosome formation location is also dependent on the 

p62-PB1 mediated homo-dimerization and heter-dimerization (51, 59-61). 

There are several biological processes related to p62. These processes could be detected 

using their correlated biomarkers, such as LC3B and Beclin 1, biomarkers for macroautophagy. 

These autophagy biomarkers might also be used as a clinical prognostic biomarker, providing 

information on the likely outcome of diseases on patients and helped identify patients for the 

specific treatment group. For instance, LC3B is one of the best and the most commonly used 

autophagy marker in multiple in vitro assays. In addition to LC3B, Other proteins, such as LC3A, 

Beclin 1, ULK1, and VPS34, are also used as autophagy biomarkers to monitor autophagosome 

formation and autophagy flux. They might be applied as a potential clinical prognostic biomarker 

for many cancers as well.  The Beclin 1-VPS34 complex is a central coordinator for autophagy 

downstream. (62) Beclin-1 is a potential prognostic biomarker with favorable outcomes for lung 

cancer, breast cancer, lymphoma, and gastric cancer (63). 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 inhibition. (62) P62 is an autophagy 

biomarker in many human cancer specimens, such as multiple myeloma samples (13). 

LC3 protein is the critical component in autophagy necessary for autophagosome 

elongation and closure, as displayed in Figures 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 LC3-II. LC3-II links p62 and autophagosome membrane together to form 

autophagosome with p62 bodies. P62 interacts with LC3-II via its LIR domain (amino acid 332-

343). LIR binds to a key mitophagy component, BCL2 E1B 19 kDa protein-interacting protein 

(NIX) (64, 65), as well as the autophagy-dependent p53-inducible nuclear protein 1 

(TP53INP1)(66). The LIR domain is a short oligomer constituted of about 11 amino acids shared 

by ten proteins, including p62. The interaction between p62 and LC3-II anchors the p62 bodies 

onto the LC3-II -containing autophagosomal membrane, continuing its maturation and elongation 

in the autophagy process. Based on the selective interaction between LC3-II and p62, the 

autophagosome will only contain the ubiquitinated protein aggregates with p62/NBR1, and go 

through a selective autophagic degradation with lysosome fusion. Therefore, p62 and LC3-II are 

indispensable regulators for misfolded protein clearance through selective autophagy. Knocking 

down of LC3 proteins has been shown to induce the accumulation of p62/NBR1-ubiquitinated 

proteins in the cell plasma. Other studies have shown that ubiquitinated unfolded proteins or 

organelles could interact with p62/NBR1, then attach to LC3-II in the autophagosomal membrane, 

to trigger specific autophagic elimination (60, 67). To summarize, p62 is a cargo protein that 

shuttles the ubiquitinated proteins to autophagic degradation (59). 
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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 cells in the bone marrow and is the second most 

common hematological malignancy after non-Hodgkin lymphoma. Plasma cells develop from B 

cells, a type of white blood cells in our immune systems, in response to a foreign substance that 

enters the body. Each plasma cell develops in response to a particular antigen and produces 

antibodies specific to the antigen to fight agonist disease and infection. In multiple Myeloma, the 

plasma cells undergo a complicated process and transform into malignant plasma cells, called 

myeloma cells. Myeloma cells locate in more than one spot of bone marrow produce many 

abnormal antibodies called M proteins. Unlike normal antibodies, M proteins did not fight disease. 

The cancerous myeloma cells multiply and grow too much. They accumulate in the bone marrow 

and occupy the space for normal healthy blood cells located in the bone marrow, such as red blood 

cells, healthy white blood cells, and platelets (Shown in Figure 5). 
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Figure 5. Basics in Multiple Myeloma  

The reduced number of normal blood cells will cause anemia, excessive bleeding, and 

decreased ability to fight infection, common symptoms of multiple Myeloma. The accumulation 

of large quantities of M proteins in blood and urine can damage the kidneys and other organs. The 

buildup of myeloma cells in the bone can cause osteolytic lesions and pain of the bone, increasing 

the risk of the bone fraction. 

The American Cancer Societyôs estimates for multiple Myeloma in the United States for 

2021 are: about 34,900 new cases will be diagnosed (19,320 in men and 15,600 in women); nearly 

12,830 deaths are expected to occur (6,840 in men and 5,570 in women) (68). In 2017, there were 

about 130,000 cases of Myeloma, translating to an age-standardized incidence rate of 2.1 per 

100,000 persons. Multiple Myeloma caused 98,437 deaths globally, with an age-standardized 
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incidence ratio of 1.5 per 100,000 persons. In 2018, the latest year for which incidence data are 

available, 25,286 new Myeloma cases were reported, and 12,266 people died of Myeloma in the 

United States.(69)  

 

 

 

 

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 from Myeloma in various age groups. D. Death 

rates from Myeloma by other sex and races/ethnicity. Chart and data were collected from the 

Center for Disease Control and Prevention (CDC) website (69). 

 

As illustrated in Figure 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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cancer statistic results. From the epidemiology result, both the incidence and death rates of 

multiple Myeloma are 2ï3-times higher in black individuals than in white individuals but is lower 

in Asian and Hispanic individuals. People older than 70 have more possibility to have Myeloma, 

and more deaths were caused by Myeloma in elders.  

The actual underlying pathological mechanism for multiple Myeloma is not known yet. 

However, many efforts have been made for a better understanding of the process of multiple 

myeloma development.  

 

Currently available treatment for multiple Myeloma 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 can slow 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. 

Several classes of medications can be used to treat MM, including chemotherapy, 

proteasome inhibitors, immunomodulators, glucocorticoids, HDAC (histone deacetylases) 

inhibitors, anti-CD38 (cluster of differentiation 38) monoclonal antibodies, an anti-SLAMF7 

(signaling lymphocytic activation molecule family 7) antibody, a nuclear export inhibitor, 

bisphosphonates for bone disease, antibody-drug conjugates, and programmed death-ligand 1 (PD-

L1) and PD-1 ligands (70).  

All currently used drugs in the clinic for MM, their relapse, and accompanying symptoms 

treatments are summarized with their 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 destroy or inhibit 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, 

chemotherapy 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 flufenamide (Pepaxto, 

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 drugs (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, long-term use of chemotherapy will lead to irreversible damage of the 

heart and kidney, making it hard to balance the benefits and risks of applying these drugs. 

Moreover, increased expression of efflux proteins, such as P-gp and ABCG2, plays a crucial role 

in chemotherapeutic drug resistance for MM (72). Besides, RECQ1 overexpression protects the 

cells from cytotoxicity due to melphalan and bortezomib treatment (72). Additionally, MAGE-A 

expression enhances resistance to melphalan by regulating Bcl-2 and overexpression of Bcl-xL in 

myeloma cells associated with a reduced response to chemotherapeutic agents (71). 

 

Corticosteroids, 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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mood change, insomnia, increased appetite and weight gain. The suppression of the immune 

system due to steroids' long-term use will cause infections and weaken the bones. Drug resistance 

is a common problem that occurs with the use of corticosteroids.  A truncated glucocorticoid 

receptor (GCR) lacking the C-terminal hormone-binding domain was found in MM cells resistant 

to dexamethasone (72). An elongation block was found in the GCR gene NR3C1. Additionally, 

FK506 binding protein 51 (FKBP5) overexpression, oncogenes FGFR3, and MYC (72) were 

induced by dexamethasone treatment in MM cells. (71, 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 becoming available 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 

immunomodulatorsô resistance to MM was the downregulation of cereblon, a common primary 

target for immunomodulating agents, a part of the E3 ubiquitin ligase complex, and a substrate 

receptor of CRL4 (72, 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, tiredness, nerve damage, fever, decreased 

blood counts, and reduced appetite. Long-term treatments with proteasome inhibitors is frequently 

observed with primary and secondary drug resistance problems (75).  

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, swelling in the arms 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 adverse effects. (70, 71) 

All currently available drugs has adverse side effects and drug resistance problem, which 

makes the disease have a high replase rate. Therefore, there is always a need for new drugs treating 

multiple Myeloma, especially those that have different mechanism of actions from currently 

available agents. 

The next section provides some evidence that p62 can be an important therapeutic target 

on multiple myelom. Thus, our p62ZZ ligands targeting a new potential therapeutic signaling 

pathways may work differently from previous available agents, which might help to reduce drug 

resistance problem when used in combination with other drugs if they can effectively treat this 

disease.   

 

1.5.1.2. The Role of p62 in Cancer 

 P62 is overexpressed in various carcinogenesis, including colorectal, breast cancer, lung, 

ovarian, kidney, liver, esophageal, prostate, head and neck, gastric cancer, and Myeloma. It 

indicates that p62 might have an essential role in carcinogenesis. Based on previous studies, p62 

is related to carcinogenesis through autophagy, Ras-induced NF-əB signaling, and Nrf2-mediated 

oxidative stress pathway.  

 First, p62 influences tumorigenesis via autophagy. Autophagy serves as a double-edged 

sword for cancer, depending on the context in the tumorigenesis process. No one doubts that 

autophagy plays a vital role in tumor formation, proliferation, metastasis, and metabolism, but the 

exact function of autophagy in these processes is still controversial. In the initial stage of cancer, 

autophagy helps to suppress tumor progress. Deregulation of autophagy and failure to remove the 
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damaged cargos contribute to genetic instability, genome damage, inflammation, necrosis, and 

tumorigenesis. Also, autophagy's hyperactivity might lead to autophagic cell death, another 

mechanism to suppress tumor growth (76). However, in the late stage of tumorigenesis, autophagy 

is extensively supported to promote tumor cell survival and facilitate cancer progression. Besides, 

autophagy might have its protective effect through regulation of tumor-associated inflammation, 

facilitation of tumor cell spreading throughout the organ, protection of tumor cells from anoikis 

(programmed cell death in anchorage-dependent cells when they detach from the surrounding 

extracellular matrix (ECM)), thus promoting tumor progression and metastasis (77, 78). Therefore, 

autophagy is a double-edged sword for cancer, which might play both pro- and anti-metastasis 

roles depending on contextual demands (79). Although overexpression of p62 occurs in most 

cancers, some studies also show a contradictory result. For instance, hyperactivity of autophagy 

and a low level of p62 was observed in recurrent pulmonary metastasis of colorectal tumor patients 

(80, 81).  

Specific for multiple Myeloma, plasma cells have a high autophagy activity (82). 

Autophagy has a key role in immunoglobulin production. Multiple Myeloma is a cancer of long-

lived plasma cells in the bone marrow. In multiple myeloma patients, myeloma cells multiply 

rapidly and synthesis a large number of abnormal immunoglobulins, resulting in a significant 

amount of unfolded or misfolded proteins located in the endoplasmic reticulum, which might be 

toxic to cells. Cells can rely on several clearance mechanisms to remove these potential poisonous 

proteins, including proteasome-ubiquitin system, autophagy-lysosome system, and heat shock 

protein chaperones. Among them, myeloma cells might be more relevant with autophagy-

lysosome pathways, which could degrade protein aggregates and recycle energy to meet the 

demand for the rapid proliferation or synthesis of antibodies. As evidence, a high basal autophagy 
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level (82) and a high immunoreactivity against crucial autophagy biomarker (Beclin-1 and p62) in 

myeloma cells correlated with prolonged patients survival (81, 83, 84).  

Ras proto-oncogene is mutated in more than 25% of cancers and is an essential activator 

of NF-əB that is important for cell survival. Mutation of Ras inhibited NF-əB activation and led 

to cell death.  P62 is also a multi-domain protein that was involved in many signaling pathways. 

PB1 domain interacts with aPKCs. The ZZ domain binds RIP. The TBS domain binds TRAF6. 

The three domains link p62 to NF-əB activation, which is correlated with TNFŬ-induced 

osteoclastogenesis and Ras-induced tumorigenesis. P62 is necessary for Ras to induce IəB kinase 

(IKK) through polyubiquitination of TRAF6, then triggering activation of NF-əB and promoting 

tumor cell survival and transformation. P62 level was increased in human cancers and induced by 

Ras. The deficiency of p62 produces enhanced ROS levels and accounts for increased cell death 

and reduced tumorigenicity. (85) Additionally, another study shows p62 affects tumorigenesis 

through a feedforward loop, where Ras induces activation of NF-kB through p62, then NF-əB 

increases p62 expression transcriptionally (84, 86).  

Excessive production of intracellular reactive oxygen species (ROS) often occurs in 

malignant transformation caused by oncogene activation or enhanced metabolism in tumor cells. 

Tumor cells often possess a high ROS level accompanied by low levels of anti-oxidative or anti-

toxic proteins, which is harmful to cells. For multiple Myeloma, a large amount of abnormal 

antibody production requires more energy, further increasing oxidative stress induction (84). 

Keap1 is an adaptor for Cullin-3 ubiquitin ligase that senses oxidative stress and binds to nuclear 

factor erythroid 2ïrelated 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 

triggered by injury and inflammation (38). Keap1 binds to KIR at the same binding site for Keap1-
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Nrf2 interaction, thus inhibiting the interaction between Keap1 and Nrf2, leading to the 

stabilization of Nrf2 and transcriptional hyperactivation of Nrf2 target gene (38, 39). 

On the other hand, Nrf2 stimulates the p62 protein expression, producing a positive 

feedback loop between Nrf2 activation and p62 protein expression. Increased p62 level will 

activate Nrf2, which induces the antioxidant and detoxifies proteins gene expression, promoting 

cell survival and tumorigenesis. These studies showed that p62 could be a crucial adaptor to 

regulate the oxidative stress response system in tumorigenesis (43).  

As discussed above, p62 is tightly involved in the autophagy process. Autophagy is one of 

the primary mechanisms regulating cellular homeostasis via the clearance of cytoplasmic 

components and organelles. Cellular homeostasis is critical for maintaining cellular level internal 

steady-state, which is essential for cell survival.  A cellular steady-state helps to respond to 

environmental stresses and prevent cellular damage, thus having a cytoprotective effect of 

promoting cell survival. Therefore, autophagy is closed related to several disorders, such as 

neurodegeneration and cancer. Targeting autophagy is emerging as an attractive therapeutic 

strategy to treat these diseases (87). More than 100 clinical trials for autophagy modulation were 

ongoing. Most of them target autophagy for cancer treatment, such as autophagy inhibitors 

chloroquine (CQ) or hydroxychloroquine (HCQ), already showing encouraging results. (88) 

However, the role of autophagy in cancer is cytotoxic or cytoprotective depends on the 

diverse cellular context. A deep understanding of autophagy's function in different cellular 

contexts is crucial for finding an appropriate autophagy modulation in cancer (87, 88). Here, we 

discussed the dual role of autophagy in cancer and summarized the currently available drug 

candidates targeting autophagy for cancer treatment in Table 37 in Appendix Table of 

Autophagy modulators. Some of them can overcome drug resistance issue that occurs in 
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conventional chemotherapy. P62ZZ ligands have the potential to mediate autophagy, thus affecting 

carcinogenesis through autophagy. 

