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Abstract 

Small-molecule drugs are bioactive chemicals that can modulate important cellular 

functions responsible for diseases. In addition to the therapeutic significance, bioactive 

small molecules are also important probes for dissecting the function of macromolecules 

in biological systems. 

Proteolysis targeting chimeras (PROTACs) are bifunctional molecules designed to knock 

down functional proteins. By tethering two ligands together, PROTACs are able to recruit 

E3 ligase to proteins of interest and promote the ubiquitination-mediated degradation via 

proteasome. Most histone deacetylases (HDACs) are epigenetic regulators that control the 

acetylation level of histones. As class IIb HDACs, HDAC6 modulates the acetylation of 

cytoplasmatic proteins such as α-tubulin and HSP90. HDAC6 is involved in multiple 

disease-relevant pathways. We designed and developed the first degrader for HDAC6 by 

linking a non-selective HDAC inhibitor to E3 ubiquitin ligase ligand pomalidomide. Our 

mechanistic investigations indicated that both CRBN E3 ligase and the ubiquitination-

proteasome system are critical for the PROTAC-induced degradation of HDAC6. We 

subsequently developed the second generation of HDAC6 degraders by using selective 

HDAC6 inhibitor Nexturastat A as the ligand of HDAC6.  The new generation of degraders 

exhibited improved potency and selectivity. The most potent degrader has a 1.6 nM of 

DC50 for HDAC6 and inhibits the proliferation of multiple myeloma (MM) cells at low nM 

concentrations. We also developed in-cell ELISA for high-throughput screening of 

degraders and third-generation degraders that could recruit VHL E3 ligase. 
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Cardiovascular diseases (CVDs) are one of the leading causes of death in United States 

and worldwide. High levels of low-density-lipoprotein-cholesterol (LDL-c) is clinically 

known as hypercholesterolemia or hyperlipidemia and significantly increases the risk of 

CVDs such as atherosclerosis. To lowing cholesterol, statin drugs are the major clinical 

therapy, but over 20% patients cannot achieve the desired LDL-c level due to the side 

effects associated with statin. Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9) is 

a validated therapeutic target to control LDL-c by regulating the degradation of LDL 

receptor (LDLR). Combination of statin and anti-PCSK9 mAbs successfully reduced 40-

60% LDL-c in statin-resist patients. Comparing with macromolecule drugs, small-

molecule drugs have several advantages such as ease of delivery and lower costs. To date, 

several small-molecule PCSK9 modulators have been reported, such as berberine, LDL-

1dlnr, PF-06446846 and Heparin I. However, all of them remain low potency. The 

selectivity can be an issue under such high concentration for further clinical development. 

We have identified a class of heterocyclic compounds that can reduce the PCSK9 level 

selectively in cell-based phenotypic screening. We further improved the potency and other 

pharmacological properties by structure-relationship-study (SAR). Some of the most 

potent compounds have picomolar IC50s for the reduction of secreted PCSK9 in media. 

Meantime, we also investigated the mechanism of action of our PCSK9 modulators by 

various methods including RNA-seq based transcriptome studies, proteomic studies, and 

chemical probe-based target identification studies. Our effort uncovered the intricate and 

novel regulatory pathway of PCSK9 through AhR.  
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1. Review of Proteolysis Targeting Chimera (PROTAC) 

1.1. Introduction 

 

Figure 1.1.1. Mechanism of PROTAC-Mediated Protein Degradation 

Genetic knockout or knockdown of certain cellular proteins is an important method for 

biological research and drug discovery. CRISPR-Cas9 and siRNA are the primary tools for 

the control of protein expression by changing the genomic content or blocking 

transcription1,2. Both of them have been used extensively for the study of various biological 

pathways and the validation of drug targets. However, both of them also have a number of 

limitations such as 1) off-target effects, 2) difficulty in delivery to cells and living 

organisms, 3) metabolic instability and 4) irreversible editing3–6. 

Ubiquitination-proteasome system (UPS) is one of the major pathways for protein 

degradation 7. About 80% of proteins in our proteome are degraded by the UPS. Proteolysis 
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targeting chimera (PROTAC) is an emerging technique that can induce efficient 

degradation of targeted protein via UPS8. As illustrated in Figure 1.1, PROTAC is a 

rationally designed bifunctional molecule by tethering together a E3 ligase ligand and a 

ligand for protein of interest (POI). The chemical chimera binds to either POI or E3 ligase 

to form binary complex first9. A subsequent ternary complex formation recruits E3 ligase 

to the POI and promote its ubiquitination. Poly-ubiquitinated POI is subsequently 

recognized by escort protein complexes and delivered to proteasome for degradation. 

Various functional proteins were artificially targeted for ubiquitination-degradation by 

different E3 ligases using the PROTAC strategy10. The E3 ligase and the targeted protein(s) 

don’t have to be biologically relevant. Beside inducing rapid degradation, PROTAC has 

multiple potential advantages over traditional inhibitor, such as overcoming drug resistance, 

sustained downstream effects and offering selectivity for isoforms of proteins that are 

otherwise difficult to differentiate11. Those features underscore the significance of targeted 

protein degradation (TPD) by PROTAC in both therapeutic development and serving as 

powerful tools for biological research. In this Chapter, I will briefly review the history of 

PROTAC development, highlight some key features in drug discovery, and discuss 

applications of PROTACs as chemical probes. 
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1.2. History of the PROTAC Development 

 

Figure 1.2.1 First peptide-based and all-small-molecule PROTACs 

In 2001, Sakamoto’s lab at UCLA, Deshaies’s lab at Caltech, and Crews’s lab at Yale first 

introduced the peptide based PROTAC molecule12. They employed IκBα phosphopeptide 

(IPP) and ovalicin (OVA) as the ligands of E3 ubiquitin ligase and the POI, respectively, 

to form the first PROTAC (Protac-1, Figure 1.2.1). IPP mimicked the phosphorylated 10 

amino acids moiety of IκBα and was able to bind the heterotetrameric Skp1-Cullin-F box 

complex on β-TRCP/E3RS13. SCFβ-TRCP is one of SCF E3 complexes responsible for the 

destruction of various proteins14. On the other side, angiogenesis inhibitor OVA can 

covalently bind to MetAp-215, which had not been reported as the ubiquitination target of 
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any SCFs. Protac-1 successfully recruited MetAp-2 to SCFβ-TRCP in vitro and resulted in 

augmenting its degradation via ubiquitination-proteasome pathway. Because cell-

permeability is a major issue for peptide-based compounds, the effect of PROTAC-1 on 

ubiquitination and degradation was only demonstrated in xenopus egg extracts. 

Nevertheless, PROTAC-1 was the first proof of concept study. It then took about 14 years 

for the development of cell permeable PROTACs with in-vivo efficacy, and another four 

years to launch the first human clinical trial for PROTACs, as shown in Figure 1.2.2. 

Between 2015 and 2019, almost all major pharmaceutical companies established internal 

programs on PROTAC-based targeted protein degradation. Most published PROTAC-

based degraders are summarized in Table 1.1.  

 

Figure 1.2.2 Chronicle of events in PROTAC development 

For early peptidic degraders, limited cell penetration restricted their applications15,16. To 

solve that problem, cell permeable Protac-4 and Protac-5 targeting FK506 binding protein 

12 (FKBP12) mutant F36V (FKBP12F36V)and androgen receptor (AR) were developed17. 

The E3 binding moiety for these PROTACs was a short peptidic sequence ALAPYIP of 
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HIF-1α that could recruit von Hippel-Lindau (VHL) tumor suppressor protein E3 ligase18. 

Both degraders successfully “knocked out” targeted proteins via UPS in cultured cells. In 

2008, the first non-peptidic PROTAC (PROTAC 14, Figure 1.2.1), or all small-molecule 

PROTAC, was created by assembling selective androgen receptor modulator (SARM) with 

nutlin19, which disrupts the protein-protein interaction (PPI) of MDM2 E3 ligase and p53 

by binding to MDM220. However, relatively high concentration of this probe was required 

to induce intracellular depletion of protein targets. There is no evidence showing that the 

MDM2 E3 ligase is actually involved in the degradation of androgen receptor. In late 2018, 

the second PROTAC that recruits MDM2 E3 ligase was reported21. 

 

Figure 1.2.3 Featured PROTACs recruiting IAP, VHL and CRBN E3 ligases 

The putative number of E3 ligases in human genome is over 60022. However, only inhibitor 

of apoptosis protein (IAP), VHL and cereblon (CRBN) together with their ligands were 

exploited to PROTAC degraders for various protein targets23. In 2010, specific and 
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nongenetic IAP-dependent protein erasers (SNIPER) was introduced based on the same 

concept as PROTAC24. The first SNIPER used Methyl Bestatin (MeBS) to recruit cellular 

inhibitor of apoptosis protein 1 (cIAP1) E3 ligase and all-trans retinoic acid (ATRA) to 

target cellular retinoic acid binding protein 1 and 2 (CRABP-I and CRABP-II). However, 

the first SNIPER promoted the degradation of both cIAP1 and the targeted proteins in 

cellular context. The variation of linking method was able to overcome the auto-

ubiquitination of cIAP itself. The conversion of ester-type linking to amide-type linking 

resulted in degradation only targeted protein despite low potency25,26.  Subsequently, new 

series of SNIPERs (Figure 1.2.3) adopted novel ligand LCL161 to recruit X-linked IAP 

(XIAP) instead of cIAP127. Degraders using this E3-ligand have better potency for a 

number of targets such as ERα, BCR-ABL, Brd4 and PDE4 proteins. The versatility of 

using XIAP as E3 ligase was validated for future PROTAC design. 

VHL E3 ligase was first employed in peptidic PROTAC with seven amino acids17. Aiming 

to develop more pharmacologically modifiable VHL ligands, Crews’s group de novo 

designed and optimized small-molecule peptidomimetic ligands based on the critical 

binding moiety, hydroxyproline (Hyp) of HIF-1α, a protein substrate targeted by VHL28,29. 

Once ligands with high binding affinity were identified, they exploited those ligands by 

constructing various PROTAC molecules (Figure 1.2.3)3,30. Those VHL-PROTACs 

selectively targeting estrogen-related receptor alpha (ERRα), receptor-interacting 

serine/threonine-protein kinase 2 (RIPK2) and Brd4 showed impressive degradation 

efficacy in cells and even in vivo. Since then, VHL ligands have been used extensively 

used in developing effective degraders that can recruit VHL E3 ligase31–35. 
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Thalidomide was once notorious of causing birth defects in infant when used as sedative 

for pregnant women36.  After being withdrew from the market, thalidomide and its 

analogues were found to possess multiple other functions such as anti-inflammation, anti-

angiogenesis and immune modulation, including T-cell co-stimulation and NK cell 

activation37. Decades later, they were proved for the treatment of multiple myeloma as 

immunomodulatory drugs (IMiDs). Cereblon (CRBN) can assemble with DDB1 to form 

E3 complex and was proposed as the cellular target of IMiDs38,39. Thalidomide and its 

derivatives activated CRBN’s E3 ligase activity towards Ikaros family zinc finger proteins 

1 and 3 (IKZF1 and IKZF3)40. The degradation of IKZFs was responsible for the anti-

proliferative effects in multiple myeloma. In 2015, thalidomide and derivatives were first 

applied in PROTAC technology for targeting disease-relevant proteins Brd4 and FKBP12 

(Figure 1.2.3)41,42. Potent bromodomain protein degrader dBET1 was one of the first 

PROTAC degraders showed efficacy in animals, including degradation and anti-tumor 

effect. Thalidomide and its derivatives are much smaller than the peptidomimetic ligands 

of IAP and VHL, which are less drug-like40. Thus, the IMiDs gained popularity quickly for 

the development of degraders targeting various proteins5,33,43–45. However, PROTACs 

bearing IMiDs preserved IKZF1/3 degradation as off-targets effects of CRBN E3 

ligases44,46–48. This may be a concern for degraders of this type.  
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Figure 1.2.4 PROTACs mediated interaction between E3 ligases 

PROTACs targeting E3 ligases was also created to study the interaction between same or 

different E3 ligases (Figure 1.2.4). Homo-PROTACs were the homodimers of ligands of 

VHL (CM11) or CRBN (CC15a) and triggered the self-ubiquitination and proteasomal 

degradation49,50. Heterodimer which tethers pomalidomide and hydroxyproline derivative 

was named Hetero-PROTAC or CRBN-VHL PROTAC51,52. The two different E3 ligases 

are bridged by this hetero-PROTAC and unexpectedly resulted the favorable degradation 

of CRBN but not VHL. The preference of CRBN degradation was not fully understood and 

required further investigation to elucidate the detailed mechanism.  
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Figure 1.2.5 Other technologies for targeted protein degradation (TPD) 

In addition to the above strategies, several other related targeted protein degradation 

technologies were also developed (Figure 1.2.5). For example, selective 

estrogen/androgen receptor degraders (SERDs and SARDs), such as Fulvestrant and UT-

155, can bind to ER and induced subsequent degradation53,54. Novel SERDs developed 

recently with excellent anti-tumor activity were advanced to clinical trials55,56. Small 

molecule tagged with hydrophobic groups like adamantane57 or Boc3Arg58 could also 

recruit cellular degradation machinery for depletion of targeted proteins. To complement 

the PROTAC strategy, which only degrade intracellular proteins, Bertozzi and co-workers 
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designed and synthesized lysosome targeting chimeras (LYTACs) to recruit cation-

independent mannose-6-phosphate receptor (CI-M6PR) to degrade secreted and membrane 

proteins59. CI-M6PR is lysosomal targeting receptor (LTR) on cell surface and transports 

substrate proteins to lysosome60. They used mannose-6-phosphonate (M6Pn) 

glycopolypeptides to recruit CI-M6PR and antibody to bind to targeted proteins. LYTACs 

were able to deliver membrane or secreted proteins, such as epidermal growth factor 

receptor (EGFR) and Apolipoprotein-E4, to lysosome for degradation. This strategy 

expanded the scope of TPD to extracellular proteins.   

Up to date, there are many disease-relevant proteins that  have been degraded by PROTACs. 

PROTACs targeting estrogen receptor (ER)27, AR61, mouse double minute 2 homolog  

(MDM2)62 or bromodomain and extra-terminal motif (BET) proteins41,43,63 exhibited 

excellent antitumor activity in in vivo tumor models. Those pre-clinical evidences 

underlined the significance of PROTAC in drug discovery. Arvinas was found by Crews 

in 2013 aiming to advance the pre-clinical and clinical development of PROTACs. 

Recently, they launched the first clinical trial for treatment of prostate cancers using their 

AR PROTAC degrader ARV-110 (NCT03888612). A number of other biotech companies 

were also launched recently to develop PROTAC-based therapeutics. It will take years of 

time and enormous amount of resources to develop PROTAC-based therapeutics, similar 

to the development of any small molecule drugs. Besides the therapeutic applications, 

PROTACs are also useful chemical probes for target validation44 and modulation of the 

functions of intracellular proteins64. As discussed before, small molecule PROTACs have 
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many advantages over CRISPR and siRNA and PROTAC can complement these two 

powerful technologies in basic biological research.
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Table 1.1. Comprehensive Summary of Featured PRTOAC-Based Degraders in Literatures  

Name Year POI Ligand of POI E3 ligase E3 ligand Functionality Animal Study Ref 

Protac-1 

(peptidic) 

2001 MetAp-2 ovalicin (OVA) SCFβ-TRCP 

IκBα 

phosphopeptide 

(IPP) 

in vitro degradation N/A 12 

Protac-5 

(peptidic) 

2004 AR DHT VHL 
ALAPYIP-(d-

Arg)8-NH2 

cellular degradation N/A 17 

Protac-4 

(peptidic) 

2004 FKBP12F36V AP21998 VHL 

ALAPYIP-(d-

Arg)8-NH2 

cellular degradation N/A 17 

PROTAC 14 2008 AR SARM MDM2 nutlin cellular degradation N/A 19 

SNIPER 4 2010 CRABP-II ATRA cIAP1 MeBS 

cellular degradation of both cIAP and 

CRABP-II at µM concentrations 

N/A 24 

SNIPER 6 2011 CRABP-II ATRA cIAP1 MeBS 
cellular degradation of both cIAP at 

µM concentrations 

N/A 25,26 

SNIPER(ER)-3 2013 ERα 4-OHT cIAP1 Bestatin 

cellular degradation at µM 

concentrations; 

induce necrotic cell death of MCF-7 

cells 

N/A 65 

PROTAC_ERRα 2015 ERRα 
thiazolidinedione 

derivative 

VHL 
hydroxyproline 

derivative 

cellular degradation, DC50 = ~100 nM 
broad tissue distribution and in vivo 

degradation; 

3 
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PROTAC_RIPK2 2015 RIPK2 RIPK2 ligand VHL 

hydroxyproline 

derivative 
cellular degradation, DC50 = 1.4 nM N/A 3 

dBET1 2015 BRD2/3/4 JQ1 CRBN 

thalidomide 

derivative 

cellular degradation, DC50 = 430 nM 

for BRD4; 

suppressed proliferation and induced 

apoptosis of AML cells 

in vivo degradation; 

delayed leukemia progression in 

mice 

41 

ARV-825 2015 BRD2/3/4 OTX015 CRBN pomalidomide 

cellular degradation, DC50 < 1 nM for 

BRD4; 

suppressed proliferation and induced 

apoptosis of BL cells 

N/A 42 

MZ1 2015 BRD2/3/4 JQ1/I-BET762 VHL VHL-1/VHL-2 

cellular degradation, DC50 < 100 nM 

for BRD4; 

N/A 30 

dFKBP-1 

dFKBP-2 
2015 FKBP12 SLF CRBN 

thalidomide 

derivative 
cellular degradation N/A 41 

HaloPROTAC-3 2015 

HaloTag7 

fusion proteins 
chloroalkane VHL VH032 

cellular degradation of fused protein 

target 

technology for biomedical research 

and drug discovery 

N/A 66 

ARV-771 2016 BRD2/3/4 JQ1 VHL 

hydroxyproline 

derivative 

cellular degradation, DC50 < 5 nM for 

BRD4; suppressed AR level and 

signaling; 

in vivo degradation; 

induce regression of prostate tumor 

in mice 

32 
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CLIPTACs 2016 Brd4, ERK1/2 

JQ1-TCO 

Probe 1 
CRBN Tz-thalidomide 

cellular self-assembly and degradation 

with DC50 < 1 µM 
N/A 67 

AT1 2017 BRD4 JQ1 VHL 
hydroxyproline 

derivative 

cellular selective degradation of 

BRD4  

N/A 9 

SNIPER(ER)-87 2017 ERα 4-OHT XIAP LCL161 

cellular degradation, DC50 < 100 nM 

inhibited growth of MCF-7 and T47D 

with IC50 = 15.6 nM and 9.6 nM 

in vivo degradation in mice; 

inhibit breast tumor growth in mice 

27 

SNIPERs 2017 

BCR-ABL, 

BRD4, PDE4 

Dasatinib,JQ-1, 

PDE4inhibitor 

XIAP LCL161 

cellular degradation at nM 

concentrations 

N/A 27 

Homo-PROTAC 

CM11 
2017 VHL VH032 VHL VH032 

cellular degradation, 10 nM < DC50 < 

100 nM for pVHL30 
N/A 49 

BETd-260 2018 BRD2/3/4 HJB97 CRBN thalidomide 

cellular degradation, DC50 < 1 nM for 

BRD4; 

inhibited growth of RS4:11 cell with 

IC50 = 51 pM 

single dose caused durable in vivo 

degradation over 24 h in mice; 

induces leukemia tumor regression in 

mice 

43 

QCA570 2018 BRD2/3/4 QCA276 CRBN thalidomide 

cellular degradation, DC50 < 100 pM 

for BRD4; 

inhibited growth of RS4:11, MV4;11 

and MOLM-13 cells with IC50 < 100 

pM 

in vivo degradation in mice; 

induces t complete and long-lasting 

leukemia tumor regression in mice 

63 

ZXH-3-26 2018 BRD4 JQ1 CRBN Pomalidomide 
cellular selective degradation of 

BRD4 with DC50 = 5 nM 

N/A 48 



 

 

 

1
5
 

MT802 2018 BTKC418S 

Ibrutinib 

derivative 
CRBN 

thalidomide 

derivative 
cellular degradation N/A 68 

TD-PROTAC 

(peptidic) 
2018 ERα TD-PERM VHL HIF 

cellular degradation at µM 

concentrations; inhibited growth of 

breast cancer cells with IC50 = ~30 

µM 

in vivo degradation in mice; 

inhibit breast tumor growth in mice 

69 

PROTAC-3 2018 Fak Defactinib VHL 
hydroxyproline 

derivative 

cellular degradation, DC50 = 3 nM 

inhibit downstream phosphorylation 

and cell migration invasion 

N/A 70 

PROTAC 12 2018 Sirt2 SirReal 1b CRBN 

thalidomide 

derivative 

cellular degradation at µM 

concentrations 
N/A 45 

Degrader 9c 2018 HDAC6 AB3 CRBN pomalidomide 
cellular degradation, DC50 = 34 nM 

for HDAC6 

N/A 71 

Homo-PROTAC 

CC15a 

2018 CRBN pomalidomide CRBN pomalidomide cellular degradation, DC50 < 1 µM N/A 50 

dTAG13 2018 

FKBP12F36V 

and 

fused proteins 

AP1867 CRBN 

thalidomide 

derivative 

cellular degradation of fused protein 

target 

technology for biomedical research 

and drug discovery 

N/A 44 

ARD-69 2019 AR 

enzalutamide 

derivative 
VHL VHL-d 

cellular degradation, DC50 < 1 nM; 

inhibited growth of LNCaP, VCaP 

and 22Rvl cells with IC50 < 1 nM 

single dose caused durable in vivo 

degradation over 48 h in mice; 

61 
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MD-224 2019 MDM2 MI-1061 CRBN thalidomide 

cellular degradation, DC50 < 1 nM 

inhibited growth of RS4;11 cells with 

IC50 = 1.5 nM 

in vivo degradation in mice; 

induces t complete and durable 

leukemia tumor regression in mice 

62 

ERD-308 2019 ERα 

raloxifene 

derivative 

VHL VHL-1 

cellular degradation, DC50 = 0.17 nM 

inhibited growth of MCF cells with 

IC50 = 0.77 nM and 57.5 % maximal 

inhibition 

N/A 72 

Degrader 32 2019 MDM2 Nutlin CRBN lenalidomide 

cellular degradation, DC50 = 23 nM 

for MDM2 

inhibit proliferation of RS4:11 

leukemia cells 

N/A 73 

Degrader 12d 2019 HDAC6 Nexturastat A CRBN pomalidomide 

cellular degradation, DC50 = 1.6 nM 

for HDAC6 

inhibited growth of MM1S cell with 

IC50 = 75 nM and 63% maximal 

inhibition 

N/A 74 

Hetero-PROTAC 

VHL-CRBN 

2019 CRBN pomalidomide VHL VH032 

cellular degradation of CRBN over 

VHL, DC50 = 200 nM 

N/A 52 
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1.3. PROTAC in Drug Discovery  

It has been estimated that only 10% of proteome can be modulated by small-molecules and 

only half of the 10% are associated with diseases75. The term of “undruggable targets” are 

used to describe proteins that lack the enzymatic or receptor activity. These proteins usually 

function through PPI, such as transcriptional factor or scaffold proteins. Targeting 

undruggable disease-relevant proteins remained to be the frontier of many branches of life 

sciences. Rather than occupying the active site of enzymes by inhibitors or ligand binding 

domain of receptors, PROTAC induces the degradation of target by temporarily bringing 

the E3 ubiquitin ligase and POI into proximity. This degradation by PROTAC is event-

driven and catalytic without requiring sustained occupation of the binding sites. PROTAC 

provides a novel strategy for treating diseases associated with abnormally expressed, 

mutated, or dysfunctional proteins.  

PROTAC-based protein degraders exhibit unique features comparing with traditional 

inhibitors. PROTACs can often offer another level of selectivity. For example, although 

Foretinib promiscuously bound to 133 kinases, VHL- and CRBN-based PROTACs with 

the Foretinib motif bound to ~50 kinases and only led to efficient degradation of <15 

kinases33. Another case was the development of the first HDAC6 degrader, which was 

created based on a pan-HDAC inhibitor that binds to all 11 HDACs71. The profiling of 

HDAC degradation showed only HDAC6 was affected by the degrader while other family 

members remained intact.  
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Meanwhile, potency and selectivity of inhibitors didn’t necessarily benefit the degradation 

efficiency of PROTACs. For instance, the degradation efficiency of BET degraders was 

decreased when the “warhead” was converted from the less potent inhibitor JQ1 to the 

more potent inhibitor I-BET72634. During the development of Bruton’s tyrosine kinase 

(BTK) PROTAC degraders76, using irreversible-binding Ibrutinib as “warhead” resulted 

only limited degradation. Replacing Ibrutinib by a reversible-binding moiety in PROTAC 

enhanced BTK degradation efficiency. 