 

1.5.1.3. The Role of p62 in Osteoclastogenesis 

The interactions between the bone marrow microenvironment and myeloma cells are 

essential for multiple myeloma development, progression, and treatment. There are several types 

of cells in bone marrow microenvironment, including hematopoietic cells (T cells, B cells, neural 

killer cells, osteoclast, and myeloid-derived suppressor cells) and non-haematopoietic cells (bone 

marrow stromal cells, osteoblasts, and endothelial cells). These cells secrete different factors that 

could influence the proliferation and metastasis of myeloma cells and themselves could contribute 

to the formation or damage of bone. (89) 

Bone marrow stromal cells create a favorable niche for myeloma cell proliferation and 

migration. The interaction between vascular cell adhesion protein 1 (VCAM1) 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 apoptosis (90). BMSCs, osteoblasts, 

endothelial cells, and multiple myeloma cells all produce CXC-chemokine ligand 12 (CXCL12), 

which can bind to CXC-chemokine receptor type 4 (CXCR4) on myeloma cells to induce 

migration of myeloma cells to bone marrow niche (91). Moreover, factors produced in the 

microenvironment can be related to angiogenesis. For example, bone marrow stromal cells secrete 

VEGF. This well-known angiogenic factor enhances oxygen supply via increasing local 

abundance of blood vessels, a factor that contributes to migration and leads to worse outcome in 

clinic. (89) (Displayed in Figure 7) 
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Interaction with bone marrow stromal cells can mediate the level of crucial factors, such 

as NF-əB ligand (RANKL) and osteoprotegerin (TNFRSF11B), which contribute to bone damage. 

Osteoclasts have a role in bone resorption, while osteoblasts play a role in bone formation. Bone 

diseases are often associated with a reduced level of osteoblast and enhanced number and activity 

of osteoclasts. The interplay of myeloma cells with bone marrow stromal cells and osteoblasts will 

increase the production of RANKL and reduce osteoprotegerin levels (92). RANKL binds to a 

RANK receptor, an NF-əB activator, leading to enhanced differentiation of preosteoclasts into 

mature osteoclasts (92). Osteoprotegerin serves as a decoy receptor for the RANK receptor. A 

reduced level of osteoprotegerin will increase the number of active RANK receptors. CC-

chemokine ligand 3 (CCL3) produced by BMSCs is also involved in the differentiation of 

osteoclasts (93). This is how the interplays between myeloma cells and cells in the bone marrow 

microenvironment to induce the imbalance between activity and the number of osteoclasts and 

osteoblasts, eventually resulting in bone diseases. (89) (Figure 7) 

Additionally, other types of cells also produce a wide range of factors involved in tumor 

progression. Endothelial cells can play a role in multiple myeloma cell migration. Endothelial cells 

secrete extracellular cyclophilin A (94). Macrophages produce IL-1ɓ (95), which act on BMSCs 

and induce IL-6 production, promoting myeloma cell proliferation and resistance to apoptosis (96). 

Monocytes and osteoclasts can produce a proliferation-inducing ligand (APRIL) and induce NF-

əB activation. Myeloma cells can negatively affect T cells by the production of programmed cell 
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death one ligand 1 (PDL1) (96, 97). The anti-myeloma response via dendritic cells (DCs) is 

partially impaired due to low T cell activation capacity  (89, 96). (Figure 7) 

 

Figure 7. The Pathological Mechanism of Multiple Myeloma  

As shown in Figure 8, p62 plays a role in osteoclastogenesis. Following the above 

discussion, changes in factors that cause an imbalance between osteoclasts and osteoblasts might 

lead to bone diseases. NF-əB activation pathway is important in osteoclastogenesis. NF-əB is a 

protein complex that controls DNA transcription, cytokine production, and cell survival. The 

activation of NF-əB is known to be central for the regulation of the synthesis and activity of 

inflammatory cytokines, including TNF-Ŭ and IL-1ɓ, and also several other mediators also 

involved in the pathogenesis of osteoarthritis and osteoporosis (cyclooxygenase-2 (COX-2), 

inducible nitric oxide synthase (iNOS) and MMP-1) (98).  
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RANKL can activate osteoclastogenesis through both canonical and noncanonical NF-əB 

signaling pathways. In the canonical pathway, RANKL, IL-1, and TNFŬ bind to RANK, IL-1, and 

TNF receptors, leads to the quickly binding of TRAF6 to the TBS domain in p62. P62 activates 

aPKC through the PB1 domain, which induces the activation of IəB kinase (IKK). Activated IKK 

then phosphorylates IəBŬ, IəBŬ undergoes subsequent ubiquitination and degradation by the 

proteasome, which then releases an active form of NF-əB (usually a heterodimer formed by p50 

and RelA). Consequently, the activated NF-əB can be translocated into the nucleus and binds to 

specific DNA sequences to regulate transcription and translation, eventually mediating cellular 

functions. In the non-canonical pathway, RANKL binds to a RANK receptor and triggers TRAF3 

binding. Here, it prevents osteoclasts precursors from apoptosis and promotes osteoclastogenesis 

and osteoclast-mediated osteolysis. P62 also binds to RIP1 through its ZZ domain, relevant to NF-

əB signaling activation and osteoclast formation. The p62 complex also binds to phosphoinositide-

dependent kinase 1 (PDK1), recruiting aPKCs to TNF-Ŭ signaling complexes (Displayed in Figure 

8). It was reported that mice with p62 deficiency exhibited impaired RANKL-induced 

osteoclastogenesis in vitro and in vivo (99). 
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Figure 8. p62 in Osteoclast Signaling and Protein Trafficking.  

The binding of RANKL to the receptor protein RANK at the plasma membrane induces a trimer's 

formation, triggering the recruitment of a series of adaptor proteins. TRAF6 catalyzes Lys63-

linked autoubiquitination via intrinsic E3 ubiquitin ligase activity, which is regulated by the UBA 

domain of p62, and eventually deubiquitinated post-recruitment of CYLD to p62. In the interim, 

this ubiquitination permits activation of the TAB1-TAB2-TAK1 complex, activating the MAP 

kinases and NF-əB-inducing kinase (NIK), which leads to phosphorylation and activation of IKKɓ. 

Activation of TRAF6 and p62 also leads to activation of the Akt/PKB pathway. Simultaneously, 

p62 binds aPKC through its N-terminal PB1, allowing for the phosphorylation of IKKɓ by the 

aPKC. Once activated, IKKɓ phosphorylates IəB, which is subsequently ubiquitinated, and 



 

 

 46 

degraded through the proteasome system, liberating NF-əB to translocate to the nucleus and 

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 and eventual death 

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

include Alzheimer's disease (AD), Parkinson's disease (PD), Huntingtonôs disease (HD), 

Amyotrophic lateral sclerosis (ALS), Motor neuron disease, Prion Diseases, Spinocerebellar 

Ataxia, and Spinal Muscular Atrophy (SMA)(100). 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 

regenerative 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 mental symptoms. 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.  

Researchers 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 factors, including 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.  

Jaekyoon Shin and his colleagues first identified the SQSTM1 gene codes for p62. As 

shown in Figure 9, p62 is a scaffold protein crucial in modulating enzyme function through several 

domain interactions. For example, p62 promotes autophagy degradation by directly binding to an 

autophagy biomarker LC3 through LIR. Combined with its ability to bind ubiquitinated proteins 

at the C-terminus ubiquitin-binding domain (57), p62 serves as an autophagy receptor in the 

clearance of unwanted protein molecules and aggregates. In addition to UBA and LIR, which play 

critical roles in autophagy uptake, other protein-interaction motifs, including an N-terminal PB1, 

a ZZ domain (7), and a TBS domain, are functional domains influential in the regulation of 

inflammation, oxidative stress, osteoclast genesis and apoptosis (4, 101).  In the past decade, 

studies have shown that p62 is associated with several diseases, including Pagetôs disease of bone 

(PDB), PD, AD, HD(102), liver cancer (101), breast cancer (103), obesity, and diabetes (104).  
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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 ubiquitin-proteasome system (UPS), another mechanism that controls protein 

degradation in the cells via its UBA. 3) p62 can regulate NF-ǶB signaling  

 

 

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 

stress (25). Protein misfolding and aggregation are hallmark signs for the most common forms of 

neurodegenerative diseases (56). For this reason, these conditions are often referred to as 

ñproteinopathiesò. As shown in Figure 10, under normal conditions, malfunctioning 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 lead to instability of the 

misfolded intermediates due to interactions between hydrophobic regions and the surrounding 

aqueous solution. Consequently, the polypeptide forms ɓ-sheets to shield the hydrophobic regions. 

Aggregation of the ɓ-sheet oligomers can seriously disrupt the neuronal environment, as in the 

case of ɓ-amyloid buildup into plaques associated with Alzheimerôs disease. (56). The conversion 

of misfolded protein oligomers into insoluble fibrillary 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 insoluble fibrils will 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 molecules (Figure 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 toxic for neurons. For instance, Ŭ-

synuclein, ɓ-amyloid 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 quality control system to remove the misfolded proteins and 

aggregates from the cellular environment. Unfolded peptides and the small size misfolded 

monomers are degraded through ubiquitin-proteasome machinery. The larger size misfolded 

monomers, native formations, and 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: Amoebic gill disease (AGD), Corticobasal degeneration (CBD), Neurofibrillary 

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

 

As shown in Figure 11, many neurodegenerative diseases share many of the hallmark 

misfolded protein aggregates, highlighting a common underlying mechanism for neuron 

dysfunction (25). AD is characterized by amyloid plaques comprised of Aɓ and intracellular 

neurofibrillary tangles formed by the accumulation of phosphorylated tau protein. The mutations 

in ɓ-amyloid precursor protein (APP) and presenilin 1, two proteins in Aɓ metabolism signaling, 

are identified as disease-related gene changes. The presence of protein deposits called Lewy 

bodies, formed by aggregated Ŭ-synuclein and polyubiquitinated proteins is the central 

pathological feature of PD. Lewy bodies have also been linked to the pathological outcomes of 

multiple system atrophy (MSA). Poly-Q expanded huntingtin, one of the various mutations of the 

Poly-Q protein, is known to cause HD. (102). Other disease-associated mutations of the Poly-Q 

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). TDP-43 was noted as the disease-causing protein for both 

Frontotemporal Dementia (FTLD) and ALS. Mutations in TDP-43 cause familial ALS, while 

cytoplasmic and nuclear inclusions of TDP-43 are found in glial cells and neurons for nearly 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 disease is caused by a ñprionò, which refers to a 

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 Creutzfeldt-Jakob Disease (CJD), Variant Creutzfeldt-Jakob Disease (vCJD), 

Gerstmann-Straussler-Scheinker Syndrome (GSS), Fatal Familial Insomnia (107), 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 neurodegenerative disorders. Macroautophagy is the major cellular 

clearance mechanism of these toxic protein aggregates (61). (Figure 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 over-activation of autophagy will cause neuronal dysfunction, an 

underlying condition for several brain pathologies (55). The process of autophagy can be divided 

into several sequential steps: induction, initiation/vesicle nucleation, autophagosome elongation 

and completion, maturation and fusion, and degradation (Figure 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 diseases (55, 108). 

 

1.5.2.3.1. Neurodegeneration due to abnormal gene regulation of components in 

autophagy.  

 

Many studies have reported that the Beclin-1 level is closely associated with 

neurodegeneration. Reduced Beclin-1 level was detected in early-stage AD (100) and HD (109). 

Impaired Beclin-1 expression will increase Aß accumulation and mutant Huntington accumulation 

in AD (100) mice and HD patients (109). Upregulation of Beclin-1 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 in AD (100, 110), HD (111, 

112), PD (113), and MachadoïJoseph disease, a disease characterized by polyglutamine protein 

accumulation (109). Interestingly, an enhanced Beclin-1 level has been reported in ALS (107), but 

a reduced Beclin-1 level in ALS patients has been found to increase neural protective activity 

against the disease (55, 114).  

Several research studies have indicated that regulating the Beclin-1 through its interaction 

with other proteins can alter the initiation step in autophagy and modulate aggregated protein 

clearance in neurodegenerative disease models (55). In PD, both Parkin and PINK1 can interact 

with Beclin-1 to alter autophagy function (115, 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 Beclin-1 and BCL-

X, thus influencing the autophagy level (114). VPS35, a rare mutation observed in PD patients, 

can also contribute to autophagy dysfunction due to impaired vesicle sequestering (55, 118). 
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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 related to many neurodegenerative diseases, as mentioned above (119). mHTT expression 

leads to altered cargo recognition and autophagy failure. It is also reported that Ŭ-Synuclein can 

bind to Rab1a and inhibit the interaction between Rab1a and the Atg9 complex, thus hampering 

the trafficking of autophagy vesicles (120). The genetic inactivation of Atg5 and Atg7 in the central 

nervous system of mice will induce autophagy dysfunction and spontaneous neurodegeneration, 

causing accumulation of aggregated proteins, extensive neuron loss, and death of the mice. (121, 

122). Silke Metzger et al. reported that the age of onset in HD could be modified by a 

polymorphism in Atg7 (123). 

In the fusion and degradation step, the proteolytic ability of the lysosome depends on the 

luminal pH in the lysosome (55). The pH in the lysosome is regulated by ion channels on the 

lysosomal membrane, including v-ATPase proton channels, chloride proton antiporters, and 

calcium transporters, and so on. In AD, presenilin-1 can interact with v-ATPase 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 alleviate AD-related 

symptoms and improve neural function, which is in accordance with the above findings (125). 

Mutations in ATPase ATP13A2 in the lysosomal membrane were observed in familial PD (126), 

accompanied by impaired lysosome function, altered proteolytic activity, and abnormal 

accumulation of autophagosome and Ŭ-Synuclein, indicating that lysosome dysfunction also 

influences the occurrence of PD (127).   
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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 prolonging 

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 neurodegenerative diseases, 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 that can induce autophagy, promote autophagic degradation of disease-

related protein aggregates, and improve neuron function in cell and animal models (Appendix. 

Table of Autophagy Modulators). Some of the compounds have shown therapeutic efficacy in 

clinical trials. 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 of mTOR by rapamycin enhances autophagy in the early stage of AD, improving 

cognitive function, correlating with reduced levels of amyloid-ɓ and tau phosphorylation as well 

as delayed formations of plaques and tangles (128-130). D. Rubinsztein et al. reported that 

rapamycin has a protective function agonist neurodegeneration in fly and mouse HD models, 

inducing the clearance of mHTT associated with motor activity (131, 132). Rapamycin 

administration also protects neurons against degeneration and death in both in vitro and in vivo 

HD models, accompanied by an ameliorated amount of Lewy bodies and Ŭ-synuclein in the brain 
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(133). Rapamycin increases autophagy in both FTLD-U (134), and SOD mutated mice models 

(135). The rapamycin-induced autophagy alleviated the FTLD symptoms in the mice models (134) 

but augmented the motor degeneration in ALS models (135). Rapamycin might exacerbate the 

ALS pathology via apoptosis, oxidative stress, and other mechanisms in SOD1G93A mice, 

according to the severe mitochondrial impairment, higher Bax levels, and greater caspase-3 

activation (135).  