The advantage of event-driven degradation over occupancy-driven inhibition was also 

revealed in multiple cases. For instance, PROTAC-mediated Fak degradation affected both 

kinase-dependent signaling (i.e. phosphorylation of downstream targets) and kinase-

independent signaling including cell migration and invasion70, which were not observed 

when the corresponding inhibitor was employed. This highlighted that the degradation of 

target by PROTAC exhibited additional outcomes in addition to inhibiting its activity. 

Moreover, depletion of receptor tyrosine kinases (RTK)35 and BET proteins77 by 

PROTACs resulted more potent and prolonged repression on downstream signaling than 

inhibition. Besides, RTK degrader provides a potential solution for kinome rewiring 

challenge due to receptor crosstalk generated resistance to kinase inhibitor78.  

In addition to genetic mutation, drug resistance can be generated by other mechanisms, 

such as activation of survival pathways, abnormal metabolism and target overexpression79. 

All of these are challenges we have to face during the development of chemotherapeutics 

for cancers. In recent studies, PROTACs were found to be effective to cancers that were 

resistant to traditional inhibitors, such as ibrutinib for chronic lymphocytic leukemia 
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(CLL)68, ruxolitinib and quizatinib for acute myeloid leukemia (AML)77,80  and proteasome 

inhibitors or IMiDs for multiple myeloma (MM)81.  For example, BTK degrader MT-802 

showed remarkable degradation effect for C481S mutant in patient cells and engaged fewer 

off-targets than covalent inhibitor ibrutinib68. 

Conversion of fms related tyrosine kinase 3 (FLT-3) inhibitor quizartinib into PROTAC 

degrader induced strong FLT-3 ITD mutant degradation and enhanced the antiproliferation 

towards AML cells80. BET degraders suppressed the viability in myeloma cells that were 

resistant to bortezomib, lenalidomide and pomalidomide and had synergistic effect with 

multidrug resistance protein 1 (MDR1) inhibitors verapamil81. In addition, BET degrader 

ARV-825 also showed synergism in combination with PI3K/mTOR inhibitor PQR209 in 

preclinical lymphomas model82. Those explorations in PROTAC-induced degradation 

along or in combination with other inhibitors underlined the promising future for advanced 

therapy innovation. 

PROTACs are relatively large small molecules, generally with molecular weight of 

700~1000 Da. There are concerns about solubility, cell permeability and other drug-like 

properties according to Lipinski’s guidelines for oral drugs83,84. A number of strategies 

have been taken to overcome these challenges by modifying the linkers and affinity ligands. 

For example, early BET and AR degraders used polyethylene glycol (PEG) or alkyl linkers 

with moderate length and flexibility41,85,86. More recent degraders have short and rigid 

linkers, which are designed by structure-based rational optimization. Only two carbon units 

were used to tether JQ1 and pomalidomide to generated dBET57, which showed excellent 

degradation on Brd4 and Brd3 and left other members intact48. Through screening linkers 
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with various chemical and physical properties, ARD-69 was developed with soluble and 

rigid alkyne-piperidine-piperidine linker and exhibited potent AR degradation in cell and 

in vivo61.  In addition, rather than engineering the molecular properties, Heightman and co-

worker developed a strategy to couple tetrazine-tagged thalidomide derivative with trans-

cyclo-octene tagged BET- or ERK1/2-ligand inside the cell to form complete PROTAC for 

targeted protein degradation67.  They named this methodology as click-formed proteolysis 

targeting chimeras (CLIPTACs) and anticipated future exploration of it to overcome the 

cell penetration issue in developing PROTAC. 

Last but not least, novel pharmacology of PROTAC provided new understanding of the 

potential of this strategy in drug discovery. Instead of continuously occupying the active 

sites, PROTAC is catalytic and it does not need to bind to its target all the time. The 

outcome of degradation instead of inhibition may also have a long-lasting effect when the 

protein re-synthesis rate is slow. In pre-clinical studies, efficacy of PROTAC in animal 

model benefited from these features. PROTAC degraders were administrated in vivo and 

showed strong and long-last degradation27,43,61–63. Some of the compounds had notable 

anti-tumor activity27,43,62,63. Limited studies were reported about the pharmacokinetic (PK) 

or pharmacodynamic (PD) of degraders in literature. Wang and co-workers performed 

parallel PK/PD study in mice bearing RS4;11 xenograft tumor and treated with BET 

degrader BETd-26043. Single dosed PROTAC induced both degradation and inhibited 

tumor growth inhibition over 24 h, while the concentration of degrader was undetectable 

at 24-h point.  Although this outcome is also related to the turnover rate of BET proteins, 
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this finding supported the catalytic feature of PROTAC and underscored the significance 

of this strategy in preclinical and clinical development. 

1.4. PROTAC in Chemical Biology 

As the field of targeted protein degradation is flourishing, the improvement of our 

understanding of PROTAC and its detailed mode of action (MoA) will greatly facilitate 

the rational design of degraders. Theoretical, computational and experimental 

methods/platforms have been established to advance better understanding about PROTAC 

MoA. 

1.4.1. Deciphering the Mechanism of PROTAC 
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Figure 1.4.1.1. Illustration of Ternary Complex Formation  

The degradation efficiency is highly dependent on the ternary complex formation87. To 

study the novel binding model of bifunctional molecules, multiple methods have been 

developed for the study of ternary complex formation. Co-immunoprecipitation (Co-IP) of 

E3 ligase and POI confirmed the their interactions induced by PROTACs3,88. The overdose 

of PROTAC would lead to favorable formation of binary complex and less degradation, 

which is generally described as “hook effects”89. Spiegel and co-workers established a 

mathematical model for analyzing this complex system90. The three-body equilibria were 

critical for PROTAC mechanism and is illustrated in Figure 1.4.1.1. Assuming the 

formation of AB was more favorable than BC (KAB > KBC), the [AB] and subsequent 

ternary complex [ABC] is increased as the PROTAC concertation [B] increases in a dose-

dependent manner.  When the majority of A is converted to AB or ABC complex, addition 

of extra B would lead to the formation of more binary complexes (BC and AB) , which 

consequentially diminished the degradation efficiency. The positive (α > 1) or negative (α 

< 1) cooperativity is defined by whether PROTAC favored or disfavored the formation of 

E3-PROTAC-POI ternary complex. Several critical values can be acquired from their 

model to evaluate the system, such like TF50 (Ternary Formation 50%) and TI50 (Ternary 

Inhibition 50%). Overall, they established a theoretical framework to conceptualize and 

analyze the ternary complex equilibria. Ciulli and co-workers adopted this model and 

implemented the data obtained from experiments for their mechanistic study of PROTAC. 

They used isothermal titration calorimetry (ITC) 9,34 or surface plasmon resonance (SPR)91 

or both to obtain the parameters in POI-ligand binding and E3-binary-complex binding. 
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Implementation of Spiegel’s model allowed them to generate cooperativity α for proof of 

concept studies. Although the theoretical outcome did not perfectly match with what 

observed in experiment, their effort provided an example to learn how the cooperativity 

effect degradation efficiency. 

 

Figure 1.4.1.2. PROTAC crystal structure of Brd4BD2-MZ1-VCB (PDB: 5T35) and 

DDB1∆B-CRBN-dBET-Brd4BD1 (PDB: 6BN7).  

Structure elucidation is one of the straightforward methods to understand the drug-target 

action mode92. Up to now, crystal structures of complex recruited CRBN or VHL to Brd4 

have been obtained (Figure 1.4.1.2). Ciulli and co-workers reported the first crystal 
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structure of ligases-PROTAC-target ternary complex, which facilitated the study of the 

structure reactivity and selectivity relationship (PDB: 5T35)9. The structure of Brd4BD2-

MZ1-VCB (VHL, EloinginC and ElonginB) clearly showed that  the interaction between 

VHL and Brd4BD2 generated a bowl-shaped hydrophobic interface where MZ1 is located 

to. MZ1 was one of the early VHL-based PROTAC tethering JQ1 and VH032. Beside 

expected binding modes of binary protein-ligand complex, the folding feature of PEG 

linker introduced additional interactions via van der Walls force and hydrogen bond. For 

example, they found that JQ1 interacted with the β4 region of VHL and VH032 contacted 

the ZA loop of Brd4BD2. They then used reverse ITC together with surface mutagenesis 

and proximity to examine the isoform-specific PPI. With these insights, they moved 

forward to structure-based design of new PROTAC AT1 by replacing the tert-Leu group 

with penicillamine in VH032. This change increased the substrates discrimination and AT1 

indeed showed better selectivity to Brd4 over other isoforms.  
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Figure1.4.1.3. PROTAC induced neo protein-protein interactions.  

Fischer and his co-workers first solved the structure of CRBN-PROTAC-Brd4 complex 

formed by dBET series (PDB: 6BN7)48. The crystal structure of DDB1∆B-CRBN-dBET-

Brd4BD1 complex illustrated the hydrophobic interaction between the αC-helix of Brd4BD1 

and two loops at the N-terminal domain (NTD) of CRBN. Together with other data, the 

plasticity of induced interaction between E3 ligase and targeted protein was revealed. The 

length and position of linkers were critical to PROTAC and led to distinct protein 

conformations and PPIs (Figure 1.4.1.3), which determined the selectivity of degraders. 

With the above information, ZXH-3-26 with relative shorter linker was rationally designed 

to be more “drug-like” by restricting the conformation to gain higher selectivity towards 

Brd4 over Brd2/3. These two case studies based on structures suggested 1) the 
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cooperativity are determined by the binding modes of each of the two binary complexes 

and the interaction between E3 ligase and “neo-substrate”; 2) degrader’s efficiency and 

selectivity can be modulated by adjusting linker length and linking position to introduce 

more protein/protein “neo-interaction”; 3) structural analysis is extremely helpful for the 

rational design of PROTACs. 

Along with structure elucidation, in silico modeling was also established. Drummond and 

Williams reported four different sampling methods to study the ternary complex formation 

mediated by PROTAC93. They utilized the existing crystal structure of POI-PROTAC-E3 

complex discussed above. Each part was extracted as modeling component. Method 1 

sampled all three components, POI, E3 and PROTAC, all at once. Method 2 sampled the 

PROTAC conformation first and then introduced the proteins to the sampled conformation. 

Method 3 sampled partial PROTAC (ligand with linker) in one protein first and then 

introduced another ligand-protein complex. Method 4 sampled each protein-ligand 

complex first and then docked the complex to the sampled PROTAC conformations in 

Method 2. A set of ternary complexes modeled by each method was collected. To minimize 

the complexity of the analysis, filters scoring those complexes were applied to remove ones 

far different from crystallographic observation. The resulting ternary complexes were then 

superposed to the crystalized structure and evaluated by Cα root-mean-dquare deviation 

(RMSD) for defining “crystal-like”. “Hit rate”, percentage of crystal-like poses in total, 

was then applied to evaluate which method is likely to succeed in generating ternary 

complexes similar to the experimentally obtained one. Method 4 was proved to be the most 

accurate one offering ~40% crystal-like geometries.  Overall, their effort provided practical 
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computational method(s) for evaluating PROTAC-mediated ternary complexes, which 

may help in silico PROTAC design. 

 

Figure1.4.1.4. NanoBiT and NanoBRET Technology for PROTAC Study 

Several assays have also been developed to monitor the protein degradation and ternary 

complex formation. Promega Corporation developed quantitative real-time method to 

measure both ternary complex formation and target degradation94. The targeted protein was 

expressed in fusion with HiBiT, which was efficiently inserted by CRISPR/Cas9 

technology. Fused POI-HiBiT bound to plasmid-expressed LgBiT to generate 

luminescence (NanoBiT luciferase) for monitoring the content of targeted protein in living 

cells. Real-time monitoring protein degradation allowed comprehensively and kinetically 

evaluate the degrader efficiency (degradation rate and time to reach Dmax) and potency 
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(Dmax
a, time at Dmax

b, time of target recovery and DC50
c). By introducing HaloTag-E3 as 

acceptor, NanoLuc tagged protein donated energy to form bioluminescence resonance 

energy transfer (NanoBRET) signal for detecting the interaction between POI and E3. And 

their data also indicated that the signal of ternary complex was still very strong even after 

the protein degradation started, which supported that the ternary complex formation was a 

transient event in the catalytic cycle. Similar strategy was also established with HaloTag-

Ubiquitin for real-time monitoring ubiquitination of targeted protein. In addition, Ciulli 

recently reported in vitro experimental model using surface plasmon resonance (SPR) to 

study the kinetic features of PROTAC-bridged ternary complexes formation91. A collection 

of these methods will advance the systematic analysis of PROTAC-mediated PPI, 

ubiquitination and degradation for understanding MOA. 