1.6. Previous Studies for p62 Small Molecular Ligands 

Our group was the first to report some p62 small molecule ligands XIE62-1004 (XRK3 ), 

XIE2008, and XRK3F2 (As shown in Figure 12). These compounds are mainly applied as 1) 

Potential indication for neurodegenerative diseases (autophagy-related, XIE62-1004); 2) Potential 

indication for cancer treatment (multiple myeloma, XRK3F2); 3) Available pharmacological tools 

to investigate the p62 related signaling and mechanisms. Here, we summarized the previous studies 

related to our group's four compounds, our collaborators, and other researchers. This could help 

us understand our compounds' mechanism, applications, and bioactivities to guide our future 

studies in this project. 
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Figure 12. Chemical Structures of p62ZZ L igands in Previous Studies. 

 

1.6.1. Previous Studies for XIE62-1004 (XRK3) and XIE2008 

 

Our lab constructed a homology model of full-length 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 on an in-house chemical 

database pre-filtered by our established cell-based partition chemistry-space matrix calculation 

algorithm. A lead compound XIE62-1004 (XRK3) was discovered through pull-down assay with 

wide-type and mutated p62 for biotinylated XIE62-1004/XIE2008 and p62. The result showed 

that biotinylated XIE2008 bound wildtype p62 but not mutants carrying point mutations within 

the ZZ domain. Moreover, pulldown assays using C-terminally or N-terminally deleted p62 

mutants showed that biotinylated XIE2008 pulled down ZZ-containing fragments but not ZZ-

lacking fragments. Finally, we confirmed that biotinylated XIE2008 and XIE62-1004 could block 

the interaction between p62 and RIP1 through the ZZ domain by co-IP. 
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Non-reducing SDS-PAGE showed that XIE62-1004 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 residue in the ZZ domain or ZZ deletion in response to 

XIE62-1004 and XIE 2008 was lessened. Immunostaining of HeLa cells showed that treatment of 

XIE62-1004 and XIE2008 induced the formation of cytosolic puncta positive for p62 time- and 

dose-dependently. Glutathione-S-Transferase (GST)-pulldown assay coupled with ELISA showed 

that XIE62-1004 increase p62 interaction with LC3. The results suggested XIE62-1004 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 LC3B. P62 ligands also 

induce autophagosome formation. Immunostaining showed that the induction of ligand-driven p62 

puncta formation coincided and colocalized with the stimulation of LC3-positive cytosolic puncta 

formation. Immunoblotting showed that XIE62-1004 increase the level of LC3B and turn over 

from LC3B-I to LC3B-II, which was blocked by p62 knockdown. Co-treatment with various 

autophagy inhibitors HCQ, bafilomycin A1, MG132 with XIE62-1004 synergistically increased 

the synthesis and activation of LC3, indicating the stimulation of autophagy flux. Dr. Kwonôs 

group monitored the ratio of red fluorescence protein (RFP) vs. green fluorescence protein (GFP) 

signals in HeLa cells stably expressing RFPïGFPïLC3. This assay relies on the differential pH 

stability of RFP (red puncta, acid-resistant) and GFP (green puncta, acid-sensitive). RFP-GFP-

LC3 expressed in HeLa cell generates yellow fluorescent signals (RFP+GFP) in autophagosomes 

(neutral condition) and red fluorescent signals (only RFP) in autolysosomes (acidic condition), 

which revealed the distribution of LC3B. (18, 136) 
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P62 ligands were shown to induce autophagic degradation of mHTT, mutated Huntington 

proteins. Immunoblotting showed that XIE62-1004 and XIE2008 decreased the level of GFP-

HDQ103 aggregates, an mHTT carrying 103 glutamine repeats, in the insoluble fraction of HeLa 

cells stably expressing GFP-HDQ103. Immunostaining assays showed that GFP-HDQ103 puncta 

were colocalized with p62 and distributed to aggregates. Both the signal of GFP-HDQ103 and p62 

were reduced by the treatment of XIE62-1004 or XIE2008 in HeLa cells expressing GFP-HDQ103 

but not changed in MEF ATG5 (a protein that is essential for autophagy) knockout cells. (18, 136) 

An article published by our collaborators, Dr. Kwonôs group, provided more information 

about the mechanism of XIE62-1004 acting on autophagy. It was showed that XIE62-1004 

increased LC3B-II, inducing the formation of autophagosome in MEF cells that expressed wild-

type p62 but not in MEF cells with p62-ZZ mutation and p62 knockout. Co-treatment with late-

stage autophagy blocker, HCQ, did not alter the LC3B level increase and conversion from LC3-I 

to LC3-II. These results confirmed that XIE62-1004 induced autophagosome formation and 

autophagy flux through interaction with the p62 ZZ domain. (136)  

To validate previous results in animals, Dr. Kwonôs group injected C57BL/6 mice i.v. with 

10 mg/kg XIE62-1004 and sacrificed them after 1, 3, 6, or 24 h. The animals showed a time course 

induction of LC3-1 level and its conversion to LC3-II, associated with enhanced levels of 

autophagic core components such as ATG3, ATG5, and ATG7. Immunostaining assay using the 

brain section from the mice showed that in the control brain without treatment, the basal level p62 

and LC3 puncta are not colocalized with each other. In contrast, in the brains of mice treated with 

XIE62-1004, LC3 positive cytosolic puncta are increased. This indicates XIE62-1004 induces 

p62-dependent macroautophagy in vivo. (136) 



 

 

 60 

Immunoblotting showed a lower level of ubiquitinated protein aggregates measured by 

FK2 (ubiquitinylated protein antibody FK2) in cells treated with XIE62-1004 cotreated with 

proteasome inhibitor MG132. XIE62-1004 facilitated the formation of ubiquitin-positive and LC3 

positive puncta under proteasomal and V-ATPase inhibition. The distribution and degradation of 

the model subtract CL1-YFP, which is spontaneously misfolded and forms cytosolic aggregates, 

was monitored to support that XIE62-1004 facilitates the delivery of ubiquitinated protein to the 

autophagosome. Immunostaining analysis showed that CL1-YFP accumulated and colocalized 

with LC3+ autophagic vacuoles when autophagic flux was blocked by HCQ, which was further 

increased by treating XIE62-1004.  

In addition to the above studies, XIE62-1004 was applied as a chemical tool that can bind 

to p62, induce p62 self-oligomerization and macroautophagy in some studies done by other 

researchers. XIE62-1004 and XIE2008 were shown to activate p62 through facilitating disulfide 

bond-mediated self-oligomerization. Other molecules that can mediate p62 self-oligomerization, 

such as verteporfin and CORM-3, induce oligomers of p62 that are interacted covalently with each 

other through a disulfide bond independent mechanism and are carbonylated under oxidative stress. 

These crosslinked p62 oligomers have less capacity to bind ubiquitinated proteins than the 

disulfide bond p62 oligomers. The production of these covalently crosslinked p62 oligomers can 

inhibit the process of macroautophagy. Therefore, verteporfin and CORM-3 will inhibit autophagy, 

while XIE62-1004 and XIE2008 will induce autophagy through p62. (137-139) Young-Sun Lee 

and his colleagues found that XIE62-1004 treatment led to LC3B lipidation and puncta formation 

but did not elevate BiP and HO-1 expression and the level of glutathione. This result suggested 

that XIE62-1004 induces autophagy without inducing ER stress and affecting the glutathione 

antioxidant system. (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, small non-coding RNAs transcribed by RNA 

polymerase III) that directly binds to the p62 ZZ domain confirmed by immunoprecipitation and 

radioactive labeling binding assay. Overexpressing of vtRNA1-1 inhibits autophagy, and knockout 

of vtRNA1-1 enhances autophagy. Treating the vtRNA1-1 knockout cells with XIE62-1004, 

which also binds to the ZZ domain, can activate autophagy stronger than the corresponding control 

cell line. This finding further affirmed the role of vtRNA1-1 as a negative óriboregulator' of 

autophagy directly via p62 and interference with p62 oligomerization. (137, 139) (138) 

1.6.2. Previous Studies for XRK3F2 

XRK3F2 (an analog of XRK3  as shown in Figure 12) was tested by another collaborator, 

Dr. Roodmanôs group, on multiple myeloma treatment and related mechanism. The research of the 

p62 ZZ ligand in this direction also attained some positive preliminary results and some 

publications.  

In the previous study, our collaborators Dr. Roodmanôs group identified p62 as a potential 

target for multiple myeloma treatment, supported by the following point. 1) Marrow stromal cells 

from MM patients had increased VCAM-1 and IL-6 expression levels. 2) NF-əB, p38-MAPK 

signaling, and PKCɝ phosphorylation were rising in response to TNF-Ŭ increased to a greater 

extent in MM stromal cells than normal cells. 3) p62 is a common component that serves as a 

platform for forming these signaling complexes. 4) Knocking-down p62 in patient-derived stromal 

cells significantly decreased PKCɝ, VCAM-1, IL-6 levels and reduced activator of NF-əB and 

p38-MAPK 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 growth and bone 

marrow stromal cells (BMSC) growth enhancement of human MM cells. We discovered that 

XRK3F2 specifically interacted with p62 and inhibited TNFa induced murine p62+/- osteoclast 

formation but not p62-/- osteoclast precursor. XRK3F2 also blocked RANKL-induced osteoclast 

formation by a high dose. To evaluate the effect of XRK3F2 on downstream signaling induced by 

TNFa and RANKL on osteoclast formation, we found that XRK3F2 treatment reduced the level 

of c-Fos and NFATc1 and decreased the phosphorylation of PKCd and IkBa induced by TNFa. 

(140) 

Also, XRK3F2 blocked TNFŬ-induced signaling 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 affect BMSC viability. Furthermore, XRK3F2 induces new cortical 

bone formation in MM bone disease in vivo. ɛCT and X-ray were used to evaluate bone disease at 

the end of the study. Marked periosteal reactions were observed on X-ray of 6 out of 17 XRK3F2-

treated and one vehicle-treated animal, suggesting new bone formation along the tibia. However, 

ɛCT and histology analysis confirmed an increase of cortical bone in XRK3F2 treated MM-

bearing animals, determined by the ratio of new cortical bone volume to total bone volume. 

Interestingly, no new bone formation was detected in the non-MM-bearing leg of XRK3F2-treated 

animals, indicating a lack of effect on bone without MM. XRK3F2 induced more cortical bone 

formation in animals with tumor burdens measured by IgG2b levels at the end of the study than 

animals with low tumor burden, suggesting that XRK3F2 has less effect on normal bone formation 

than MM-related bone formation. (140) 
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To investigate the mechanism behind the effect of XRK3F2 on new bone formation, we 

tested whether XRK3F2 influences the production of MM-derived osteoblast inhibitor, or induces 

osteoblast differentiation directly, or alters MM-induced suppression of osteoblast differentiation. 

The results showed that XRK3F2 did not induce IL-7 and TNF-Ŭ expression (osteoblast 

differentiation suppressor) in 5TGM1 MM cells or induce osteoblast differentiation measured by 

osteoblast differentiation biomarkers Ocn and 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 on the Runx2 level was blocked by 

treatment of XRK3F2. Therefore, XRK3F2 inhibits the MM-induced osteoblast differentiation 

measured by Runx2 expression. (141) 
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Figure 13. The Mechanism of Action of XRK3F2 to Inhibit Osteoblast Formation.  

The signaling mechanism behinds XRK3F2 inhibiting the MM-induced osteoblast differentiation 

by Runx2 expression. The figure is from the paper published by our collaborators (141). 

 

Some reports indicate that multiple myeloma cells induce repressive chromatin in BMSC 

on the Runx2 gene directly through interaction with transcriptional repressor GFI1 that recruits 

histone modifiers (HDAC1, histone deacetylase 1; EZH2, enhancer of zeste homolog 2), as shown 

in Figure 13. It was reported that XRK3F2 blocked MM-induced upregulation of GFI1 and 

suppressed Runx2 expression in osteoclast precursors co-cultured with MM cells. It also showed 

that XRK3F2 could prevent TNFa and IL-7 induced upregulation of GFI1 and repression of 

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

that XRK3F2 reduced TNFa and IL-7 or MM induced GFI1 occupancy at the Runx2-P1 promoter 
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and blocked the recruitment of HDAC1, thus maintaining H3K9ac (a transcriptionally permissive 

chromatin mark) on Runx2 promoter and allowing osteoblast differentiation. XRK3F2 treatment 

increased H3K9ac levels on Runx2 gene promoter in MM-hBMSC (primary BMSC from MM 

patients) to the level observed in HD-hBMSC (primary BMSC from health donors) but did not 

alter HD-hBMSC. Additionally, XRK3F2 treatment of long-term MM-hBMSC cultures after 

exposure to MM cells rescued MM-induced suppression of Runx2 and its downstream osteogenic 

differentiation and mineralization. (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 

and increase osteoclast formation in vitro. Treatment of XRK3F2 also leads to new bone formation 

in MM-bearing animals. The potential mechanism of the XRK3F2 effect on p62 signaling in 

multiple myeloma is displayed as follows. ñMM cell co-culture or TNF-Ŭ plus IL7 stimulation of 

preOB activate p62-ZZ domain signaling, which results in activation of downstream pathways 

involving NF-ǶB and p38 MAPK. Further, p62-ZZ domain activation increases GFI1 levels, which 

subsequently translocate into the nucleus, bind the Runx2 gene, and recruits the chromatin 

modifier HDAC1 to deacetylate and repress the Runx2-P1 promoter. Inhibition of the p62-ZZ 

domain by XRK3F2 may act differently to prevent transcriptional repression of Runx2 by GFI1. 

First, suppressing activation of transcription factors such as NF-ǶB or C/EBPɓ, thus preventing 

Gfi1 transcription. Second, by inhibiting nuclear translocation of GFI1, thereby preventing its 

ability to target the Runx2 promoter. (141) 
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In conclusion, there are three potential applications of our p62 compounds. (1) Our p62-ZZ ligand 

XRK3  (also known as XIE1004),  the first small molecule that binds with the P62 ZZ domain, 

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

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

can be applied to treat multiple myeloma, supported by three pieces of evidence. First, in vitro 

antiproliferative effects on several multiple myeloma cell lines (MM1.S, MM1.R, RPMI8226, 

U266, MM-hBMSC (human), MC4 (mouse), 5TGM1 MM (mouse)) and osteoblast/preOB cells. 