1.4.2. Employing PROTAC as Powerful Chemical Tools for Biology Research 

 

Figure 1.4.2.1. Chemical Tools Control Gene/Protein Expression in Biology 

Knocking down or out gene(s) expression in biological pathways is an important method 

to study the cellular network. CRISPR-Cas9 and siRNA/shRNA technology has been used 

 
a Dmax: maximal degradation by degrader 
b “Time at Dmax”: the duration of maximal degradation lasted after reaching a plateau. 
c DC50: concentration where half of maximal degradation is achieved 
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as the major methods in controlling protein expression in genome and transcriptome level1,2 

(Figure 1.4.2.1). However, several drawbacks are obvious: 1) unexpected downregulation 

of non-targeted genes known as off-targets; 2) transfection, colony selection and validation 

are time- and labor-consuming; 3) the genetic perturbation requires complicated multiple 

components; 4) irreversible knockdown or silencing increases difficulty in flexibly 

manipulating phenotypes. PTOTAC can be used as alternative tool of CRSPR or 

siRNA/shRNA to deplete functional proteins. Utilization of PROTAC as chemical tools 

allowed researchers to study important cellular pathways and validate potential targets for 

therapeutic development. 

 

Figure 1.4.2.2. PROTAC dTAG system for fused target protein. 

PROTAC-based specific target degradation system has been established to expand the 

scope of this technology to proteins not ligandable. HaloPROTACs was first introduced by 

Crews and co-workers to degraded fused green fluorescent protein (GFP) in 201566. They 
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tethered chloroalkane to VHL ligand to form HaloPROTACs, which successfully degraded 

HaloTag7-fused GFP in cell-based assays. Later HaloPROTACs were constructed to 

degrade SGK3 and VPS34 for target validation. The introduction of HaloPROTAC 

highlighted PROTACs as chemical probes for controlling fused protein content. In 2018, 

Bradner and co-workers created dTAG platform based on a “bump-hole” approach for 

biological investigation and target validation in drug discovery44. They applied ligand 

AP1867, which selectively targets FKBP12F36V mutant, in conjugation with CRBN ligand. 

The dTAG molecules (dTAG-7 and dTAG-13) showed selective deletion of plasmid-

expressed FKBP12F36V while only had limited effects on endogenously expressed 

FKBP12WT. While the Brd4 is not the target of FKBP12F36V ligand, Brd4 in fusion with 

FKBP12F36V was degraded by dTAGs. This proved the principle and feasibility of dTAG 

system. The dTAG-induced degradation was then applied to more targets, including 

HDAC1, MYC, EXH2, PLK1 and KRASG12V. Through profiling the effects of depletion 

of those fusion proteins quickly and reversibly, they were able to study various biological 

events due to the loss of functional proteins. For instance, degrading pan-BET 

bromodomain had enhanced antiproliferation over selective degradation of Brd4 alone. 

They also showed that the loss of KRAS mutant G12V induced rapid downstream 

proteomic and transcriptional effects, which indicates that KRASG12V degraders are 

promising novel therapeutics. They also used in vivo model to evaluate the potential 

application in living organisms. Overall, they created a platform of using fused proteins 

and PROTAC to modulate protein level and validate function of protein targets. 
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Cellular knockdown by degrader yielded different downstream effects comparing with 

inhibition. As discussed in previous sections, Fak degrader not only decreased the 

phosphorylation level of its substrate but also suppressed the cell motility, which was 

contributed to the kinase-independent function70. This result suggested that the degraders 

could be used to modulate important signaling pathways while the corresponding inhibitors 

were not able to do so. Moreover, the development of selective cyclin-dependent kinase 6 

(CDK6) degraders95 allowed the profiling of the relevant signaling pathways and genetic 

network, which revealed that AML cells were genetically dependent on CDK6 pathway. 

But CDK4/6 inhibitor failed to discriminate that dependency. In addition, Bantscheff and 

co-workers performed mass-spectrometry-based multiplexed proteome dynamic profiling 

(mPDP) to compare JQ1 with JQ1-teathered PROTACs96. Degradation of FYTTD1 was 

identified as one of the off-targets, which led to nuclei-accumulation of RNA and affected 

the protein synthesis. Meanwhile, the transmembrane protein SOAT1, an off-target of JQ1, 

was not depleted by JQ1-PROTAC. Cellular location of target was suggested as the source 

of selectivity for degraders. In brief, these studies exploited PROTACs as chemical tools 

to tune protein homeostasis and signaling pathways, which contributed to the 

understanding of novel cellular biology and underscored versatility of PROTAC degraders. 

 

1.5. Conclusion 

Many cell permeable small molecule PROTACs with potent cellular and even in-vivo 

activity have been published since 2015. These PROTACs can induce rapid and robust 
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protein degradation in cells and in animals. By controlling the lifetime of protein, the 

PROTAC technology has remarkable therapeutic potential and is also a valuable tool for 

basic biology research. This review chapter briefly summarized the history of PROTAC 

and focused more on parameters in PROTAC design and methods to study the mechanism 

of action. It is my hope that further understanding of the mechanistic details of how 

PROTAC work will facilitate the process of exploiting the full therapeutic potential of this 

novel technology. I hope we can systematically and rationally design small molecule 

PROTACs to target any intracellular proteins in the future.   
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2. Development of Potent HDAC6 Degraders by Recruiting 

CRBN E3 Ligase 

2.1. Introduction  

 

Figure 2.1.1. Most histone deacetylases control the chromatin structure and gene 

transcription 

Post translational modification of proteins is essential in all cellular pathways97. Among 

them, lysine acetylation is regulated by histone acetyltransferases (HATs) and histone 

deacetylases (HDACs). Most members of HDACs serve as epigenetic “eraser” to remove 

the acetyl group of lysine residue of histone tails and promote chromatin condensation in 

nucleus and gene suppression98,99. There are 11 zinc-dependent HDACs and 7 nicotinamide 

adenine dinucleotide （ NAD+ ） dependent deacetylase sirtuins (SIRTs) in HDAC 
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superfamily. HDACs can act on both histones and non-histone proteins, such as DNA 

binding proteins, transcriptional regulators, chaperone proteins, and structural proteins100. 

Abnormal changes in HDACs expression have been implicated in many types of cancers.101 

 

 

Figure 2.1.2. Structural characteristics of pan-HDAC inhibitor SAHA and the structure 

illustration of the binding mode (PDB: 1C3S) 

HDAC inhibitors (HDACis) can inhibit HDAC activity and re-activate the transcription of 

important genes including tumor suppressors98. SAHA (Vorinostat, 1, Figure 2.1.2) is one 

of the FDA-approved HDAC inhibitors for the treatment of advanced primary cutaneous 

T-cell lymphoma. SAHA has potent inhibitory potency against HDAC1, HDAC2, HDAC3 

and HDAC6.102,103 Taking SAHA as an example, classical HDAC inhibitors are generally 

composed of three components: zinc-binding domain, linker and surface recognition 

domain (or cap domain)104. Its binding mode was illustrated in Figure 2.1.2 (PDB: 

1C3S)105. The hydroxamic acid interact with the active site through hydrogen bond to 

residues and chelation with the zinc cofactor. The linker occupies the channel from surface 

to active site of binding pocket. The cap domain is general hydrophobic for recognition of 
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surface residues and determines the selectivity of inhibitor. Beside using hydroxamic acid 

as metal binding moiety, other metal binding groups in HDACi include thiols, benzamides 

and aliphatic acids106. HDAC inhibitors have shown antitumor activity in many pre-clinical 

and clinical models. In addition to SAHA, several other HDAC inhibitors such as 

Romidepsin (FK288) and Belinostat (PXD101) have been approved for the treatment of 

cancers.98,99,106 All of the approved HDAC inhibitors, however, non-selectively target 

various HDACs and exhibit significant toxicity.102 Development of selective HDAC 

inhibitors is one of the current focuses to reduce the toxicity and achieve wider therapeutic 

indexes for a variety of cancers.107 Various bifunctional HDAC inhibitors have also been 

developed for more targeted therapy by conjugating HDAC inhibitors with other functional 

molecules, such as estrogen receptor ligands,108 androgen receptor ligands,109 

topoisomerase inhibitors,110 and others.111–117   

 

Figure 2.1.3. Functional domains of HDAC6  

Among HDAC family, HDAC6 is a unique member of class IIb HDACs and has several 

domains (Figure 2.1.3). The nuclear export signal (NES) is responsible for translocation 

of HDAC6 from nuclei to cytoplasm118,119, which makes HDAC6 distinct from other 
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HDACs that are primarily localized in nuclei. HDAC6 has two tandem catalytic domains, 

CD1 and CD2, which are highly homologoues118. HDAC6 has a number of non-histone 

substrates such as α-tubulin120, cortactin121 and HSP90119. HDAC6 is responsible for 

regulating diverse cellular functions such like cell motility121,122, immunoregulation123,124, 

and aggresome formation125,126. Abnormal expression of HDAC6 has been observed in 

cancers such as oral squamous cell carcinoma, acute myeloid leukemia, ovarian cancer, 

and hepatocellular carcinomas127–130.  

 

Figure 2.1.4 Strategy for the generation of diverse HDAC inhibitors and E3 ligase ligands 

HDAC6 selective inhibitors have been developed and emerged as promising therapeutic 

agents for cancer treatment127,131. We previously developed a strategy that can provide 
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quick access to a library of diverse HDAC inhibitors, as shown in Figure 2.1.3132. A series 

of HDAC biasing reagents 2 was prepared and coupled with a diverse range of aldehydes 

to generate a large collection of acylhydrazone-linked HDAC inhibitors 3. The resulting 

products have sufficient purity and can be directly tested in relevant biological assays. This 

strategy has yielded a number of useful chemical probes. For example, compound 3a 

(WT161), one member of the library, is a highly selective HDAC6 inhibitor and is very 

effective for the treatment of bortezomib-resistant multiple myeloma (MM) in cells and 

mouse models, when it is combined with bortezomib133. Structurally related analogues such 

as 4a and 4b are currently in human clinical trials for the treatment of various cancers134–

136. Within these trials 4a and 4b are combined with other therapeutics, such as thalidomide 

and its analogues (e.g. 5a-5c), which are ligands of the CRLCRBN E3 ubiquitin ligase10,38–

40,137. Other members of the library have also shown promising results. Compound 3b 

increased the density of synapsin-1 puncta along dendrites in cultured neurons and 

enhanced memory in mouse models,138 and compound 3c suppressed aggressive thyroid 

cancer in cells and in animal models.139,140  

The degradation of Sirt2 by PROTACs was the first published example of degraders for 

epigenetic “erasers”45. There are several potential advantages for enzyme degraders over 

enzyme inhibitors.8 First, inhibition of certain cellular pathways often increases the 

expression of the target protein, which is mediated by a feedback mechanism, and this often 

leads to pharmacological insufficiency. The degradation activity can then negate the effects 

of protein overexpression. Second, the phenotype, or very often the cause, of the diseases 

is the overexpression of the target protein. The more appropriate correction of the disease 
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state is to tune down the level of this protein until it reaches its physiological level instead 

of inhibiting the enzymatic functions. Finally, inhibitors require stoichiometric drug 

binding to the target in order to modulate the protein function. In contrast, TPD by small 

molecule degraders is catalytic, providing favorable pharmacology.  

We developed the first small molecule HDAC degraders by conjugating non-selective 

HDAC inhibitors with E3 ubiquitin ligase ligands71. Through screening the expression of 

HDACs, we find the non-selective HDAC inhibitor was converted to HDAC6 selective 

degrader after tethering it with E3 ligand Pomalidomide. Mechanistic study illustrated the 

critical role of CRBN E3 ligases and the ubiquitination-proteasome system in HDAC6-

targeting degradation. Later, we developed the second generation of HDAC6 degraders by 

using selective HDAC6 inhibitor as the “warhead”.  The novel degraders exhibited 

improved potency and selectivity. After further optimizing the linker length and linking 

positions, we have discovered potent degraders with nanomolar DC50 that exhibit 

promising anti-proliferation activity in multiple myeloma (MM) cells. HDAC6 degraders 

have the potential to be developed into anti-cancer agents. 
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2.2. First-generation Degraders Using Pan-HDAC6 Inhibitor as “Warhead”  

 

Scheme 2.2.1 Synthetic route to PROTAC degraders targeting HDAC. 

We envisioned that our HDACi library preparation strategy could also facilitate the 

development of various small molecule HDAC degraders. For the first series of 

acylhydrazone-linked HDAC degraders, we conjugated non-selective HDAC inhibitor 3c, 

derived from our previous strategy, to a thalidomide-type E3 ligase ligand with various 

linkers. The synthesis of our HDAC degraders is summarized in Scheme 2.2.1. Aldehydes 

7a-7d containing an azide functional group and one to several polyethylene glycol units 

were prepared according to literature methods.141,142 An alkyne functional group was 

introduced to pomalidomide to afford analogue 6a by a SNAr reaction between known 

fluoro-thalidomide and propargyl amine according to literature procedures.43 A copper-

catalyzed cycloaddition between alkyne 6a and azides 7a-7d afforded the corresponding 
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pomalidomide-conjugated azides 8a-8d with varying linker lengths. Condensation of 8a-

8d with HDAC-biasing reagent 2a132 in DMSO yielded products 9a-9d as the bifunctional 

molecules. The resulting DMSO solutions were analyzed by LC-MS and determined to be 

of sufficient purity for further biological evaluations.  

 

Figure 2.2.1 Profiling HDAC expression under treatment of degraders 

We first incubated bifunctional molecules 9a-9d at 5 µM in MCF-7 cells. After 12 h, the 

whole cell lysate was generated for SDS-PAGE and immunoblot. By examining the 

amount of HDAC1, HDAC2, HDAC4 and HDAC6 protein, we observed a considerably 

lower level of HDAC6 compared to others (Figure 2.2.1). HDAC1 protein was slightly 

suppressed by these probes. Meanwhile, the amount of HDAC proteins remained the same 

using the SAHA treatment. We were encouraged by the fact that these bifunctional 

molecules, with relatively high molecular weights, were able to cross the cell membrane to 

degrade certain HDAC members. Among the four bifunctional molecules with various 
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linker lengths, compound 9c showed higher activity for the degradation of HDAC6 than 

the other three compounds at a 5 µM concentration. This data indicated that the linker 

length has significant impact on the efficiency of TPD, which is consistent with previous 

reports for the PROTAC-mediated degradation of other proteins.43,9 The selective 

degradation of HDAC6 over other HDACs is unexpected, but not surprising, because it has 

been reported that highly selective kinase degraders can be developed by tethering a 

relatively non-selective kinase inhibitors with a E3 ubiquitin ligase ligand.33 
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Figure 2.2.2 Dose response of HDAC6 degrader 9c in MCF-7 

To probe the effective concentration range, incubation of cells with 5 nM to 10 µM of 9c 

resulted in the degradation of HDAC6 in a dose dependent manner. (Figure 2.2.2 A) The 

degradation occurred at concentrations as low as 41 nM and reached the maximal effect 



42 

 

 

between 123 nM and 370 nM. No obvious “Hook effect” was observed at higher 

concentration.90 The concentration at which half-maximal degradation was achieved (DC50) 

and the maximum percentage of degradation (Dmax) are 34 nM and 70.5% respectively, 

based on the blot intensity (Figure 2.2.2 B). It has been established that HDAC6 regulates 

the acetylation of α-tubulin120. Knockdown of HDAC6 by siRNA or inhibition by small 

molecule HDAC6 inhibitors can upregulate the level of acetylated α-tubulin.122,133 Indeed, 

increased acetylated α-tubulin levels were observed at 1.1 µM and above (Figure 2.2.2 A). 

The increased acetylated α-tubulin level should be the result of inhibition and degradation 

of HDAC6. 

 

Figure 2.2.3 Time-course study of HDAC6 degrader 9c in MCF-7 

To further study the mechanism of action of our HDAC6 selective degraders, we conducted 

a series of experiments. A time-course experiment revealed that significant degradation of 

HDAC6 and upregulation of tubulin acetylation occurred around 2 h after treating MCF-7 

cells with 2 µM of compound 9c (Figure 2.2.3), which suggested the high efficiency of 

TPD of HDAC6 protein.  
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Figure 2.2.4 Co-treatment of MG132 or Pomalidomide with degrader 9c in MCF-7 

Co-treatment of 2 µM of compound 9c with either 5 µM MG132, a known proteasome 

inhibitor, or 5 µM pomalidomide, the CRBN ligand, abolished the effect of compound 9c 

for the degradation of HDAC6 (Figure 2.2.4). The tubulin acetylation level was also 

almost recued in these cases. These results indicated the essential role of the ubiquitin-

proteasome pathway for the TPD of compound 9c. First of all, proteasome activity was 

required for compound 9c mediated HDAC6 turnover since the inhibition of the 

proteasome by MG132 abolished the effect of compound 9c. Second, the recruitment of 

the CRBN E3 ligase was also critical for compound 9c mediated degradation of HDAC6 

because the competitive binding of pomalidomide to CRBN and abolished the effect of 

compound 9c. In addition, the significantly different levels of acetylated tubulin by the 

treatment with 9c alone and by 9c-pomalidomide co-treatment suggested that HDAC6 

degradation by 9c was primarily responsible for raising the level of acetylated α-tubulin, 

at least in the case of the 12 h treatment. Furthermore, the residual level of acetylated 

tubulin after the 9c-pomalidomide co-treatment indicated that compound 9c continually 

served as a HDAC6 inhibitor after its degradation ability is disabled by pomalidomide.  
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Figure 2.2.5 Co-treatment of pan-HDAC inhibitor 2c with degrader 9c in MCF-7 

A similar effect was also observed when pan-HDAC inhibitor 2c, the “warhead” of 

HDAC6 degrader 9c, was used as the competitive ligand for HDACs (Figure 2.2.5). In the 

presence of 2 µM of compound 9c, the addition of 1 µM of 2c is sufficient to rescue 

HDAC6 from TPD. Lowering the concentration of 2c to 100 nM, however, is not sufficient 

to abolish compound 9c-mediated degradation of HDAC6. On the other hand, a large 

degree of tubulin acetylation by compound 9c was still observed. In addition to the level 

of acetylated tubulin, we also examined the level of acetylated histone 3 (H3) to evaluate 

the selectivity of compound 9c. Compound 9c at a 2 µM concentration clearly exhibited 

less of an effect than compound 2c alone at the same concentration for the increase of 

acetylated H3. The effect of compound 9c alone for the increased of acetylated H3 is likely 

due to direct inhibition of class I HDAC(s) in the nucleus instead of insignificant 

degradation of HDAC1. Our results indicate that bifunctional molecule 9c has dual 

functions: selective degradation of HDAC6 and inhibition of HDACs. 
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Figure 2.2.6 Bioactivity test of HDAC inhibitor or degrader in HeLa (A) and MM.1S (B) 

cells 

To examine the scope, we also tested SAHA or degrader 9c in HeLa and MM.1S cells. The 

HeLa cells treated with SAHA for 12 h didn’t affect the HDAC6 level while degrader 9c 

induced obvious degradation (Figure 2.2.6 A). SAHA increased significant acetylation 

level of Tubulin and Histone 3 in comparison of 9c. It suggested the degrader with non-

selective “warhead” cause less potent downstream effects in this type of cells. We also 

tested compound 9c in the MM.1S cell line, a type of multiple myeloma (MM). After a 6 

h treatment, the maximal effect of HDAC6 degradation was observed at 80 nM or higher 

concentrations (Figure 2.2.6). The increase in acetylated tubulin was observed at higher 

concentrations of compound 9c in MM.1S cells, which is similar to what was observed in 

MCF-7 cells. The MM.1S cell line appeared to be more sensitive to compound 9c for the 

degradation of HDAC6.  
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Figure 2.2.7 Antiproliferation of 9c in MM1S 

Pomalidomide inhibits the growth of MM cells via CRBN and showed synergy with HDAC 

inhibitors for treating myeloma38,143. Since our HDAC6 degrade bearing Pomalidomide, 

we hypothesize there may be some synergy between HDAC6 degradation and 

Pomalidomide-induced anti-proliferation. To examine the functionality of HDAC6 

degrader in MM cells, we treated MM.1S cells with degrader 9c, SAHA and Pomalidomide 

for 48 h (Figure 2.2.7). SAHA and 9c at 100 nM didn’t affect the proliferation of MM cells 

while Pomalidomide suppressed ~30% cell growth. At 1 µM, Pomalidomide and 9c 

achieved over 50% and ~30% inhibition, respectively. In comparison, SAHA only showed 

less than 20% growth inhibition. These results indicated the advantage of using 

Pomalidomide-based HDAC6 degrader over pan-HDAC inhibitor. However, 9c turned out 

to be weaker than SAHA at 10 µM, where both SAHA and Pomalidomide inhibited over 

40% cell proliferation.  
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2.3. Second-generation Degrader Using HDAC6 Selective Inhibitor as “Warhead” with 

Anti-myeloma Activity 

 

 

Figure 2.3.1 Structure of HDAC6 degraders and “warhead” inhibitors 

First-generation degrader 9c used non-selective inhibitor 3c as the “warhead”. It selectively 

degraded HDAC6 and accounted for limited growth inhibition of multiple myelomas. 

However, other members of HDACs are still inhibited by the pan-inhibitor “warhead” as 

demonstrated by the elevated level of acetylated histones (Figure 2.2.6 and Figure 2.2.7 

A). Clearly, the selectivity and potency of HDAC6 degraders need to be improved by using 

a completely different scaffold for further biological and pharmacological studies. We 

therefore designed a new generation of selective HDAC6 degraders by attaching E3 ligase 

ligand to the aniline group of HDAC6 selective inhibitor Nexturastat A144 (Next-A, 10, 

Figure 2.3.1). During our investigation of the new generation HDAC6 selective degraders, 
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Rao’s group reported a class of PROTACs in 2019 by attaching a E3 ligase ligand to the 

alkyl chain of Next-A.5 However, their PROTACs did now show any improved anti-

proliferation activity over the parent HDAC6 inhibitor Next-A.  

Despite the revolution in myeloma therapy in the last two decades, many patients are 

resistant to currently approved agents145. HDAC6 selective inhibitors have been used in 

combination with proteasome inhibitor134,146,  immunomodulatory drugs (e.g. 5a-c)143 and 

anti-PD-L1 antibody147 in anti-myeloma therapeutic development. HDAC6 selective 

inhibitors showed synergy with IMiDs for the treatment of multiple myeloma in animal 

models and human clinical trials. Upon binding to CRBN, pomalidomide analogues are 

known to activate CRBN’s E3 ligase activity towards IKZFs and promote their 

ubiquitination and subsequent degradation40,137,148. IKZFs become the neo-substrates of 

ligand-bound CRBN. The induced degradation of IKZFs by pomalidomide and its 

analogues are believed to be responsible for their significant anti-proliferation effect in 

multiple myeloma. Interestingly, PROTACs with IKZF degradation activity have also been 

reported in a number of cases when pomalidomide was employed as the ligand for CRBN 

E3 ligase44,46–48. The degradation of IKZFs is often considered as undesired during the 

development of PROTACs.  We hypothesize that multifunctional HDAC6 degraders that 

retain the degradation activity of IKZFs would have enhanced anti-myeloma activity. We 

then developed a new generation of HDAC6 selective degraders with distinct advantages 

in degradation efficiency and selectivity over our previous compounds. Our new HDAC6 

degraders are also significantly more potent than HDAC6 inhibitor Next-A for the anti-

proliferation of multiple myeloma cancer cell lines. 
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Scheme 2.3.1 “Click” synthesis of PROTAC degraders 

To increase the selectivity and potency of HDAC6 degrader, we synthesized 18 degraders 

by tethering HDAC6-selective inhibitor Next-A (10) with CRBN E3 ligand Pomalidomide. 