Second, in vivo anti-MM 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 compounds can help to treat neurodegenerative 

diseases. Dr. Kwonôs group reported that XIE1004 (XRK3) could bind to p62 ZZ, induce p62 

self-oligomerization, activate autophagy flux increase the clearance of misfolded mutated 

Huntingtin, the accumulation of which is a principal mechanism underlying the Huntingtonôs 

disease. Therefore, we suppose our p62 compounds might induce autophagy flux and enhance the 

clearance of other misfolded and aggregated proteins in the brain that are association with 

pathological mechanism behinds the other neurodegenerative diseases, such as Alzheimerôs 

disease, Parkinsonôs disease, ALS, FTLD, and Pickôs disease.  
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2.0. Novel P62 Ligands to 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 bone, leading to 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 death. In addition, drug resistance issues often occur during 

the treatment of multiple myeloma, which results in a high relapse rate of this disease.  Thus, more 

diverse treatment is required for this disease. 

P62 can be a potential therapeutic target for MM. First, p62 is overexpressed in various 

carcinogenesis, including colorectal, breast cancer, lung, ovarian, kidney, liver, esophageal, 

prostate, head and neck, gastric cancer, and myeloma (80, 81). It indicated that p62 might play an 

important role in carcinogenesis. Based on previous studies, p62 is related to carcinogenesis 

through autophagy, Ras-induced NF-əB signaling, and the Nrf2-mediated oxidative stress pathway 

(76-78).  

P62 also plays a role in osteoclastogenesis. RANKL can activate osteoclastogenesis 

through canonical and noncanonical NF-əB signaling pathways. P62 activate aPKC through PB1 

domain, which activated inhibitor of NF-əB kinase and then phosphorylated NF-əB inhibitor Ŭ 
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NF-əB inhibitor Ŭ undergoes subsequent ubiquitination and degradation by the proteasome, which 

then releases an active form of NF-əB. Consequently, activated NF-əB is translocated into the 

nucleus and binds to specific sequences of DNA to regulate transcription and translation, 

eventually mediating osteoclastogenesis. It was reported that mice with a p62 deficiency exhibited 

impaired RANKL-induced osteoclastogenesis in 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 spread of disease.  

Recently, we identified XRK3F2 targeting the p62/SQSTM1 ZZ domain with a potential 

to inhibit MM cell growth and TNFŬ-induced osteoclast formation. Our study also showed that 

XRK3F2 induced new bone formation and reduced the tumor size in the high MM burden area 

without converting non-tumor-bearing bone in 5TGM1 MM rat models. Another study reported 

that XRK3F2 could reverse epigenetic-based mechanisms of MM-induced Runx2 suppression and 

promote osteogenic differentiation. 

 Our previous studies have shown the beneficial effect of our compounds targeting p62 in 

the treatment of MM on both in 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 

attained more than 100 analogs (I synthesized more than 70). We developed one compound with 

a 10-fold anti-proliferation effect compared with the lead compound in MM cell lines and better 

drug-like properties, such as higher solubility, less toxicity on BJ cells, and better selectivity with 

more difference between the results from p62-KO cells and normal cells. In this study, we further 

identified that our p62 compounds kill the myeloma cells through p62-LC3-iDISC-apoptosis 

signaling using fluorescence microscope (FM) and immunoblotting (IB). 
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I 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 of the compounds we got.  
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2.1. Computer-Aided Drug Design for P62ZZ Ligands 

At first, we described how the computer-aided drug design methods helped us to design 

and prioritize the synthesis of our compounds. From the economic aspect, itôs better to have some 

computational methods that can help us decide which compounds to synthesize 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 full-length p62 protein constructed in our lab. Based on the docking 

results, including scores, poses, and other properties, we tested several compounds and identified 

our lead compound XRK3, which proves interaction with p62. Using similar molecular docking 

methods, we built a homology model of full-length p62 and validated the structure. We then 

screened our designed compounds against the p62 structure to prioritize the compounds we 

synthesized at first. The compounds we designed are based on our chemical inventory and the 

chemical accessibility of the compounds. Fewer steps, less cost, and easy procedures are preferred 

for the design of final compounds.  

We used both structure-based molecular design and ligand-based molecular design 

approaches to design and screen our compounds virtually. Molecular docking using a homology 

model of full-length p62 represents structure-based molecular design. Ligand-based molecular 

design, including similarity search and fragment-based drug design, was conducted using multiple 

myeloma medications and clinical drugs. Since not much information is available for p62 specific 

small molecules, we modify them based on our lead compound, XRK3 .  
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2.1.1. Structure-based Molecule Design 

The structure of a protein is needed for structure-based molecular design, mainly molecular 

docking. No available crystal, NMR, or cryo-EM structure was reported for our target full-length 

p62 protein. Therefore, it is necessary for us to build a homology model using templates from other 

crystal structures and a full -length sequence of p62 protein before molecular docking. Member in 

our lab did that previously, which works well to identify our lead compound, XRK3 . I made some 

modifications to that model by adding zinc ions in the ZZ domain, checking disulfide bonds, and 

Psi/Phi dihedral bonds.  

2.1.1.1 p62 Wild-Type Full-Length Homology Model 

As shown in Figure 14, a homology model of a full-length human p62 protein was built 

using MODELLER-9.19 with 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/Å2 applied for all protein atoms, using 

the steepest descent and conjugate gradient technique to eliminate wrong contacts between 

protein atoms and structural water molecules. The identification of problems in theoretical 

models of protein structures is a significant challenge in computational structural biology. 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 models. As a result, the best and 

the most reliable homology structure of the p62 protein was then used in virtual screening and 

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

Backbone conformation was investigated by the Psi/Phi Ramachandran plot using 

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 regions are defined in the plot 

based on density-dependent smoothing for non-glycine, non-proline, glycine, proline, pre-proline, 

and non-pre-proline residues from high-resolution protein structures. The Ramachandran plot for 

the p62 structure model using RAMPAGE server 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 acceptable (Figure 15). The 

reliable homology model of full-length 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 p62-ZZ Ligands by Molecular Docking 

The predicted 3D structure of the p62 protein was then used for molecular docking virtual 

screening studies using the reported protocols (18, 142). The binding pocket in p62ZZ was defined 

using the MOLCAD module in SYBYL-X 1.3. Several residues were involved in our putative 

binding cavity, including, Arg139, Cys142, Cys145, Asp147, Cys154, Lys157, Leu159, His160, 

Asp129, Asn132, Tyr148, Asp149, and Cys151. 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, fragment-based drug 

design, and molecular docking. The compounds with a good 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 chemical database to filter out 

several compounds for bioassay tests. Among those compounds, XRK3  was selected as our lead 

compound due to its interacting with the p62 protein, inducing p62 oligomerization and autophagy 

flux. For the first round of chemical modification, we added substitutes on the phenyl rings and 

tested the analogs by bioassays. We found that XRK3  with 4-fluoride on each phenyl ring, named 

XRK3F2, had similar activity as XRK3  by binding with p62 and inducing autophagy. Moreover, 

XRK3F2 showed a lower IC50 value than XRK3 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 considered making diverse 

side chains on the amino group.  

Two structures have higher anti-proliferation activities on three MM cell lines than 

XRK3F2 and share the same signaling activity as XRK3 . XIE106 is one of the two structures. 

We performed a series of in vitro and in vivo bioassays on this compound. This compound shows 

a good and specific anti-MM activity on both cell lines and rat models. Compound 6.28 was a new 

compound for this series. We added a guanidine group to mimic N-arginine aggregation and their 

effect on p62 and macroautophagy. Coincidently, compound 6.28 possessed a higher anti-cancer 

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 

selected XRK3F2, XIE106, and compound 6.28 to 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 in Figure 16A, one benzoyl ring in XRK3F2 has a ˊ-ˊ interaction with Tyr148 

and His160, which stabilizes the compounds in the ZZ domain. The other side chain of XRK3F2 

points to the PB1 domain and forms a hydrogen bond with Asp73 and Tyr89 in the PB1 domain 
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and Cys151 in the ZZ domain. Meanwhile, another 4-fluorobenzoyl group approaches the other 

side of the pocket and forms hydrophobic interaction with Cys151, Asp149, and Tyr148. As 

illustrated in Figure 16B, compound 6.28 shares similar binding poses as XRK3F2; the 2-

aminoethan-1-ol side chain was replaced by the amino-guanidine group, which has more hydrogen 

bond donors and acceptors to interact with Asp73 and Tyr89. The increased size of amino-

guanidine shoves the other hand of the structure to a position that is suitable to ˊ-ˊ interaction with 

Tyr148 and His160. The fitted ˊ-ˊ interaction and more hydrogen bonds may increase the 

competition of compound 6.28 for binding with the p62 protein. With this pose in Figure 16C, 

XIE106 has a hydrophobic interaction with residues Asp149 and Asn132 as well as a hydrogen 

bond with Asp149; the other side of the benzoyl ring forms ˊ-ˊ interaction with Tyr148 and 

His160. 

 

Figure 16. Docking Poses of XRK3F2, 6.28, and XIE106 in p62. 

(A) The docking pose of XRK3F2 (5.25) with p62. (B) The docking pose of compound 6.28 with 

p62. (C) The docking pose of XIE106 (5.21) with p62. The compounds are represented by cyan 

sticks. The ZZ domain is in orange, and the PB1 domain is in green. 
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In addition to alkyl groups linked to the amine, heterocyclic rings were also substituted for 

the amine to investigate the influence of diverse functional groups on interactions with the p62 

protein, as shown in Figure 17. Compared to benzene, heterocyclic aromatic rings are more 

favorable to form ˊ-ˊ stacking with His160. In Figures 17A and 17B, the benzo[d][1,3]dioxole 

in 3.16 and the pyridine in 3.10 all have face-to-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 the PB1 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.  

 

 

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

(A) The docking pose of 3.16 with p62. (B) The docking pose of 3.10 with p62. (C) The docking 

pose of 3.9 with p62. The compounds are represented by cyan sticks. The ZZ domain is in orange, 

and the PB1 domain is in green. 

The imidazole in compound 3.10 possesses edge-to-face stackings with benzene in Tyr148 

and imidazole in His160 in Figure 17B. The other parts of the compounds retained interactions 

with residues Cys151, Cys154, and Asp149 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 

the test. We can also look back to this data to find any important interactions between compounds 

and p62 if any 10-fold difference in activity was identified in analogs with small modifications. 

Some of the docking data will be mentioned in the discussion of results from the next section. The 

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. Fragment-based Drug Design 

Other than molecular docking, which is a structure-based drug design, we also try to screen 

compounds and predict compound activities by ligand-based drug design methods.  We do not 

have enough ligand data targeting p62 protein. So, we propose a disease-specific fragment-based 

drug design approach to design compounds that may have the potential to treat multiple myeloma. 

I collected anti-MM drug structures to make anti-MM fragments. One thousand compounds were 

virtually re-synthesized from 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 p62ZZ-specific compounds 

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 anti-MM activity in vitro. The activities of these four compounds are discussed 

together with other p62ZZ compounds in the next section.  

 

 

2.1.2.1. Multiple Myeloma Drugs  

I collected the anti-MM drug information from DrugBank (www.drugbank.com), 

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

(portal.genego.com). From the databases, about 200 agents were found in clinical trials, and 18 

drugs are approved by the Food and Drug Administration (FDA) to treat different stages of 

myeloma. The drug and formulation information is listed in the Appendix Table of Drug 

Candidate in MM Clinical Trials  and Appendix Table of FDA-Approved MM Medications  

 

http://www.drugbank.com/
http://www.clinicaltrials.gov/
http://www.cancer.gov/
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2.1.2.2. Multiple Myeloma Fragment and Resynthesized Compounds 

 

The anti-MM fragment database construction workflow is illustrated in Figure 18, based 

on MM medication data we collected. First, we combined all anti-MM medications to remove 

duplicated drugs according 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 anti-MM small molecules was established. After that, a fragment 

dataset was generated based on the structure of 109 anti-MM compounds using RECAP 

algorithms. Duplicated fragments were eliminated based on molecular fingerprint similarity. 

Unfavorable fragments with toxicity or nonselective covalent t interaction with proteins were 

filtered out by our database-implemented toxic and Pan Assay Interference Compounds (PAINS) 

remover. The fragments were also filtered through ñrule of three,ò in which ClogP <3.5, 50 Ò 

molecular weight (MW) Ò 350, polar surface area (PSA) Ò 100 ¡2, rotatable bonds Ò 3, hydrogen 

bond donors (HBD) Ò 3, hydrogen bond acceptors (HBA) Ò 5, and ring counts Ò 4. After all of the 

filters, an anti-MM fragment database was 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 in Table 1 with frequency, ClogP, MW, HBD, 

and HBA. 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 the range 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

q 

Clog

P 

PSA MW HBA HB

D 

RBC 

 

 

 

1 6 -0.39 21.26 87.07 2 1 0 

  2 5 2.34 0 112.01 0 0 1 

  3 4 1.71 29.46 138.07 0 1 4 

 

  

4 4 -0.4 48.72 125.1 2 2 3 

 

5 4 -0.47 43.09 73.05 2 1 3 

  6 4 -0.47 43.09 73.05 2 1 3 

  7 4 -0.06 29.1 99.07 2 1 1 

 

8 4 1.81 17.07 120.05 1 0 2 

 

9 4 -0.48 15.27 100.1 2 1 1 

 

10 3 0.88 46.25 61.05 2 2 3 

  11 3 0.17 38.91 108.1 2 2 0 
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12 3 2.84 3.24 163.13 1 0 6 

 

13 2 2.18 17.07 126.1 0 0 2 

 

14 2 2.83 18.2 118.07 0 0 0 

 

15 2 1.07 17.82 116.01 1 0 2 

 

16 2 1.56 59.59 217.98 3 0 4 

  17 2 2.81 17.07 173.96

39 

1 0 3 

 

18 2 2.84 0 128.04 0 0 2 

  19 2 2 6

6 

21

4.0 

3 1 4 

  20 2 1 2

9 

151.

04 

2 1 1 

 

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 anti-MM fragments were mixed with 100 of the most commonly used fragments and 

resynthesized 1,000 compounds in silico from fragments. The resynthesized compounds were 

filtered through the rule of 5 and a toxic 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 based on docking score, binding free energy, and 

binding pose. The top-ranked re-synthetic compounds are listed in Table 2 with their structure, 

ClogP, MW, HBD, HBA, and docking score. A PCA analysis was also performed for the 

resynthesized compounds dataset, as shown in Figures 19B and 19D. All of the compounds in the 

filtered datasets met the basic requirement of the ñrule of 5ò. We selected compounds that are easy 

to synthesize. The synthesis route is shown in Figure 23. Afterward, several small molecules were 

synthesized and evaluated by bioassays for their anti-proliferation effect on MM cell lines.  
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Figure 19. The Plot of Physiochemical Properties for Multiple Myeloma Fragments. 

 (A and B) The plot of the number of HBDs and HBAs against the 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 MM fragments (D). 

 

 
Table 2. Top-Ranked Resynthesized Compounds After filter.  

Structure SlogP TPSA MW HB

A 

HB

D 

RB

C 

 

  

3.69 58.12 318.15 5 1 5 
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  4.65 42.96 446.59 3 1 12 

  4.11 120.32 380.13 5 2 4 

  5.21 21.26 345.43 1 1 7 

  4.18 52.01 354.10 3 1 4 

  1.78 69.61 369.22 6 2 5 

 

4.67 57.78 343.17 3 2 2 
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3.33 92.39 376.46 4 4 10 

 

3.71 84.66 350.10 4 2 3 

 

2.62 41.49 293.31 2 2 7 

 

3.22 100.3 379.08 5 2 6 

 
  

3.08 70.23 260.04 3 1 1 
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  3.17 62.46 372.19 5 1 5 

  1.43 141.41 399.19 8 4 7 

  0.48 157.61 416.17 10 3 5 

 

5.49 48.31 463.53 2 1 12 

 

 

Our study is to design compounds targeting p62 to treat multiple myeloma. Therefore, 

fragments and resynthesized compounds were also docked into the p62 homology model to explore 

the possible binding site and binding mode for reference. As shown in Figure 20A, a general 

binding pocket was defined in the p62 ZZ domain based on our previous studies. The fragments 

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

 

 
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) Fragments (pink 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) Fragments (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 sticks). (F) All 

the clusters of fragments in the binding pockets are surrounded 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.  

 



 

 

 89 

Some fragments showed a higher docking score, low 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 compounds to be p62 ZZ domain ligands with anti-MM effects. For instance, in 

Figure 21, compound 6.10 (Figure 21A) overlapped very well with fragment 4 in location 4 and 

fragment 3 (Figure 21B) in location 2. Figure 21C shows the 3-(1H-imidazol-1-yl)propan-1-

amino group of compound 6.10 forms the same aromatic ˊ-ˊ stacking and a hydrogen bond as 

fragment 4 with imidazole ring in His160, benzoyl ring in Trp148 and amide in His160, indicating 

the addition of fragment 4 might be beneficial for p62 binding. The core scaffold in compound 

6.10 also shares the same structure and similar binding mode with fragment 3. Another example 

is compound 3.28 (Figure 21D). The guanidine group from compound 3.28 and guanidine 

fragment aligns well and forms several hydrogen bonds with surrounding residues, including 

Lys157, Glu82, Asn132, and Cys131, indicating that the introduction of the guanidine group might 

favor interaction with p62, as shown in Figure 20F.   
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Figure 21. Binding Poses of Resynthesized Compounds 6.10 and 3.28 with p62.  

(A) The binding pose of resynthesized compound 6.10 (yellow stick) in the binding site. (B) The 

binding poses of three fragments (white, purple, and blue sticks) that are used to synthesize the 

compound 6.10 virtually. (C) Overlap of the binding poses of resynthesized compound 6.10 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 compound 3.28 (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 compound 3.28. (F) Overlap of the binding poses of resynthesized 

compound 3.28 and the three fragments that 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) at the p62 protein binding site.  

The ˊ-ˊ interaction can be formed between another hand of compound 3.28 and residues 

Try148 and His160. Figure 22A-C shows that compound 11.25 aligns well with fragment 2 and 

fragment 10, thus interacting with p62 through hydrogen bonds with Lys157 and ˊ-ˊ stacking with 
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Try148 and His160. Figure 22D-F illustrates how compounds 11.21 overlap with fragments 11 

and 13, with plenty of interaction with p62. The four compounds are examples of how we choose 

compounds to be synthesized from the docking aspect. The fragments can be considered for 

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

 
 

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

(A) The binding pose of resynthesized compound 11.25 (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 resynthesized compound 11.25 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 compound 11.21 (yellow stick) in the binding site. 

(E) The binding poses of three fragments (purple and blue sticks) are used to virtually synthesize 

the compound 11.21. (F) Overlap between the binding poses of resynthesized compound 11.21 

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 anti-proliferative effects on MM1.S and RPMI8226 cells by MTT assay. The 

results were summarized 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 listed in Table 3 with IC50 of their anti-

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, compound 11.25 has low anti-MM activity (IC50 > 50µM), while compounds 11.21, 

6.10, and 3.28 showed good anti-proliferative effects on U266 and MM1.S cell lines, which was 

consistent with our expectations (1µM < IC50 <5µM). Compound 3.28 was selected for further 

studies, with the highest anti-MM activities (IC50 = 1.07µM).  

 

 
Table 3. Synthesized Compounds List and their Anti-Multiple Myeloma Activities.  

ID 

 

Structure Docking 

Score 

IC50(µM) 

MM1S 

IC50(µM) 

RPMI8226 

11.25 

 

6.76 81 68  

11.21 

 

7.12 2.8 2.59 
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6.10 

 

6.34 6.9 1.22 

3.28 

 

8.73 3.25 1.07 

 

 In this part, we used a structure-based and ligand-based molecule design approaches to 

help design and prioritize compounds we can synthesize in the next step for further bioassay test. 

We synthesized four compounds in this section and measured their antiproliferative effects.  From 

the fragment-based drug design part, we got a compound with an  IC50 value of 1.07µM for future 

studies. In the next part, we will describe the chemical synthesis methods and strategies we applied 

in chemistry modification on our lead XRK3. The modified compounds we selected to synthesis 

all have a good molecular docking performance (a good score and reasonable pose). This section 

screened a large amount of 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 computer-aided drug design section, we screened a large number of virtual 

compounds. We picked up some compounds based on docking results to synthesize and test in 

vitro. 

2.2.1 Introduction 

 

Compound XRK3  (Figure 23) was chosen as a lead compound due to its  p62 interaction 

validated by pull-down assays, which can be further optimized to generate 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 the R1 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 specificity and in vitro 

anti-proliferation effects by utilizing fragments at R based on fragment size, charge, and lipophilic 

property (Figure 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 analog (Figure 24), commercially available 3, 4-dihydroxybenzaldehyde was reacted 

with benzyl bromide in the presence of K2CO3 as a base in dried DMF to give bis-benzylated 
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benzaldehyde intermediate A. Then, the imine formation of A with an amine in heated MeOH, 

followed by the treatment of NaBH4 for a reductive amination reaction, yielded the corresponding 

desired benzylamine products B and byproduct C. Fortunately, we only obtained this byproduct 

7.2 from 4-CH3 substituted aldehyde intermediate 7.1. Next, the synthetic route for analog G is 

outlined in Figure 25. The synthesis of analogs G started from the commercially available 4-(2-

aminoethyl)benzene-1,2-diol. To avoid unwanted benzylation on the amine nitrogen of the 

substrate, amine was protected by the Boc group, followed by the bis-benzylation on two hydroxyl 

groups to furnish the intermediate E. The Boc group was then removed by HCl to attain a high 

yield of amineÖHCl intermediate F.  A simple coupling reaction was then carried out with 

intermediate F and acyl chloride to obtain the amide analogs G. For the next two analogs displayed 

in Figure 26, benzylation was performed with 3,5-dihydroxybenzaldehyde and substituted benzyl 

bromide to give the analogs H, subsequently followed by reductive animation to obtain the bis-

benzylated benzylamine analogs I . Finally, reductive amination of intermediate J, which was 

obtained from the benzylation of 4-hydroxybenzaldehyde and substituted benzyl bromide, with 

corresponding amines, yielded the analogs K . All of the desired compounds are 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: (i) Benzyl bromide, K2CO3, DMF, 70 °C, 12 hours; (ii ) step 1: RNH2, 

MeOH, 12 hours, 60 °C; step 2: NaBH4, MeOH, room temperature, 12 hours. (MeOH: methanol, 

DMF: dimethylformamide)  

 

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

Reagents and conditions: (i) step 1: Di-tert-butyl dicarbonate, THF: water: MeOH = 2:1:1, room 

temperature, 6h; step 2: NaOH; (ii ) Benzyl bromide, K2CO3, DMF, 70 °C, 12 hours; (iii ) HCl, 



 

 

 98 

ethanol, room temperature, 1 hour. (iv) acyl chloride, Et3N, DCM, room temperature, 12 hours; 

(THF: tetrahydrofuran; DCM, dichloromethane)  

 

 

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

Reagents and conditions: (i) Benzyl bromide, K2CO3, DMF, 70 °C, 12 hours; (ii ) step1: RNH2, 

MeOH, 12 hours, 60 °C; step 2: NaBH4, MeOH, room temperature, 12 hours.  

 

2.2.2. Methods for chemical synthesis 

2.2.2.1. Materials and Reagents 

All reagents were purchased from commercial sources and used without further 

purification. Analytical thin-layer chromatography (TLC) was performed on SiO2 plates 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 0.040ī0.055 mm, 230ī400 mesh). 1H-NMR and 13C-NMR were recorded on a 

Bruker 400 MHz and a Bruker 600 MHz spectrometer in Salk Hall eighth 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 for biological testing was confirmed to be >95% as 

determined using the following conditions: a Shimadzu HPLC instrument with a Hamilton 

reversed-phase column (HxSil, C18, 3 ɛm, 2.1 mm Ĭ 50 mm (H2)); eluent A consisting of 5% 

CH3CN in H2O; eluent B composed of 90% CH3CN in H2O; flow rate of 0.2 mL/min; UV 

detection, 254 and 214 nm. 

2.2.2.2. Synthesis Procedure for 3,4-bis(benzyloxy)benzaldehyde 

Method 1 

3, 4-dihydroxybenzaldehyde (3.00 g, 21.7 mmol) was diluted with dry dimethylformamide 

(DMF, 50 mL). Benzyl bromide (7.65 g, 44.7 mmol) was added slowly, followed by anhydrous 

K2CO3 (9.60 g, 69.4 mmol). The mixture was stirred at room temperature for 2 hours. Additional 

K2CO3 (2.40 g, 17.3 mmol) was added, and the mixture was heated to 70 °C for 30 minutes and 

then cooled to room temperature. The mixture was partitioned between H2O and ether (120 mL 

each). The organic layer was separated, and the water layer was extracted with ether (3 × 50 mL). 

The pooled organic layers were washed with H2O (2 × 50 mL) and saturated aqueous NaCl (50 

mL). The pale, straw-colored extracts were dried over anhydrous sodium sulfate and concentrated 

to yield a white cream-colored solid (6.57 g, 95%) after washing with hexanes (75 mL). The 

product was characterized by 1H NMR (600MHz, CDCl3): ŭ 9.81 (s, 1H), 7.49-7.31 (m, 12H), 7.04 

(d, J = 8.3 Hz, 1H), 5.27 (s, 2H), 5.22 (s, 2H). 13C NMR (600MHz, CDCl3) ŭ 190.86, 154.26, 

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 hours at 60 oC. 

The reaction solution was cooled down to room temperature. NaBH4 (57mg, 1 mmol) was added 

slowly in small portions, and the resulting solution was stirred for another 12 hours (143, 144). 

The solvent was evaporated in vacuum, and the residue was dissolved in water and extracted with 

ethyl acetate. The organic layers were combined and dried with Na2SO4, filtered, and evaporated 

in a vacuum. The residue was purified by a flash column to generate the desired product 2-((3,4-

bis(benzyloxy)benzyl)amino)ethan-1-ol (2.0 g, 56%). 1H NMR (CDCl3): 7.52-7.33 (m, 10H), 

7.01-6.84 (m, 3H), 5.20 (s, 2H), 5.17 (s, 2H), 3.71 (s, 2H), 3.64 (t, J = 4.8, 2H), 2.93 (s, 2H), 2.72 

(t, J = 4.8, 2H). 

 

2.2.2.4. General Procedure for Generating Aminoguanidine Blockers. 

 

Method 3 

3,4-bis((4-chlorobenzyl)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 70 oC. The reaction solution was cooled down to room 

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 product (E)-2-

(3,4-bis((4-chlorobenzyl)oxy)benzylidene)hydrazine-1-carboximidamide (1.58g, yield 37.2%). 
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1H-NMR (300MHz, DMSO-d6): 8.006 (s, 1H), 7.715-7.710 (d, 1H), 7.523-7.448 (m, 9H), 7.310-

7.305-7.283-7.277 (dd, 1H), 7.119-7.190 (d, 1H), 5.186 (s, 4H). 13C NMR (300MHz, DMSO-d6) 

ŭ 155.81, 150.58, 148.74, 146.95, 136.53-136.43 (d), 132.97-132.91 (d), 130.04, 129.79, 128.93, 

127.25, 123.20, 114.24, 112.15, 69.87, 69.55. LCīMS (ESI): m/z 443.5 (100%), 445.5 (M + H)+. 

2.2.2.5. General Procedure for Generating Amide blockers 

 To a solution of 2-(3,4-bis((4-chlorobenzyl)oxy)phenyl)ethan-1-aminium chloride (6.3, 

403mg, 1 mmol) and triethylamine (TEA, 125 mg, 1.25 mmol) in anhydrous dichloromethane 

(DCM, 4 mL) was slowly added a solution of methyl carbamic chloride (103 mg,1.1 mmol) in 

anhydrous DCM (3 mL). The mixture was then refluxed for 3 days. The reaction mixture was 

diluted with water (5 mL) and extracted with DCM (8 mL × 3). The combined organic layers were 

subsequently washed with H2O (10 mL× 3) and brine (10 mL × 3), dried over anhydrous Na2SO4, 

and concentrated in vacuo (145). The crude product was purified on a silica gel column 

(CH2Cl2/MeOH = 19/1, v/v) to afford N-(3,4-bis((4-chlorobenzyl)oxy)phenethyl)acetamide 

(white solid, 6.5, XIE5-2-73, 270 mg, 61% yield). The chemical structured was characterized by 

1H-NMR (CDCl3): 7.371 (m, 8H), 6.892-6.872 (m, 1H), 6.790-6.730 (m, 2H), 5.389 (s, 1H), 5.118-

5.107 (d, J = 4.4 Hz, 4H), 3.846-3.471 (m, 2H), 2.759-2.742-2.725 (t, J = 6.8 Hz, 2H), 1.941 (s, 

3H). 