Azides (11a-e) bearing Next-A moiety were “clicked” with pomalidomide linked alkynes 

to afford PROTAC 12a-r with varying linkers (Scheme 2.3.1). These degraders are divided 

into to two series based on their linking position of the amino group on the phthalimide 

ring of Pomalidomide: C4- or C5-linked series (Table 2.3.1). Within each series, the 

degraders are different from each other by the numbers of carbon atoms between Next-A 

and the triazole ring (n) or between Pomalidomide and the triazole ring (m). It is known 

that both C-4 and C-5 positions of Pomalidomide are exposed to solvent and can be the 

position to place the linker for PROTACs 148,149. The para position of the aniline in Next-

A was chosen to place the linker because it is well known that the aromatic ring “cap” of 

HDAC inhibitors is exposed to the solvent 105,150. 
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Figure 2.3.2 Screening of Compounds for HDAC6 degradation by in-cell ELISA 

To screen the new series of degraders, we first developed and validated an in-cell ELISA 

assay (see Chapter 3 for details). We treated the compounds at 100 nM and 10 nM in 

MM1S cells for 6 h. Resulting cells were then fixed and analyzed by in-cell ELISA (Figure 

2.3.2). Comparing with vehicle, Next-A and Pomalidomide didn’t affect the expression of 

HDAC6 at 10 nM and had very minimal effects at 100 nM. At both concentrations, all 

degraders remarkably decreased the amount of HDAC6 protein. The degradation level was 

calculated and listed in Table 2.3.1.   
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Table 2.3.1. Screening of compounds for HDAC6 degradation activity 

 

Cpd n m 

Degradation (%)a 

100 nM 10 nM 

9c N/A 73.5 ± 0.3 47.9 ± 0.9 

12a 2 1 81.3 ± 2.3 62.1 ± 1.0 

12b 3 1 84.1 1.0 67.3 ± 0.8 

12c 4 1 85.0 ± 1.2 64.3 ± 3.2 

12d 5 1 82.7 ± 1.7 74.9 ± 1.2 

12e 6 1 77.8 ± 1.7 66.1 ± 1.1 

12f 2 2 81.8 ± 0.9 49.3 ± 0.6 

12g 3 2 84.2 ± 0.4 64.8 ± 1.0 

12h 4 2 79.2 ± 0.9 71.7 ± 0.5 

12i 2 3 83.1 ± 1.0 70.6 ± 1.1 

12j 3 3 77.3 ± 1.5 45.6 ± 1.6 

12k 4 3 75.7 ± 0.8 50.9 ± 2.2 
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Cpd n m 

Degradation (%)a 

100 nM 10 nM 

12l 2 1 81.4 ± 0.6 57.1 ± 1.4 

12m 3 1 81.2 ± 0.6 60.3 ± 1.3 

12n 4 1 80.9 ± 0.4 63.3 ± 0.8 

12o 5 1 84.7 ± 1.0 69.9 ± 1.3 

12p 6 1 83.5 ± 0.5 70.8 ± 0.4 

12q 2 3 80.4 ± 0.3 47.2 ± 4.8 

12r 3 3 81.9 ± 0.4 60.9 ± 0.4 

aDegradation percentage calculated from Figure 2.3.2. Degradation percentage 

represents [100% - mean (± SD) of HDAC6 relative expression of biological replicates 

(n = 3) ]. 
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At 100 nM concentrations, compounds including 9c degraded 73.5% to 85.0% of HDAC6 

with minor difference. At 10 nM concentration of compounds, obvious structure-activity-

relationship was observed. While only 47.9% of HDAC6 expression was suppressed by 

our previously reported degrader 9c, several new degraders are much more potent. For 

example, 12d, 12h, 12i, 12o and 12p all achieved about 70% degradation. Among the C4-

linked series, 12d with medium length linker (5 + 1) achieved most degradation in sub-

series 12a-e (m = 1). For sub-series 12f-h (m = 2), the degradation potency increased when 

linkers were elongated and 12h (4 + 2) was the best. Within sub-series 12i-k (m = 3), 12i 

with the shortest linker (2 + 3) turned out to be the most potent degrader. Among C5-linked 

series, the potency of sub-series 12l-p (m = 1) increased with the linker length. Compounds 

12o (5 + 1) and 12p (6 + 1) have the similar potency for the degradation of HDAC6. Sub-

series 12q-r (m = 3) showed relative low effects for the degradation of HDAC6. The above 

results suggest that the optimal total number of methylene units in the linker is about 6 and 

the C4-linked series are slightly more potent than the C5-series, which might relate to the 

accessibility of the degrader-recruited E3 ligase to the available ubiquitination site(s) of 

HDAC6. It appeared that both the distance and linking positions contributed to the 

degradation efficiency.  
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Figure 2.3.3. MM1S cells treated with selected candidates from C4-lined series  

 

Figure 2.3.4. MM1S cells treated with selected candidates from C5-lined series  
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After the identification of the most potent candidates from each sub-series, we incubated 

selected compounds at 100 nM, 10 nM and 1 nM for western blot analysis (Figure 2.3.4) 

to confirm the ELISA results. Class II HDAC4 was selected for comparison. For selected 

compounds from C4- or C5-linked series, all of them presented maximal effects at 100 nM 

and degraded significant amount of HDAC6 at 10 nM. Clearly, our previous HDAC6 

degrader 9c degraded much less HDAC6 at 10 nM concentration. The results from Western 

blot are consistent with the screening results by ELISA.  

As discussed before, pomalidomide and its analogues are known to modulate CRBN’s E3 

ligase activity and lead to the degradation of neosubstrates IKZFs. Interestingly, among the 

candidates we examined, only 12d retained the induced degradation of IKZF1/3 by 

pomalidomide moiety at 100 nM. IKZFs regulate the expression of interferon regulatory 

factor 4 (IRF4) and c-Myc to affect the proliferation of multiple myeloma (MM)137. The 

downregulation of IKZF 1 and 3 by pomalidomide and its analogues are believed to be 

responsible for their significant anti-proliferation effect in multiple myeloma. PROTACs 

with IKZF degradation activity have been reported in a number of cases44,46–48 and the 

IKZFs are often considered as “off-targets” during the development of these PROTACs. 

Our results indicate that the IKZF degradation activity can be impacted by the linker 

position and the functional group next to the phthalimide ring. In our studies, the triazole 

ring linked to C4 position likely contributed to the induced interaction between CRBN and 

IKZFs. 
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Figure 2.3.5. In-cell ELISA of MM1S cells treated with degraders for 6 hours 

Table 2.3.2 DC50 and Dmax of Selected Degraders 

Cpd DC50
a (nM) Dmax

b (Vehicle%) 

1 9.12 ± 1.64 84.07 ± 2.41 

12a 3.41 ± 0.52 88.01 ± 2.23 

12d 1.64 ± 0.24 86.26 ± 1.70 

12i 2.54 ± 0.32 86.30 ± 1.67 

aThe concentration at which half-maximal degradation was achieved. bThe maximum 

percentage of degradation. a,bValues with ± SD obtained from nonlinear fitted data in 

Figure 2.3.5. 

To examine the potency of the selected candidates, we used in-cell ELISA to analyze the 

HDAC6 content in MM1S cells treated with 12a, 12d and 12i and compared them with 
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degrader 9c. We measured the amount of cellular HDAC6 in response to concentrations of 

compounds from 0.1 nM to 1 µM (Figure 2.3.5.). DC50 and Dmax were calculated and listed 

in Table 2.3.2. All degraders achieved 84-88% maximal degradation and no “hook effects” 

90 was observed at ≤ 1 µM. Our new degraders had single-digit nanomolar DC50, which 

was about 3- to 5-fold of improvement from 9.12 nM of degrader 9c. Among these 

degraders, 12d showed excellent potency with a DC50 at 1.64 nM. As discussed above, 

most PROTACs were designed to avoid degrading other proteins except the targeted POIs. 

However, in our study, we hypothesized that HDAC6 degraders with IKZF degradation 

will have enhanced anti-proliferation effect for MM1S cells. Since compound 12d showed 

promising IKZF degradation activity (Figure 2.3.3), we further characterized its activity 

and mechanism of action. 
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Figure 2.3.6. Profiling of different protein expression in dose response of 12d in MM1S 

To evaluate the activity and selectivity of 12d, we first performed a full dose response 

experiment with compound concentrations ranging from 0.3 nM to 10 µM in MM1S cells 

(Figure 2.3.6) for several HDACs, IKZFs, and Ac-tubulin. The results indicated that only 
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the expression of HDAC6 was affected among the HDACs we examined. Degrader 12d 

reduced HDAC6 protein content at as low as 3 nM and achieved maximal effects around 

30 nM. The “Hook effect” was observed at 3 µM or above due to the formation of binary 

complexes90. The degradation of IKZFs started from 30 nM and was dose-dependent. It is 

interesting to see the more efficient degradation of HDAC6, which requires the binding of 

both ligands to their protein targets, than that of IKZFs, which only requires the binding of 

pomalidomide motif to CRBN. In addition to the distinct mechanism, the different turnover 

rates of HDAC6 and IKZFs may also contribute to the observed results. The acetylated 

tubulin level was also dose-dependent. At higher concentrations (3 µM and 10 µM), tubulin 

acetylation was not decreased in response to recovered HDAC6 expression by “hook 

effect”. The elevated tubulin acetylation at higher concentrations was likely due to the more 

significant HDAC6 inhibition since the degrader has the inhibitory motif.  
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Figure 2.3.7. Time-course study of degrader 12d in MM1S cells 

To probe the efficiency of 12d, we treated MM1S with 100 nM 12d and monitored the 

change of HDAC6 protein level by time (Figure 2.3.7). The HDAC6 degradation started 

around 1 h and reached maximal degradation effect at 4 h. The degradation of IKZFs was 

only observed after 4 h. Meanwhile, HDAC1 was not affected and the acetylation of tubulin 

was accumulated by time.  
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Figure 2.3.8. “Wash-out” experiment in MM1S cells 

To study the re-synthesis rate of HDAC6 after degradation, we performed “wash-out” 

experiment (Figure 2.3.8). Cells were treated with 100 nM of 12d for 6 h and then washed 

with PBS to remove remaining degraders.  HDAC6 expression was monitored for 48 h. 

HDAC6 was not fully recovered within 48 h, suggesting the slow turnover rate of HDAC6. 

Interestingly, IKZF3 was quickly recovered after 12 h, indicating the fast re-synthesis rate 

of IKZFs, which might be one of the reasons for the requirement of higher concentrations 

of compounds for the degradation of IKZF.  
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Figure 2.3.9. Western blot analysis of degraders in other cell lines 
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To examine the correlation between degradation efficiency and cell types, we also tested 

selected degraders in other cell lines. Figure 2.3.9 A-H represent results from A431 (6 h), 

RPMI-8226 (12 h), Jurkat (6h), HepG2 (6h), RS4;11 (6h), A375 (6h), Hela (6h) and MCF-

7 (6h) respectively. Overall, the HDAC6 degrader is effective for the degradation of 

HDAC6 among all tested cancer cell lines. 

 

Figure 2.3.10. HDAC6 degrader selectively targeted HDAC6 over others 

To further examine the selectivity of our new generation of HDAC6 degraders, we 

compared compound 12d with SAHA, Next-A, degrader 9c and pan-inhibitor 3c for 

change of acetylated α-tubulin and acetylated histone H3 (Figure 2.3.10). Compound 12d 

increased the acetylated tubulin at 100 nM while SAHA and Next-A didn’t, indicating that 

the elevated acetylated tubulin was primarily due to HDAC6 degradation rather than the 

inhibition by “warhead” Next-A. We didn’t observe any increase of acetylated histone H3 

by the treatment 12d, which is in sharp contrast to the strong acetylated histone H3 signal 

induced by SAHA, suggesting high selectivity of the degrader. Compared to our previously 
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developed degrader 9c, compound 12d also showed significantly improved selectivity for 

increasing the level of acetylated tubulin over acetylated histone H3, indicating the 

advantage of replacing a pan-HDAC inhibitor by HDAC6 selective inhibitor as the ligand 

of HDAC6 for PROTACs.  

 

Figure 2.3.11. Mechanism study by co-treatment of the degrader with E3/POI ligands and 

NAE inhibitor 

To support the involvement of ubiquitination-proteasome system for the decrease of 

HDAC6 protein level, we co-treated the degrader with binding competitors or pathway 

blockers (Figure 2.3.11). The co-treatment of degrader with Pomalidomide (Poma) or 

Next-A recovered HDAC6 level while the degradation of IKZFs was preserved, indicating 

that the binding of the degrader to both HDAC6 and CRBN E3 ligase are required for 

induced protein degradation. Moreover, it also confirmed the role of Pomalidomide moiety 
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in modulating IKZFs. Neddylation of cullin RING ligase (CRL) by NEDD8-Activating 

Enzyme (NAE) regulated CRL’s activity as a E3 ligase41,151. Inhibiting neddylation by 

NAE inhibitor MLN4924 resulted in abolishing the degradation of both HDAC6 and 

IKZFs (Figure 2.3.11).  

 

Figure 2.3.12. Mechanism study prove PROTAC-induced degradation by proteasome 

We also used proteasome inhibitor MG132 and Bortezomib (Bortez) to block the down-

stream proteasome degradation (Figure 2.3.12). Under the co-treatment of both inhibitors, 

no degradation of HDAC6 or of other HDACs was observed. Acetylated tubulin level was 
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suppressed as well. This confirms that HDAC6 degradation is primarily responsible for the 

acetylation of its substrates rather than inhibition by the “warhead” moiety.  
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Figure 2.3.13. Transcriptional effects under treatment of degrader and Pomalidomide 

To exclude the possible transcriptional impact by degraders, we used qRT-PCR to examine 

the mRNA level of HDAC6 and related genes (Figure 2.3.13). We observed little effects 

on HDACs and IKZFs after 6 h treatment of degrader 12d. It is consistent with the 

hypothesis that the cellular knockdown of HDAC6 is due to direct protein degradation, not 

by transcriptional downregulation. However, in this relative short treatment time, both 

degrader and Pomalidomide increased the mRNA level of IRF4. IRF4 is a crucial gene for 

multiple myeloma growth. IRF4 was downregulated by IMiDs in both protein level and 

transcription level for longer treatment time (24 - 48 hours). 152,153 
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Our HDAC6 degrader 12d thus has three functions: inhibition of HDAC6 by the Next-A 

motif, degradation of IKZFs by the pomalidomide moiety, and the degradation of HDAC6 

through the formation of the ternary complex. The former two functions can be achieved 

by the combination of HDAC6 selective inhibitor and pomalidomide. The third function is 

unique for HDAC6 degraders. Since HDAC6 selective inhibitors showed synergy with 

pomalidomide and its related analogues for the treatment of multiple myeloma in animal 

models and human clinical trials136,143,154, we envision that HDAC6 degrader 12d would 

have enhanced anti-myeloma activity over the combination of HDAC6 selective inhibitor 

and pomalidomide. 