2.2.2.6. Synthesis Procedure for Boc-Protected Guanidine Amine 

 

Method 4 

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

of 1,3-Di-Boc-2-methylisothiourea dropwise to a stirred solution of 1,4-diaminobutane (1.9g, 
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2.16ml, 26mM) in THF/H2O (40ml, 20:1, volume/volume). After stirred for 1h in 50C̄, the 

reaction mixture was concentrated in vacuum, and the residue was partitioned between CHCl3 and 

10% aqueous NaHCO3. The organic layer was dried by adding Na2SO4 and stirring for over 1h, 

filter out Na2SO4, and evaporated the solvent. The residue was then purified by chromatography 

on silica gel column using CHCl3 (contain 1% TEA) and Methanol system, give product 1.23g as 

a yellow oil (cited in JMC, 2001, vol 4-18-2955).  

2.2.2.7. 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 HCl gas was then removed by concentrated 

sulfuric acid and lead to the reaction mixture in a three-necked bottle by tube. The starting material 

(Boc-protected compounds) was dissolved in solvent (CH2Cl2) (not reactive to HCl) to make the 

reaction mixture. The hydrochloride gas 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 HCl gas, 

continue 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 product was then placed under the 

vacuum overnight to remove the solvent. We confirmed the structures with NMR and LC-MS. 

 

Results 

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

assay test and structure-activity relationship analysis. Seventy compounds were synthesized in this 
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section. The structure was confirmed by proton and carbon NMR, LC-MS. The structure 

characterization spectrums are listed in Appendix. B. Chemical Characterization Spectrums. 

The structure information was summarized with activity data in Table 4-11 in the next section. 

After the structure and purity of the final products were confirmed, we tested the efficacy of these 

compounds by in vitro and in vivo bioassays. Our goal is to get some compounds that target p62 

and have a potential therapeutic effect of treating multiple myeloma. If the compounds did not 

show any anti-proliferative activity on multiple myeloma cells, they might be less valuable for 

further analysis and discussion in 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 through targeting p62 protein. 

Therefore, it is necessary to measure the efficacy of these compounds to inhibit myeloma cell 

growth by a well-acceptable and easy-to-handle in vitro screen assay. Their capacity to inhibit 

myeloma cell growth represents their potential effect of treating multiple myeloma preliminarily. 
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2.3.2. Methods 

 

Here, the MTT cell viability assay was conducted to determine the anti-proliferation effects 

of the compounds on MM cell lines. MM1.S, MM1.R, and RPMI8226 cells were kindly provided 

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 bovine serum (FBS) and sub-cultured 

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 Pittsburghôs IRB and Indiana Universityôs IRB. 

MM1.R, MM1.S, U266, and RPMI8226 cells were maintained at 37 °C in a humidified 

5% CO2 and 95% air atmosphere and cultured in RPMI-1640 medium (Gibco Laboratories, Grand 

Island, NY) containing 10% fetal bovine serum (FBS) and sub-cultured 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 solutions were diluted 1:1000 in RPMI-1640 medium. Different cells were seeded on 

a 96-well plate in 200 mL medium per well at a density of 3,000-15,000 cell counts per well, 

depending on cell type for 8 h. Then, the cells were incubated with serial concentrations of test 

compounds and controls for 72 hours. An MTT assay kit was utilized to determine the percentage 

of cell survival. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma, St. 

Louis, USA)) solution (5mg/ml, 20 ɛL) was added to each well, shaken at 150 rpm for 5 minutes, 

and then incubated for 4 hours at 37°C and 5% CO2. The metabolism product (formazan) was 

dissolved in 150 ɛL isopropanol and shaken at 150 rpm for 5 minutes. Optical density was read at 
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540 nm and subtracted from the background at 720 nm. The effect of ligands on cell viability was 

expressed as percent cell viability, with vehicle-treated control cells set at 100%. The concentration 

of each drug was examined in triplicate. The concentrations of the compounds were 20, 10, 5, 2.5, 

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 (MM1.S, 

RPMI8226, and U266). However, in the normal human cells (BJ), the cell viability was not 

significantly changed by the tested compounds compared to the negative control (DMSO), 

indicating the anti-proliferative 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 of 6.28 on cell viability on p62-/- cell and WT cells. We found that the knockout 

of p62 dramatically reduced the inhibitory effect of our compound on myeloma cells, indicating 

that p62 is necessary for the compounds to elicit the antiproliferative effect in these cells. 

The exact IC50 values for all the compounds are illustrated in Tables 4-10. To obtain more 

potent derivatives, we modified the lead compound XRK3F2 by adding diverse substitutes (R1) 

on the benzyloxy ring (Table 4).  

Generally, potency did not change significantly by adding chloride (6.25), fluoride (4.24, 

XRK3,  and XRK3F2) into the 4-position of two benzyloxy rings compared to compound XRK 3.  
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Table 4. The List of Benzyloxy Analogs with their Anti-Proliferative Activity.  

 

 
                                                       Analogs 3.1 to 3.31 

ID  R-groups MM1.R, 

IC50 (µM) 

RPMI82

26, IC50 

(µM) 

U266, 

IC50 (µM) 

Auto

phag

y 

Internal ID  

3.1 -CHO > 20 > 10 15.8 = XIE5-1-8 

3.2 -CH2OH 3.342 3.311 2.743 - XIE5-1-33A 

3.7 

 

9.53 4.78 41.37 + XIE5-2-

54/55 

3.8 

 

10.57 2.27 5.28 + XIE5-2-53 

3.9 

 

4.242 2.00 10.23 = XIE5-2-49 

3.10 

 

4.749 1.72 2.24 = XIE5-2-64 

3.14 

 

1.47 0.9912 4.72 + XIE5-2-46 

3.16 

 

9.724 6.73 4.32 + XIE5-2-51 

3.25 

 

4.4 3.7 5.9 + XIE62PY1-

9 

NSC173162 

XRK3 

3.29 

 

5.12 3.58 4.59 + XIE1-4-3 

 

3.28 

 

3.25 1.07 6.72 + XIEX5-2-44 
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3.31 

 

10.23 9.96 21.74 = 5-1-54CT 

XIE5-1-64 

 

Other than adding different substitutions at the R1 position, 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 amine in the R position as shown in Tables 4-8, such as guanidine (3.28, 3.29, 

3.31), heterocyclic rings (furan, 3.8, 4.8, 5.8, 6.8; thiophene, 3.7, 4.7, 5.7, 6.7; pyridine, 3.9, 4.9, 

5.9, 6.9, 7.9; imidazole, 3.10, 4.10, 5.10, 6.10), substituted aromatic rings (1,3,4-

trimethoxybenzylamine 3.15, 4.15, 5.15, 6.15; 4-(N,N-diethylamino)-benzylamine 3.13, 5.13, 

6.13; anisole 3.14, 4.14, 5.14, 6.14), guanidine with different length linkers (C2 linker, 3.29; C6 

linker, 3.31 to replace the 2-hydroxyethyl substitute on the amine. 

The IC50 values for most of the analogs fall into the same range (2µM < IC50  < 10µM). 

No big difference was observed for their potency to inhibit myeloma cells in our test. Therefore, 

we will not go through every compound for its potency. We focus on the discussion of a few 

compounds that have the lowest IC50 values. I will also mention what kind of modification will 

lead to the loss of potency (IC50  > 50µM) or reduce potency (IC50  > 10µM). Sometimes, we 

mentioned reduced or improved potency. It is not as much as a 10-fold difference. Itôs just a 

relatively higher or lower IC50 value. 

Compound 6.28 (IC50 < 0.2µM) possessing aminoguanidine moiety showed the highest 

anti-MM potency, indicating that the aminoguanidine group is favorable for anti-cancer activity 

on myeloma cells. Compounds 3.28, 3.29, and 5.29 also work well in blocking myeloma cell 
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proliferation. Compound 3.31 (IC50 >20µM), which has a longer carbon linker between amine and 

guanidine than compounds 3.28 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 compound 6.28 shows a good anti-MM activity, we compared the docking poses of 

compounds 6.28, 5.29, 7.30, and 3.31 on p62, as shown in Figure 27. Compound 5.29 in Figure 

27A with a two-carbon linker between amine and guanidine shares a similar pose as compound 

6.28 in Figure 26C. The two-carbon linker was bent to the upper side of the pocket, which interacts 

with residues in the PB1 domain, leaving an appropriate distance for a benzoyl group to form ˊ-ˊ 

interaction with Tyr148 and His160 in the ZZ domain. Therefore, the analogs with a two-carbon 

linker between amine and guanidine might have comparable activity to compound 6.28. The three-

carbon linker shown in Figure 27B folds itself in the upper side of the pocket in the PB1 domain, 

thus leaving enough space for the compound to form ˊ-ˊ interaction with Tyr148 and His160 in 

the ZZ domain. The guanidine group in Figure 27B flips over and form hydrogen bonds with 

Tyr89 and Asp73.  

When we further increased the length of the linker to six carbon, as seen in Figure 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 group neither parallel nor favorable to 

a-́ˊ interaction with Tyr148 and His160. Some side chain was even pushed out of the reach of the 

ZZ domains, losing some interactions with residues in the ZZ domain and diminishing the binding 

affinity and activity with p62. Thus, 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.  

(A) The docking pose of 5.29 with p62. (B) The docking pose of 7.30 with p62. (C) The docking 

pose of 3.31 with p62. The compounds are represented by cyan sticks. The ZZ domain is in orange 

and the PB1 domain is in green. 

 

The employment of heterocyclic moieties was not favorable to the anti-tumor activity on 

MM cells. Compounds 3.7, 4.7, 5.7, 6.7 (thiophene, IC50 > 10 µM), 3.8, 4.8, 5.8, 6.8 (furan), 3.9, 

4.9, 5.9, 6.9, 7.9 (pyridine), 4.11, 5.11, 6.11 (3-morpholino-1-amine), and 3.10, 4.10, 5.10, 6.10 

(imidazole) have similar moderate anti-proliferation 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 were also investigated. 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 (4-5 C-bond) favors anti-MM potency. Too short (aldehyde intermediate 3.1, 4.1, 5.1, 6.1, 

7.1, 8.1, 9.1) or too long (3.31 and 7.31) R groups are not favorable for high anti-proliferative 

potency (IC50 > 10 µM). 
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Table 5. The List of 2,4-di-F Benzyloxy Analogs with their Anti-Proliferative Activity.  

 
                                                       Analogs 4.1 to 4.32 

 

ID R-groups MM1R, 

IC50(µM) 

RPMI8226

, IC50(µM) 

U266, 

IC50(µM) 

Autop

hagy 

Internal 

ID 

4.1 -CHO > 20 > 10 > 20 = XIE5-1-85 

4.2 -CH2OH 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 = Lp1-66 

4.5 

 

0.43/> 5 0.97/> 5 0.82 - XIE5-2-74 

4.6 

 

> 10 > 10 > 10 = XIE5-2-79 

4.7 

 

12.83 10.3 13.51 + XIE5-2-3 

4.8 

 

10.98 5.02 21.35 + XIE5-2-14 

4.9 

 

9.53 3.52 20.12 = XIE5-2-10 

4.10 

 

5.21 4.91 11.07 + XIE5-2-13 

4.11 

 

3.06 4.20 7.44 + XIE5-2-7 

4.15 

 

2.73 4.86 6.95 +/= XIE5-2-11 
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4.16 

 

4.67 5.33 9.63 = XIE5-2-15 

4.17 

 

8.32 2.97 9.32 - XIE5-2-22 

4.28 

 

4.40 2.30 8.02 + XIE5-2-40 

 

 

Table 6. The List of 4-fluoride Benzyloxy Analogs with Anti-Proliferative Activity.  

 

 
Analogs 5.1 to 5.29 

 

ID R-groups MM1R, 

IC50(µM) 

RPMI8226

, IC50(µM) 

U266, 

IC50(µM) 

Autop

hagy 

Internal ID  

5.1 -CHO > 20 > 20  > 20 = XIE5-1-24 

5.3 -CH2CH2NH2 17.57 2.38/3.10 10.75 - XIE5-1-68 

5.4 -CH2CH2NH-Boc > 100 > 100 > 100 = Lp1-64 

5.5 

 

>10 1.20 3.51 - XIE5-2-75 

5.6 

 

>10 

(repeat) 

>10 >20 = XIE5-2-77 

5.7 

 

4.95 3.90 14.83 + XIE5-2-16 

5.8 

 

4.43 0.68/4.74 6.98 + XIE5-2-1 
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5.9 

 

10.98 8.74 19.03 = XIE5-2-18 

5.10 

 

2.402 1.71 6.95 + XIE5-2-21 

 

5.11 

 

2.754 3.43 8.30 + XIE5-2-17 

5.13 

 

3.34/1.51 0.66/0.82/0

.74 

1.25 - XIE5-2-23 

5.14 

 

5.14 4.77 10.07 + XIE5-2-2 

5.15 

 

3.43 4.41 6.04 + XIE5-2-19 

5.16 

 

2.94 2.22 5.68 + XIE5-2-20 

5.25 

 

5.30 2.50 4.00 + XRK3F2 

5.28 

 

2.12 0.97 3.26 + XIE5-2-43 

XIE5-1-52 

5.29 

 

5.39 3.21/2.41 4.98 + 5-1-27AT 

XIE5-1-66 

 

 

                                            

 
Table 7. The List of 4-Chloride Benzyloxy Analogs with their Anti-Proliferative Activity.  
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Analogs 6.1 to 6.28 

 

ID R-groups MM1R, 

IC50(µ

M) 

RPMI8226

, IC50(µM) 

U266, 

IC50(µM) 

Autop

hagy 

In ternal ID  

6.1 -CHO > 20 > 20 > 20 = XIE5-1-84 

6.3 -CH2CH2NH2 6.00 13.00/7.00 >10  XIE5-1-71 

6.4 -CH2CH2NH-Boc >10 1.67/2.30 >100 - Lp1-67 

6.5 

 

12.50/16

.12 

1.70 2.63 - XIE5-2-73 

6.6 

 

2.77 1.10 5.04 = XIE5-2-80 

6.7 

 

2.50 3.25 8.86 + XIE5-2-33 

6.8 

 

4.67 3.25 4.78 + XIE5-2-31 

6.9 

 

5.08 0.60 4.92 = XIE5-2-35 

6.10 

 

6.90 1.22 6.86 + XIE5-2-38 

6.11 

 

9.04 1.19 18.85 + XIE5-2-39 

6.13 

 

5.26 2.96 4.91 = XIE5-2-9 
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6.14 

 

6.77 4.74 5.18 + XIE5-2-32 

6.15 

 

4.12 4.14 3.99 + XIE5-2-36 

6.16 

 

8.46 1.48 3.90 + XIE5-2-37 

6.25 

 

5.12 3.72 4.35 + PY1-32 

6.28 

 

1.19 0.17/0.47 2.10 + XIE5-2-68-3 

 

 
Table 8. The List of 4-Methyl Benzyloxy Analogs with their Anti-Proliferative Activity.  

 

 

  
                                                   Analogs 7.1 to 7.31 

ID R-groups MM1R, 

IC50(µ

M) 

RPMI822

6, 

IC50(µM) 

U266, 

IC50(µ

M) 

Aut

oph

agy 

Internal ID  

7.1 -CHO > 20 > 20 > 20 = XIE5-1-85 

7.2 -CH2OH 6.20 3.50 7.30  XIE5-1-54A 

7.3 -CH2CH2NH2 25 12.42   XIE5-1-69 

7.4 -CH2CH2NH-Boc > 100 > 100 > 100  XIE5-1-65 

7.5 

 

2.94 3.97 /> 10 5.56  XIE5-2-76 

7.6 

 

>10 

(repeat) 

>10 >20  XIE5-2-78 
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7.7 

 

6.26 2.40 7.46 + XIE5-2-59 

7.8 

 

10.52 5.83 13.08 + XIE5-2-59 

7.10 

 

4.75 1.72 2.24 = XIE5-2-64 

7.14 

 

4.29 2.66 2.65 + XIE5-2-61 

7.28 

 

5.38 3.15 9.36  XIE5-2-45 

 

7.29 

 

4.43 0.96 9.28  XIE5-1-26BT 

7.30 

 

13.10 6.41 10.56 + XIE5-1-61BT 

7.31 

 

13.54 5.56/10.13 13.89 = XIE5-1-55CT/ 

XIE5-1-65 

 

Converting amine to amide is another frequently applied chemical modification strategy. 

The intermediate molecules 4.4, 5.4, 6.4, and 7.4 having Boc group and compounds 4.6, 5.6, 6.6, 

and 7.6 with cyclohexanecarboxamide showed a lack of anti-tumor effect on MM cells (IC50 > 

100µM). In contrast, compound 4.3 and compounds 4.5, 5.5, 6.5, and 7.5 with acetamide showed 

a moderate anti-proliferation effects on MM cells (2µM < IC50 < 5µM). It suggests that a cyclic 

alkyl group is less advantageous for the amide group 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 shown in Table 9. We found that conversion from 1,3,4-

substitution to 1,3,5-substitution (Analogs 8.1, 8.25, 9.1, 9.25, 9.26, to 10.34) maintained similar 

anti-MM activities. The results represent that a transposition from 1,3,4-substitution to 1,3,5-

substitution on the core phenyl ring of compounds makes no significant differences in the anti-

MM activity.  

 
Table 9. The List of 1, 3, 5-Substituted 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 IC50 (µM) Autop

hagy 

Internal 

ID 
MM1R  RPMI8226  U266 

8.1 p-Cl -CHO >20 12.19 11.64 = 5-1-83 

8.2 p-Cl -CH2OH 9.686 8.88 9.58  5-2-83 

8.25 p-Cl               

 

2.49/9.

98 

0.63/0.80 10.0/

4.60 

+ 5-2-90 

9.1 p-CH3 -CHO 8.15 12.20 11.74  5-1-82 

9.2 p-CH3 -CH2OH 12.47 3.61 5.65  5-2-84 

9.25 p-CH3               

 

4.49/2.

66 

1.18 4.15  5-2-85 

9.26 p-CH3               

 

> 10 7.00 7.85 = 5-2-89 
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However, deletion of one substitution will lead to the loss of anti-proliferative activity (IC50 

> 50µM) on MM cells, as shown in Table 10. To be specific, balancing the differences with 

compounds 11.25 and 11.26.  

 

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

 

 
Analogs 11.20 to 11.27 

2.3.4. Conclusion 

10.33 2,4-di-F           

 

4.25 2.67   XIE5-1-52 

10.34 2,4-di-F                               

 

3.42 2.15  = XIE5-1-56 

ID R1 R2 IC50(µM) Autoph

agy 

Internal 

ID 
MM1.R  RPMI8226  U266 

11.25 2,4-di-F           

 

68 81 > 100  Lp1-52 

11.26 

 

 

2,4-di-F           

 

> 100 > 100 > 100 = LP1-53 
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We did not do much SAR analysis based on the IC50 values we got from MTT assays. Most 

of the compounds showed some activity by a moderate IC50 value between 2µM to 10µM, which 

did not indicate a significant difference when accounting for the variance between individual 

experiments. Therefore, I simplified our result analysis by pointing out some functional groups 

that are not favorable for anti-proliferative activity on myeloma cells. We also identified some 

compounds with more than 20-fold higher activity.  

To summarize, the compound with aminoguanidine (6.28) has a good potency to inhibit 

MM cell growth in the three MM cell lines. The side chain lengths of compounds with good 

activities are C4-C5 bond length, indicating that the size within this range will not significantly 

influence the anti-MM activity. However, too long side chains (3.31 and 7.31, > C8) or too short 

side chains (3.1, 4.1, 5.1, 6.1, 7.1, and 8.1, < C2) will reduce the anti-MM activity. Compound 

6.28 showed the highest anti-MM potency and was selected for our signaling studies, discussed 

below. 

2.3. Compound 6.28 Causes MM  Cell Death via Autophagy Mediated Apoptosis. 

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

After we got some hits that show preliminary potency to kill myeloma cells, it is important 

to make sure whether the compounds have their effect through the mechanism we proposed. 

Otherwise, the study will be more phenotype driven not mechanism-driven. The mechanism 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 the following 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 

pathways linked our compoundsô effects on p62 function and cell death; fourth, as a backup, if our 

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 compounds were related 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  

Method 

 

As shown in Figure 28, according to the preliminary results from the p62 WT and knockout 

(p62-/-) bone marrow stromal cells (BMSCs) transduced with various p62 domain-deletion mutants 

(Figure 28A), the p62-ZZ domain is essential for BMSC-enhanced MM growth (Figure 28B) and 

osteoclast (OCL) formation (Figure 28C). The design of the p62 domain-deletion construct is 

displayed in Figure 28A. These constructs and the full-length p62 were transduced into p62 

knockout BMSCs. Afterward, the transduced BMSCs and WT BMSCs were co-cultured with 

MM1.S cells. The number of MM1.S cells was counted after the co-culture and compared in 

Figure 28B. The cell count of MM1.S co-cultured with p62-/- BMSCs dramatically dropped 

compared with cells co-cultured with WT BMSCs, indicating the key role of p62 in myeloma cell 

growth. The reduced cell count can be increased by the transduction of p62 constructs in 

BMSCs.Full-length p62 attained the highest increase rate, while p62 with ZZ domain deletion saw 

the smallest increase among all constructs, suggesting that the p62-ZZ domain is important for 
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myeloma cell growth. A similar experiment was performed for OCL formation; OCLs were co-

cultured with the transduced and WT BMSCs. As shown in Figure 35C, the lack of p62 inhibits 

the OCL formation, which can be recovered by the addition of p62. However, adding the p62 

mutant to the ZZ domain deletion results in a similar cell count as the OCL formation without any 

p62. This result is consistent with our hypothesis that blocking the p62-ZZ domain can reduce 

OCL formation and inhibit myeloma cell growth.  

 

Figure 28. Deletion of P62-ZZ Inhibit Myeloma Cells Growth and Osteoclasts Formation.  

(A) The design of domain deletion constructs of p62. (B) p62-/- BMSCs were transduced with 

individual p62 domain deletion mutant and subsequently co-cultured with GFP-MM1.S cells. 

After the co-culture, the number of MM1.S cells was counted. Data are shown as the mean ± SD 

(n = 5). *p < 0.01 in comparison with full-length 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 our compoundsô anti-proliferative effects are related to p62, we measured 

our compounds' effect on WT cells and p62-/- cells. We counted the number of MM1.S-GFP cells 

co-cultured with p62-/- bone marrow stromal cells (BMSCs) and WT BMSCs under a fluorescence 

microscope (FM) after the co-culture. The number of viable MM1.S-GFP cells co-cultured with 

p62 knockout cells was less than those co-cultured with WT BMSCs. We apply a paired t-test to 

analyze the difference between the two groups. We found the cell count co-cultured with WT 

BMSCs and the one with p62 KO BMSCs are significantly different. The effects of compound 

6.28 on MM1.S-GFP cell proliferation in BMSCs from p62+/- and p62-/- mice were evaluated, as 

displayed in Figure 29. We found that compound 6.28 inhibited MM1.S-GFP cell growth dose-

dependently when co-cultured with BMSC from WT mice. No inhibitory effect of compound 6.28 

was observed when progenitors were co-cultured with BMSCs from p62-/- mice, indicating that 

compound 6.28 acts in a p62-dependent manner. We used multiple t-tests to investigate the 

difference in cell count caused by different concentrations of compound 6.28 treatment. A 

significantly different cell number was observed between 1µM and 2.5µM treatment groups on 

WT cells, indicating the effective concentration of compound 6.28 to inhibit myeloma cell growth. 

(Figure 29)  
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Figure 29. 6.28 Inhibit s the Myeloma Cell Growth through P62-ZZ Domain.  

The effect of compound 6.28 on p62 knockout cells and WT cells was meausred. MM1.S-GFP 

cells were co-cultured with BMSC from p62+/- and p62-/- mice, treated with increasing 

concentrations of compound 6.28 (0, 1, 2.5, 5, 10, 20 µM), and then stimulated with TNFŬ. After 

co-culture, the cell number of MM1.S-GFP was counted under FM. Data are shown as mean ± SD 

(n=3). A paired one-tail t-test was applied to analyze the results from two groups with WT BMSCs 

and p62 KO BMSCs. Multiple t-tests were used to analyze the cell count between groups that have 

different concentrations of compound 6.28 treatment. * represents p-value <0.05, ** represents p-

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

2.3.2. Compound 6.28 Induces Apoptosis Signaling in MM1 .S Cells.  

We chose compound 6.28, which has a good anti-tumor activity, to investigate the 

molecular mechanism behind the anti-cancer effect. Our lead XRK3F2 induced apoptosis 

signaling in MM cells that lead to cell death. Compound 6.28 may also induce apoptosis signaling 

in MM cells that cause myeloma cell death. 
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MM1.S cells were seeded in six-well plates (8.7 × 104 cells/well) overnight. Then, we 

treated MM1.S cells with different concentrations (0µM, 2.5µM, 5µM, 10µM, and 20 µM) for 

16h, as well as with a fixed concentration (10µM) for a different duration of time (0h, 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, NP-40 1%, deoxycholic acid 1%) supplemented with a mini EDTA-free protease inhibitor 

cocktail tablet (Roche), Phenylmethanesulfonyl Fluoride (PMSF, 1mM). Protein extracts were 

sonicated. Proteins extracts (25 ɛg) were run in 15% SDS-PAGE gels, transferred onto a 

nitrocellulose membrane. The membranes were blocked for 2 h at 37°C in blocking buffer (5% 

BSA in TBS-T solution). Then membranes were subsequently probed with anti-caspase 3 (Rabbit, 

9962, Cell Signaling Technology) and anti-ɓ-actin antibodies (mouse mAb, A5441, Sigma) 

overnight at 4 °C. The membrane was then washed and incubated with HRP-conjugated secondary 

antibody at room temperature for 2 h. Following further washings, each protein's expression was 

detected using an enhanced chemiluminescence detection kit (ECL, 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 a paired t-test. 

One-way ANOVA was performed to compare tumor volumes between groups. 

 

Compound 6.28 induces caspase 8 activation dose- (Figure 30A) and time-dependently 

(Figure 30B), as represented by the increasing level of caspase 8 cleavages compared to 

procaspase 8. In addition, in agreement with caspase 8 activation, compound 6.28 enhances 

caspase 3 activation at a concentration as low as 5µM in the MM1.R cell line in a time and dose-

dependent manner, as shown by the increased cleavage of caspase 3 at 17kDa in 5th line film in 

Figure 32A. Our results also showed that compound 6.28 induces a robust cleavage of poly (ADP-
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ribose) polymerase (PARP) when starting at a concentration as low as 2.5 µM in MM1.S cells 

after a 16-hour treatment displayed in 96kDa of the 7th line on the left side film. The cleavage was 

induced in a dose-dependent (Figure 30A) and time-dependent manner (Figure 30B). In Figure 

30B, the treatment periodôs extension to 16 hours did not significantly differ at PARP, caspase 8, 

and caspase 3 cleavage compared to the 8 h treatment. Caspase 8 and 3 activations, as well as 

PARP cleavage, suggest the activation of apoptosis signaling. This signaling pathway is dependent 

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

autophagosomes.  

 

Figure 30. Compound 6.28 Induces Apoptosis Signaling Time- and Dose-Dependently.  

MM1.S cells were treated with compound 6.28 at various concentrations (0µM, 2.5µM, 5µM, 

10µM, and 20µM) for 16h, incubated with 10µM of compound 6.28 for different time period (0h, 

2h, 4h, 8h, and 16h), as well as presented with 100nM rapamycin (positive control known as an 

autophagy inducer) for 16h. The immunoblotting analysis was performed on the whole-cell lysate 

to detect p62 level change, LC3B conversion, PARP1 cleavage, caspase 3, and caspase 8 cleavage 

using anti-p62, anti-LC3B, anti-PARP1, anti-caspase 3, and anti-caspase 8 antibodies. ß-actin was 

applied as the loading control for this assay. 
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Figure 31. Compound 6.28 Induces Apoptosis that was inhibited by caspase inhibitors.  

MM1.S cells were starved overnight with 2% FBS in media and treated with 10µM compound 2s 

and DMSO (negative control) for 16h. In the meantime, some of the cells were pretreated with 

50µM Z-VAD-fmk, a Pan-caspase inhibitor, or 50µM Z-IETD-fmk, a caspase 8 inhibitor, for 3h. 

Half of the cells are also stimulated with 20 µM TNF-Ŭ for 10 min in comparison. Immunoblotting 

analysis performed on whole-cell lysates detected expression of p62, LC3B conversion, and the 

cleavage of PARP, caspase 3, and caspase 8. ß-actin was also detected to ensure equal sample 

protein loading. 

 

To further confirm whether compound 6.28 can induce apoptosis signaling, we pretreated 

the MM1.S cells with caspase inhibitors, 50 µM Z-VAD-fmk (a PAN caspase inhibitor) and 50 

µM Z-IETD-fmk (a caspase 8 inhibitor), then treated the cells with 10 µM of compound 6.28 for 

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 shown in Figure 31, we observed that cleavage of caspase 8, 

PARP and caspase 3 was increased by the treatment of compound 6.28. Also, the pretreatment and 

co-treatment of Z-VAD-fmk and Z-IETD-fmk inhibited the induction of cleavage of caspase 8, 

caspase 3 and PARP caused by compound 6.28. 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 compound 6.28 increased the LC3B-II level, but this induction was not 

influenced by the pretreatment of caspase inhibitors. We also investigated the effect of TNFŬ 

induction on the apoptosis signaling and observed that TNFŬ increased caspase 3 cleavage. Loss 

of full-length caspase 8 suggested that its cleavage/activation was also increased.  