 

Figure 2.3.14. Structure of deactivated degraders and N-methylated pomalidomide 

To rule out the potential cell-permeability issue, we synthesized deactivated degraders 

(Figure 2.3.14), which have similar molecular weight and size comparing to 12d, for better 

comparison. We blocked the binding of 13 to HDAC6 by replacing the hydroxamic acid 
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zinc binding moiety with a methyl ester. The N-methylated Pomalidomide (14) moiety was 

used as the negative control for Pomalidomide-based PROTACs42. The binding of 15 to 

CRBN is blocked by attaching a methyl group to the key imide NH.  

 

Figure 2.3.15. Western blot analysis of deactivated degraders 

Western blot analysis proved that both compounds 13 and 15 are inactive in MM1S 

(Figure 2.3.15). Compound 13 induced limited HDAC6 degradation and this might be due 

to hydrolysis of carboxylic ester to carboxylic acid, which is a weak ligand for zinc ion. 

This observation may be worth to follow up since carboxylic acid is generally much less 

toxic than hydroxamic acid and a more optimized carboxylic acid-based degrader may 

provide a wider therapeutic window.  
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Figure 2.3.16. Proliferation of MM1S cells 

We performed single treatment or co-treatment as combined therapy (1 µM) for 72 h in 

MM1S cells (Figure 2.3.16). Next-A had minor effects on cell growth while 15 was totally 

inactive. Pomalidomide, 13 and degrader 9c shared similar antiproliferation effects at this 

concentration. We didn’t observe statistically significant synergy of dual treatment with 13 

+ 15 (1:1) or dual treatment with Pomalidomide + Next-A (1:1) comparing with single 

treatment of 13 or Pomalidomide (P > 0.05). The dual treatment of Pomalidomide + Next-

A (1:1) is slightly more potent than that of 13 + 15 (1:1). However, the single treatment of 

12d improved about 19% (P = 0.0017) and 11% (P = 0.0213) growth inhibition comparing 

with the combination sets of 13 + 15 (1:1) and Pomalidomide + Next-A (1:1), respectively.  
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Figure 2.3.17. Dose response of antiproliferation in MM1S cells 

Table 2.3.3. IC50 of Antiproliferation in MM1S 

 IC50 (nM) a Maximal Inhibition (%) b 

12d 74.92 ± 11.35 63.15 ± 1.82 

13 + 15 (1:1) 23.50 ± 6.26 42.57 ± 1.88 

13 17.72 ± 2.84 43.96 ± 1.16 

aThe concentration at which half-maximal growth inhibition was achieved. bThe 

maximum percentage of growth inhibition. a,bValues with ± SD obtained from nonlinear 

fitted data in Figure 2.3.17. 

To further confirm the observed enhancement, we studied the anti-proliferation in response 

to 12d from 0.3 nM to 3 µM (Figure 2.3.17). We compared this single treatment with dual 
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treatment of 13 and 15 to rule out the potential complication derived from cell permeability 

issue. The resulting EC50
d  and maximal inhibition was listed in Table 2.3.3 and the 

Statistical significance was listed in Table 2.3.4. Degrader 12d lowered the bottom line 

(minimal proliferation) of curve over 20% although its EC50 was decreased consequentially. 

The combination of 13 and 15 failed to work synergistically, indicating the HDAC6 

degradation, other than inhibition, was crucial for the enhanced antiproliferation by 

degrader 12d.  

Although the EC50 of 12d (74.9 ± 11.3) appeared higher than the combination of 13+15 

(23.5 ± 6.3) or 13 (17.7 ± 2.8) alone, it is clear that the relatively higher EC50 for 12d is 

due to its lower bottom or the higher maximal growth inhibition. The three curves almost 

overlap at concentrations lower than 100 nM. At concentrations higher than 100 nM, 

degrader 12d starts to inhibit the growth of the cell much more significantly than 13 alone 

or the combination of 13 and 15. The maximal inhibition of 12d (63.1 ± 1.8) is much higher 

than that of the combination of 13 and 15 (42.6 ± 1.9) or 13 alone (44.0 ± 1.2). 

 

 

 

 

 

 
d EC50: concentration of compound that gives half-maximal response 
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Table 2.3.4. Statistical Significance of Figure  

Concentrations 12d v.s. 13 + 15 (1:1) 12d v.s. 13 12d v.s. 15 

3 µM **** **** **** 

1 µM **** **** **** 

300 nM ** ns **** 

100 nM ns ns **** 

30 nM ns ** **** 

10 nM ns ns **** 

3 nM ns ns ns 

1 nM ns ns ns 

0.3 nM ns ns ns 

Statistical significance was analyzed by Two-way RM ANOVA using Dunnett's multiple 

comparisons test for Figure 7B in main article. Table showed the multiple comparison 

using “12d” as control column. Not significant (ns) P > 0.05, *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, ****P ≤ 0.0001. 
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Figure 2.3.18. Profiling of apoptosis markers 

Hence, we concluded that the HDAC6 degradation and IKZF degradation had synergistic 

effects at higher concentration (≥ 300 nM) of the degrader. For 48 h treatment of 12d in 

MM1S, we observed the cleavages of Caspase-3 and poly ADP ribose polymerase (PARP) 

in dose dependent manner (Figure 2.3.18), suggesting that the synergy was derived from 

degrader-promoted cell apoptosis.  

 

2.4. Summary and Perspectives  

In summary, we have developed the first-in-class small molecule degraders for zinc-

dependent HDACs by conjugating a pan-HDAC inhibitor with thalidomide analogues. 
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Cell-based assays indicated that these HDAC degraders could selectively degrade HDAC6 

over other HDACs. Our mechanistic investigations indicate that the CRBN E3 ligase and 

proteasome are responsible for the degradation of HDAC6. The HDAC degraders derived 

from pan HDAC inhibitors also inhibit other HDACs, as indicated by the increased 

acetylated histone level. We then developed more selective HDAC6 degraders by tethering 

Pomalidomide and HDAC6 selective inhibitor Next-A. By varying the linker length and 

linking positon, we discovered potent and selective HDAC6 degrader 12d that retains the 

degradation activity of IKZFs. Further investigation confirmed its mechanism of action. 

The antiproliferation study demonstrated the advantage of our HDAC6 degraders over 

HDAC6 inhibitor alone, IMiD alone, or its combination, presumably because of the multi-

function of the degrader. Our results highlighted the utility of PROTACs as a novel strategy 

for the development of therapeutics against multiple myeloma.   

Development of HDAC6 degrader is a promising strategy in drug discovery. For future 

work, we propose to investigate the potential of HDAC6 selective degraders in 

immunotherapy. Programmed cell death ligand 1 (PD-L1)/ programmed cell death protein 

1 (PD-1) were negative co-stimulatory factors that can regulate tolerance and 

autoimmunity155,156. HDAC6 was shown to regulate PD-L1 expression via STAT3 

signaling pathway in melanoma124, osteosarcoma123 and glioblastoma157. HDAC6 

inhibition or silencing suppressed the phosphorylation of STAT3 and sequentially affect 

the PD-L1 expression. Combination of HDAC6 inhibitor and anti-PD-1 antibody worked 

synergistically for treating multiple myeloma147. IMiDs, such as Lenalidomide, enhanced 

the anti-myeloma immune response by PD-1/PD-L1 blockade. These results from literature 
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suggest that HDAC6 degraders might suppress PD-L1 expression more efficiently in 

cancer cells and enhance their sensitivity towards immunotherapy. In addition, we also 

plan to explore the combination therapy of HDAC6 degrader with other therapeutic 

reagents. For example, BET inhibitor JQ1 induced the HDAC6 expression in multiple 

myeloma and co-targeting BET proteins and HDAC6 yielded enhanced antiproliferation 

in mice model bearing human MM cells158. Thus, HDAC6 degrader might overcome the 

unexpected induction of HDAC6 expression by BET inhibitor. Synergistic treatment of 

HDAC6 degrader and BET inhibitor or degrader would be a rational option for future anti-

myeloma therapy.  

HDAC6 is a unique deacetylase that is involved in multiple cellular processes, such as 

protein degradation, inflammation, angiogenesis, cell motility159. In quantitative proteomic 

analysis of HDAC6-knockout mice, Zhou and co-workers identified many proteins with 

elevated acetylation and several candidates were validated as novel substrates of 

HDAC6160. Selective HDAC6 degraders can regulate HDAC6 level reversibly with great 

temporal and spatial control. HDAC6 selective degraders may serve as a powerful tool for 

studying the HDAC6 related biology, especially the non-enzymatic activity of HDAC6.   

 

2.5. Experimental Procedures 

General Information in Synthetic Chemistry.  

All reactions were conducted under a positive pressure of dry argon in glassware that had 

been oven dried prior to use. Anhydrous solutions of reaction mixtures were transferred 
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via an oven dried syringe or cannula. All solvents were dried prior to use unless noted 

otherwise. Thin layer chromatography (TLC) was performed using precoated silica gel 

plates. Flash column chromatography was performed with silica gel. 1H and 13C nuclear 

magnetic resonance (NMR) spectra were recorded on Bruker 400 MHz and 500 MHz 

spectrometers. 1H NMR spectra were reported in parts per million (ppm) referenced to 7.26 

ppm of CDCl3 or referenced to the center line of a septet at 2.50 ppm of DMSO-d6. Signal 

splitting patterns were described as singlet (s), doublet (d), triplet (t), quartet (q), quintet 

(quint), or multiplet (m), with coupling constants (J) in hertz. High resolution mass spectra 

(HRMS) were performed on an Electron Spray Injection (ESI) TOF mass spectrometer. 

The liquid chromatography mass spectrometry LC-MS analysis of final products was 

processed on Agilent 1290 Infinity II LC system using Poroshell 120 EC-C18 column (5 

cm × 2.1 mm, 1.9 μm) for chromatographic separation. Agilent 6120 Quadrupole LC/MS 

with multimode electrospray ionization plus atmospheric pressure chemical ionization 

(MM-ES+APCI) was used for detection. The mobile phases were 5.0% methanol and 0.1% 

formic acid in purified water (A) and 0.1% formic acid in methanol (B). The gradient was 

held at 35% (0-0.2 min), increased to 100% at 2.5 min, then held at isocratic 95% B for 0.4 

min and then immediately stepped back down to 35% for 0.1 min re-equilibration. The 

flow rate was set at 0.8 mL/min. See Supporting Information for 1H and 13C NMR 

spectrums and LC-MS purity analysis of compounds. 

Synthesis of Intermediates in Section 2.2  
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A mixture of 3-fluorophthalic anhydride (500 mg, 3.00 mmol), potassium acetate (911.4 

mg, 9.44 mmol) and 3-aminopiperidine-2,6-dione hydrochloride (543 mg, 3.30 mmol) in 

acetic acid (10.0 mL, 0.3 M) was heated to 90℃ for overnight. The black reaction mixture 

was cooled to room temperature and diluted to 20 mL by water and extracted with ethyl 

acetate (30 mL x3). The combined organic phases were washed with water (50 mL) and 

brine (50 mL), dried over anhydrous sodium sulfate, and concentrated under reduced 

pressure. The residue was purified by silica gel flash column chromatography (eluted with 

50% ethyl acetate in hexanes) to afford fluoro-thalidomide 2-(2,6-Dioxopiperidin-3-yl)-4-

fluoro-2,3-dihydro-1H-isoindole-1,3-dione (704.4 mg, 85% yield) as a white solid.  