 

Figure 32. The cytotoxicity caused by compound 6.28 can be inhibited by caspase inhibitors. 

MTT assays on MM1.S cells treated with different concentrations of compound 2s for 72h with or 

without caspase inhibitors, Z-IETD-fmk and Z-VAD-fmk (both at 50 mM). Each data set was 

assayed in triplicate. Results are representative of two biological repeats.  

 

As shown in Figure 32, we confirmed the role of caspase 8 in mediating the cytotoxic 

effects of compound 6.28 by measuring the viability of MM1.S cells treated with different 

concentrations of compound 6.28 in the presence or absence (DMSO vehicle) of caspase inhibitors. 

While the IC50 value for compound 6.28 in inhibiting myeloma cell growth was observed to be 
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1.258 µM, pretreatment of the cells with 50µM of Z-IETD-fmk (Figure 34A) or 50µM Z-VAD-

fmk (Figure 34B) shifted the curve to the right and yielded IC50 values of 5.217µM and 3.782µM, 

respectively. The distinct inhibition of cytotoxicity by these caspase inhibitors indicates that 

caspase 8 plays a clear role in mediating compound 6.28-induced myeloma cell death.   

 

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

Our compounds targets p62, and p62 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 

treatment. One lead XRK3 activated autophagy flux in HeLa cells, which may be adverse for 

cancer treatment. Therefore, we want to investigate whether compound 6.28 can induce autophagy 

flux in myeloma cells, which may be disadvantageous to promote myeloma cell survival.  

MM1.R cells were cultured in six-well plates, treated with different concentrations (0µM, 

2.5µM, 5µM, and 10µM) of compound 6.28 with or without 50nM bafilomycin A1 (lysosomal 

inhibitor) for 16h. Cells were harvested after treatment and collected by centrifuge at 1,200 rpm 

for 4 min. Some of the cells were lysed in RIPA lysis buffer for IB, as we described above.  

As shown in Figure 33A, the LC3B conversion caused by compound 6.28 treatment dose-

dependently indicates that compound 6.28 increased autophagosome numbers in the cells. 

Although the LC3B conversion was induced by 6.28 from LC3B-I to LC3B-II, we still needed to 

confirm whether compound 6.28 induces autophagy flux by an LC3B turnover assay that assesses 

the degradation of LC3-II inside the autolysosome. As shown in Figure 33A, the combination 

treatment of compound 6.28 and lysosomal inhibitor (50nM Bafilomycin A1) did not further 
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increase the LC3B-II level significantly compared to the group without Bafilomycin A1 co-

treatment. The quantification of the bands in immunoblotting is shown in Figure 33B, representing 

the same results. The co-treatment with lysosomal inhibitors further increased the LC3B-I level 

slightly but did not significantly increase the LC3B-II level. 

 One-way ANOVA was applied to analyze the difference in p62, LC3B-I, LC3B-II, and ɓ-

actin levels treated by the different doses of compound 6.28. The p62, LC3B-I, and LC3B-II are 

influenced by various concentrations of compound 6.28 treatment significantly. The expression of 

ɓ-actin is not affected. A paired t-test was used to analyze the expression level difference between 

the two groups treated with bafilomycin A1 and without bafilomycin A1. We confirmed that the 

LC3B-II level is not further increased significantly. The LC3B-I was influenced a little by the co-

treatment of lysosomal inhibitor bafilomycin A. These results suggested that compound 6.28 did 

not induce autophagy flux.  
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Figure 33. Compound 6.28 Induce a Weak Autophagy Flux Measured by IB.  

MM1.S cells were treated with 6.28 at various concentrations (0µM, 2.5µM, 5µM, and 10µM), 

50nM Bafilomycin A1 (lysosomal inhibitor) plus the same concentrations (0µM, 2.5µM, 5µM, 

and 10µM) of 6.28, and 100nM rapamycin (positive control, known as autophagy inducer) for 16h. 

The IB was performed on the whole-cell lysate to detect p62 protein level change and LC3B 

conversion from LC3B-I to LC3B-II using anti-p62 and anti-LC3B monoclonal antibodies. The 

beta-actin was applied as the loading control for this assay. A one-way ANOVA was applied to 

analyze the significance of differences among the treatment groups. Multiple t-tests were 

performed to analyze the difference of individual dose responses between the different doses 

within groups. A paired t-test was applied to analyze the difference between the groups with 

bafilomycin A1 and without bafilomycin A1. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001.  
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Some of the cells after the treatment were fixed with 2% paraformaldehyde in 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% Triton X in 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) overnight at 4ºC after one-time 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 anti-mouse IgG H&L (Alexa Fluor® 647, red, ab150115) 

and goat anti-rabbit 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 (1µg/ml) stained for 5 min. After three 

washes with PBS, the pellet of cells was resuspended by the mounting media (0.5% N-propyl 

gallate and 70% glycerol), then the mounting media with the cells were added to the slides 

dropwise. Then the coverslips were mounted on slides with mounting media and were sealed with 

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

fluorescence microscope.  

Similar results can be observed in Figure 34 for the immunostaining results. Compared to 

the DMSO treatment, both bafilomycin A1 and compound 6.28 increased the p62 puncta (green) 

and LC3B signal (red), and the p62-containing puncta were partially colocalized with LC3-

containing autophagosomes in the cytoplasm of MM1.S cells, with no overlapping with the cell 

nucleus, which was stained by DAPI (blue). The combination treatment of 50 nM bafilomycin A1 

and 10µM compound 6.28 did not further increase the LC3B-II  levels. In conclusion, compound 
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6.28 increased the autophagosome level but did not significantly induce autophagy flux, as shown 

in Figure 34.  

 

 

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

Immunofluorescence microscopy analysis was done for p62 and LC3B colocalization. MM1.S 

cells were treated with DMSO, 50nM bafilomycin A1, 10µM 6.28, 10µM 6.28 plus 50nM 

bafilomycin A1, as well as 10µM 6.28 plus 50nM bafilomycin A1 for 16h. The cells were then 

fixed with 2% paraformaldehyde in phosphate-buffered saline (PBS) 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 anti-p62 mouse monoclonal antibody or primary anti-LC3B rabbit monoclonal 

antibody at 4 °C overnight. MM1.S cells were subsequently incubated with fluorescence-labeled 

secondary antibody goat anti-mouse IgG 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 1 h. Following 

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

in mounting media and added onto slides. The slides were covered by a coverslip and sealed with 
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nail polishing oil to allow confocal immunofluorescence microscopy to determine the 

colocalization of p62-containing puncta with LC3-containing autophagosomes. This figure shows 

each color stain in individual plots and also merges DAPI stain (blue), anti-LC3B staining (green), 

anti-p62 fluorescence stain (red) together in one plot. Images were obtained in the phase of 20X 

magnification using the microscope. 

 

To investigate our compoundsô effect on both autophagy flux and apoptosis signaling as well as 

their potential overlap, we did immunofluorescence stain on p62 and LC3B, two key biomarkers 

in autophagy, in MM1.S cells. The cells were treated with compound 6.28 and caspase inhibitors 

Z-VAD-fmk and Z-IETD-fmk. The results were showed in Figure 35 that compound 6.28 

increased LC3B signaling by itself, but the level of LC3B was not changed by the addition of 

caspase inhibitors, indicating no significant change in autophagy flux was due to the blocking the 

apoptosis signaling.  
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Figure 35. The effects of caspases inhibitors on autophagy signalings by FM. 

Immunofluorescence microscopy analysis of p62 and LC3B colocalization. MM1.S cells were 

treated with DMSO, 50µM Z-VAD-fmk, 50µM Z-IETD-fmk, 10µM 6.28, 10µM 6.28 plus 50µM 

Z-VAD-fmk, as well as 10µM 6.28 plus 50µM Z-IETD-fmk for 16h. The cells were then fixed 

with 2% paraformaldehyde in phosphate-buffered saline (PBS) 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 anti-p62 mouse monoclonal antibody or primary anti-LC3B rabbit monoclonal 

antibody at 4°C overnight. MM1.S cells were subsequently incubated with fluorescence-labeled 

secondary antibody goat anti-mouse IgG 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 (1µg/ml) for 5 min. The pellets of the cells were resuspended 

in mounting media and added onto slides. The slides were covered by a coverslip and sealed with 
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nail polishing oil to allow confocal immunofluorescence microscopy to determine the 

colocalization of p62-containing puncta with LC3-containing autophagosomes. This figure shows 

each color stain in individual plots and also merges DAPI stain (blue), anti-LC3B staining (green), 

anti-p62 fluorescence stain (red) together in one plot. Images were obtained in the phase of 20X 

magnification using the microscope. 

2.3.4. The Signaling of Compound 6.28 to Inhibit Myeloma Cell Growth.  

Macro autophagy is commonly known as a double-edged sword in cancer therapy (88). 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 antigens or by 

providing nutrients and energy essential for survival. Thus, it is challenging to clarify the role of 

autophagy in cancer development for potential therapeutic strategies (87).  

In this study, we confirmed that compound 6.28 increases autophagosome number but has 

no significant inductive effect on autophagy flux. In this case, there are two possibilities. The first 

is that compound 6.28 induces autophagosome formation at the early stage of autophagy, but the 

impact on promoting the autophagic process that degrades autolysosome was impaired by a 

compromising mechanism that keeps autophagy at the normal level to maintain cellular 

homeostasis. Another assumption is that compound 6.28 could be a late-stage autophagy inhibitor, 

which increases the LC3B-II levels by blocking the degradation of autolysosome and causing the 

accumulation of LC3B and p62. Co-treatment with lysosomal inhibitors may not lead to a further 

increase of LC3B-II level in this case.  
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Figure 36. Induction of DISC-Mediated Autophagy-dependent Apoptosis. 

 

As shown in Figure 36, autophagy and apoptosis are highly interconnected and shared 

some crucial regulators. The blockage of autophagosome formation and cargo recruiting might 

trigger the activation of caspase 8-dependent apoptosis cell death. Many efforts have been made 

to determine the mechanism behind the switch of autophagy from ñpre-survivalò to ñpre-deathò 

through the stabilization of the death-inducing signaling complex (DISC)(146)). Autophagy 

functions as a clearing factory for removing the excess procaspase-8 and limits the activation of 

caspase-8 and its downstream apoptosis pathways within an acceptable normal range. In that 

process, p62 binds to poly-ubiquitinated procaspase-8 and cargos procaspase-8 onto the 

autophagosome membrane by interaction with LC3B located on the membrane. Under normal 

conditions, the sealing of the autophagosome will release the p62-ubiquitinated procaspase 8-

LC3B complex, one of iDISC. Autophagosome will then fuse with the lysosome to degrade the 

iDISC complex and prevent activation of procaspase 8. When autophagy flux was blocked by our 

compounds, the autolysosome degradation was impaired; ubiquitinated procaspase 8 and LC3B 
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accumulated on the autophagosome membrane, triggering caspase 8 oligomerization and self-

activation to initiate apoptosis signaling. (103, 147)  

Summary and Conclusions--Mechanisms by which Compound 6.28 Causes MM Cell Death 

In sum, our compound 6.28 induces apoptosis signaling, which is commonly known as a 

mechanism leading to cell death. In addition, 6.28 also increases the autophagosome number but 

did not significantly affect autophagy flux. Collectively, there are two explanations for this result. 

One is that compound 6.28 increases the autophagosome formation in the cells, which might 

promote the localization of procaspase-8 on the autophagosome membrane. However, the 

treatment of compound 6.28 did not induce the autophagy flux to the degradation of autolysosome. 

Therefore, the excess autophagosome and the procaspase-8 might accumulate, triggering 

procaspase 8 self-aggregation and activation that initiate the downstream apoptosis signaling, 

leading to MM cell death. Another possibility is that compound 6.28 itself blocks the autophagy 

flux in the late stage, causing the accumulation of autophagosome and proteins inside it. The 

accumulation of procaspase-8 might self-activate to trigger the apoptosis signaling, resulting in 

myeloma cell death. The 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 pathways to result in myeloma cell death. 
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2.4 Evaluation of Interaction between Compounds and p62  

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, and the interactions 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 specifically answered whether our compounds bind to p62 protein 

and how it relates to the autophagy flux.  

 

2.4.1. Expression, Purification, and Refolding of p62 from E.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 pathways, which 

are related to p62 protein function. Here, to achieve this, first, we need to get the purified p62 

protein for assay development and test. Therefore, we expressed, extracted, and purified p62 

protein from E.coli to supply assay development and test p62ôs interaction with compounds. 

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

Methods for p62 protein expression:  Sequestosome-1/p62(R21A) was expressed by E. 

coli BL21 (DE3) c+RIPL as inclusion bodies under numerous growth conditions tested, which 

varied the growth temperature and IPTG concentration.  The procedure of large-scale p62 protein 

production from E. Coli. is listed in Figure 37. Following the procedure reported in the methods, 

purified refolded preparations of the p62 variant 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-HCl, 0.15 M NaCl, 2 mM EDTA, 0.1% Triton X-100, pH 7.5) and sonicated for 8 on/off 

cycles of 30 s (output = 10 RMS watts) using a Fisher model 100 sonicator (Thermo Fisher 

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, the debris pellet was consecutively washed with 
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Buffers B1-B3, containing Tris-HCl (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 M urea, 50 mM Tris-HCl, 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 filtered by vacuum with a 0.22 µm membrane (Sartorius AG, Goettingen, 

Germany) and diluted with 1 volume of 0.22 ɛm-filtered IMAC denaturing (D) buffer (6 M urea, 

50 mM Tris-HCl, 0.1 M Na2HPO4, 0.5 M NaCl, 20 mM imidazole, 1 mM ɚ-ME, pH 8.0). The 

material was loaded at 1 mL/min into a 5-mL IMAC HisTrap FF column, pre-equilibrated with 

IMAC D buffer, using an ÄKTA purifier instrument (GE Healthcare, Piscataway, NJ USA). After 

re-equilibration in IMAC D buffer, bound proteins were eluted using IMAC D buffer with 0.3 M 

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) 

following the manufacturerôs instructions. 
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Figure 38. Experimental Procedure for Expression and Purification of P62 From E.Coli. 

Purified denatured protein solution was diluted into refolding buffer (0.1 M Tris-HCl, 0.1 

M NaCl, 1 M arginine, 5 mM GSH, 1 mM GSSG, 20 mM m-o-cyclodextrin, 3 mM CTAB, pH 

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 4 h, then overnight 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 a 6-8 kDa membrane (Fisher). The dialysate was filtered using 

a 0.22 µm vacuum filter prior to loading (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. Protein was 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 ZnCl2, 0.02% NaN3, 50% v/v glycerol, pH 7.5) 

overnight at RT using 3-mL slide-a-lyzer cassettes (Thermo Fisher). Purification steps are 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