A mixture of Propargylamine hydrochloride (91.5mg, 1.0 mmol), fluoro-thalidomide 

afforded above (276.2 mg, 1.0 mmol) and N-ethyl-N-isopropylpropan-2-amine (0.52 ml, 

3.0 mmol) in dry N,N-dimethylformamide (4 mL) was stirred at 90℃ for 12 h. The mixture 

was cooled to room temperature, poured into water (20 mL) and extracted with ethyl 

acetate (35 mL x 2). The combined organic phases were washed with water (30mL) and 

brine (30 mL), dried over anhydrous sodium sulfate, and concentrated under reduced 

pressure. The crude residue was purified by silica gel flash column chromatography (eluted 

with 20% ethyl acetate in hexanes) to afford 2-(2,6-Dioxopiperidin-3-yl)-4-

Propargylamino-2,3-dihydro-1H-isoindole-1,3-dione (6) (93.3 mg, 30% yield) as a yellow 
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oil. 1H NMR (500 MHz, CDCl3): δ 2.12-2.16 (m, 1H), 2.27 (t, J = 2.3 Hz 1H), 2.70-2.93 

(m, 3H), 4.10 (dd, J = 6.1, 2.4 Hz, 2H), 4.92 (dd, J = 12.3, 5.4 Hz, 1H),  6.45 (t, J = 5.8 Hz, 

1H), 7.03 (d, J = 8.5 Hz, 1H), 7.20 (d, J = 7.2 Hz,  1H), 7.56-7.59 (m, 1H), 7.97 (s, 1H). 

13C NMR (126 MHz, DMSO) δ 22.74, 31.61, 32.25, 49.03, 72.49, 79.67, 111.26, 112.20, 

117.39, 132.46, 136.04, 145.54, 167.55, 169.17, 169.43, 172.34. HRMS (EI) calcd. for 

[C16H13N3O4] (M + H)+ 312.0979, found 312.0981. 

7a was synthesized according to literature method.141 7b-d was synthesized via the same 

route according to literature method.142 

 

A mixture of 7 (1.0 mmol) and compound 6 (1.0 mmol), tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (0.1 mmol), CuSO4 (0.1 mmol), sodium ascorbate (1.0 mmol) in t-

BuOH:H2O (1:5) (10 mL) was stirred at room temperature for 16 h. The reaction mixture 

was then quenched with water (20 mL) and extracted with dichloromethane (30 mL x 3). 

The combined organic phases were washed with water (50 mL) and brine (50 mL), dried 

over anhydrous sodium sulfate, and concentrated under reduced pressure. The residue was 

purified by silica gel flash column chromatography (eluted with 25-50% ethyl acetate in 

hexane) to afford the corresponding aldehyde 8a-8d as yellow oil (60-70% yield).  
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8a: 1H NMR (400 MHz, DMSO): δ 1.99- 2.03 (m, 1H), 2.54- 2.61 (m, 2H), 2.85-2.93 (m, 

1H), 4.50 (t, J = 5.1 Hz, 2H), 4.60 (d, J = 5.8 Hz, 2H), 4.77 (t, J = 5.1 Hz, 2H), 5.03-5.08 

(m, 1H), 7.04-7.09 (m, 4H), 7.16 (d, J = 8.6 Hz, 1H), 7.55 (m, 1H), 7.83 (d, J = 8.4 Hz, 

2H), 8.10 (s, 1H), 9.85 (s, 1H), 11.09 (s, 1H). 13C NMR (100 MHz, DMSO): δ 22.61, 31.45, 

38.04, 49.03, 49.28, 67.03, 110.16, 111.41, 115.50, 118.11, 124.00, 130.48, 132.24, 132.60, 

136.60, 145.12, 146.28, 163.17, 167.75, 169.23, 170.54, 173.29, 191.82. HRMS (EI) calcd. 

for [C25H22N6O6] (M + H)+ 503.1674, found 503.1654. 

8b: 1H NMR (400 MHz, CDCl3): δ 2.08-2.13 (m, 1H), 2.71-2.89 (m, 3H), 3.79-3.81 (m, 

2H), 3.93 (t, J = 5.0 Hz, 2H), 4.09-4.14 (m, 2H), 4.53- 4.56 (m, 4H), 4.88-4.93 (m, 1H), 

6.63 (t, J = 5.6 Hz, 1H), 6.95-6.98 (m, 3H), 7.11 (d, J = 7.1 Hz, 1H), 7.46 (dd, J = 8.3, 7.3 

Hz, 1H), 7.62 (s, 1H), 7.81 (d, J = 8.8 Hz, 2H), 8.28 (s, 1H), 9.86 (s, 1H). 13C NMR (100 

MHz, CDCl3): δ 22.77, 31.41, 38.73, 48.95, 50.39, 67.48, 69.47, 69.66, 110.80, 112.30, 

114.77, 117.14, 122.89, 130.25, 132.04, 132.40, 136.20, 146.19, 163.51, 167.46, 168.37, 

169.35, 171.05, 190.80. HRMS (EI) calcd. for [C27H26N6O7] (M + H)+ 547.1936, found 

547.1911. 

8c: 1H NMR (500 MHz, CDCl3): 2.11-2.14 (m, 1H), 2.68-2.92 (m, 3H), 3.60-3.66 (m, 4H), 

3.81 (dd, J = 5.5, 3.7 Hz, 2H), 3.87 (t, J = 5.0 Hz, 2H), 4.17 (dd, J = 5.6, 3.7 Hz, 2H), 4.52 

(t, J = 5.0 Hz, 2H), 4.57 (d, J = 5.9 Hz, 2H), 4.87-4.94 (m, 1H), 6.63 (t, J = 5.8 Hz, 1H), 

6.95-7.02 (m, 3H), 7.13 (d, J = 7.1 Hz, 1H), 7.46-7.48 (m, 1H), 7.68 (s, 1H), 7.81 (d, J = 

8.7 Hz 2H), 8.09 (s, 1H), 9.87 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 22.87, 31.52, 38.79, 

49.04, 50.48, 67.83, 69.52, 69.55, 70.61, 70.81, 110.82, 112.35, 114.93, 117.28, 123.05, 
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130.23, 132.10, 132.48, 136.30, 144.89, 146.28, 163.80, 167.58, 168.54, 169.45, 171.25, 

190.90. HRMS (EI) calcd. for [C29H30N6O8] (M + H)+ 591.2198, found 591.2202. 

8d: 1H NMR (400 MHz, CDCl3): δ 2.08-2.14 (m, 1H), 2.67-2.89 (m, 3H), 3.57 (s, 4H), 

3.59-3.62 (m, 2H), 3.68-3.70(m, 2H), 3.83-3.86 (m, 4H), 4.17-4.20 (m, 2H), 4.50 (t, J = 

5.0 Hz, 2H), 4.60 (d, J = 5.7 Hz, 2H), 4.87-4.92 (m, 1H), 6.66 (t, J = 5.9 Hz, 1H), 6.97-

7.03 (m, 3H), 7.12 (d, J = 7.1 Hz, 1H), 7.48 (dd, J = 8.5, 7.1 Hz, 1H), 7.70 (s, 1H) 7.81 (d, 

J = 8.7 Hz, 2H), 8.30 (s, 1H)., 9.87 (s, 1H). 13C NMR (101 MHz, CDCl3): δ, 22.77, 31.41, 

38.69, 48.92, 50.38, 67.73, 69.38, 69.46, 70.50, 70.51, 70.52, 70.88, 99.99, 110.73, 112.24, 

114.83, 117.19, 123.00, 130.09, 131.97, 132.39, 136.20, 146.21, 163.73, 167.47, 168.33, 

169.32, 171.04, 190.81. HRMS (EI) calcd. for [C31H34N6O9] (M + Na)+ 657.2279, found 

657.2247. 

General Synthesis of Arylhydrazone PROTAC in Section 2.2 

 

In-situ formation of HDAC degraders by coupling acylhydrazide 1 with aldehydes 8a, 8b, 

8c, or 8d.  

To a solution of aldehyde (8a-8d) in DMSO (25 μL, 0.2M) was added into 25 μL of 

hydrazide 2 solution (0.2 M in DMSO). The mixture was diluted with 0.45 mL DMSO 
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after heating at 75°C for 12h. The resulting solution (10 mM) was heated again at 75°C for 

12h. The purity of the acylhydrazone was analyzed by LCMS and predominantly one peak 

was observed for all compounds (see S3 for purity analysis). The in-situ formed HDAC 

degraders were directly tested in a cell-based assay for activity. 

 

The most active compound 9c was resynthesized.  

To a mixture of aldehydes 8c (59.06 mg, 0.10 mmol) and acylhydrazide 2 (44.71 mg, 0.22 

mmol) in ethanol (1mL) was added 10uL of AcOH. The reaction mixture was stirred and 

heated at 65 °C for overnight. Precipitate appeared after the solution was cooled to 0 °C. 

The solid product was collected by filtration and washed by cold ethanol and water to yield 

73.7 mg of product (95% yield). 

9c: mixture of cis- and trans- (1:1) product. 1H NMR (400 MHz, CDCl3): δ 1.23-1.27 (m, 

4H), 1.46-1.55 (m, 4H), 1.93 (t, J = 7.4 Hz, 2H), 1.99-2.02 (m, 1H), 2.16 (t, J = 7.4 Hz, 

1H), 2.54-2.59 (m, 3H), 2.83-2.92 (m, 1H), 3.51 (s, 4H), 3.66-3.68 (m, 2H),  3.79 (t, J = 

5.2 Hz, 2H), 4.05-4.08 (m, 2H) 4.49 (t, J = 5.2 Hz, 2H), 4.56 (d, J = 6.0 Hz, 2H), 5.02-5.07 

(m, 1H), 6.94-6.97 (m, 2H), 7.04 (d, J = 6.9 Hz, 2H), 7.15 (d, J = 8.6 Hz, 1H), 7.53-7.59 

(m, 3H), 7.89 (s, 0.5H), 7.99 (s, 1H), 8.08 (s, 0.5H), 8.65 (s, 1H), 10.33 (s, 1H), 11.04 (s, 

0.5H), 11.09 (s, 1H), 11.18 (s, 0.5H). 13C NMR (101 MHz, CDCl3): δ 22.15, 24.16, 24.99, 



82 

 

 

25.04, 28.38, 28.43, 28.43, 28.54, 30.98, 31.88, 32.25, 37.63, 48.57, 49.40, 67.24, 68.73, 

68.81, 69.56, 69.75, 109.68, 110.94, 114.72, 114.76, 117.63, 123.27, 127.00, 128.11, 

128.49, 132.10, 136.13, 144.31, 145.82, 159.64, 167.26, 168.39, 168.77, 169.11, 170.05, 

172.80, 174.12. HRMS (EI) calcd. for [C31H34N6O9] (M + Na)+ 798.3182, found 798.3186. 

All other PROTAC degraders or inactivated degraders in Section 2.3 was synthesized by 

Dr Hao Wu. Refer to future literature(s) for details. 

Biochemical Reagent and Antibodies 

MTT (M5655), Janus Green B (201677), Resazurin sodium salt (R7017), N-Methylated 

pomalidomide (901494) were purchased from Sigma-Aldrich. Pomalidomide (S1567), 

Thalidomide (S1193), Lenalidomide (S1029), MG132 (S2619), Bortezomib (S1013) were 

purchased from Selleckchem. SAHA (10009929) was purchased from Cayman Chemical. 

Antibodies against HDACs, IKZF1, IKZF3, Ac-α-Tubulin (K40), Histone-3, Ac-Histone-

3 (K9), Caspase-3, PARP and anti-mouse- and anti-rabbit HRP-linked antibodies were 

purchased from Cell Signaling Technology (CST). Antibodies against α-Tubulin and β-

Actin were purchased from R&D system. 

Cell lines and culture methods 

Hela and HepG2 cells were cultured in DMEM medium (Corning, 1g/L glucose) 

supplemented with 10% FBS and 1% Penicillin/Streptomycin. A375, A431 and MCF-7 

cells were cultured in DMEM medium (Corning, 4.5g/L glucose) supplemented with 10% 

FBS and 1% Penicillin/Streptomycin. MM1S, RPMI8226, A375, RS4;11 and Jurkat cells 

were cultured in RPMI-1640 medium (Corning) supplemented with 10% FBS, 1% Sodium 
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Pyruvate, and 1% Penicillin/Streptomycin, 10mM HEPES. All cell lines were grown at 

37°C in a humidified 5% CO2 atmosphere. 

Immunoblot 

When the cells reached 90% confluence, they were harvested and plated 1x106 cells per 

well in 6-well plate. After overnight seeding, the cells were treated with a solution of 

compounds or vehicle in culture medium. The culture medium was removed after treatment 

and then washed twice with cold PBS. To obtain whole cell lysate, all cells were treated 

with RIPA lysis buffer (25mM Tris, pH 7-8, 150 mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate, 1% Triton X-100, protease inhibitor cocktail (Roche, 1 tablet per 10 mL) 

and 1mM PMSF) on ice for 10 minutes. Supernatant was collected after spinning down at 

16,000g at 4 °C for 15 minutes. Protein concentration was measured by using the Pierce 

BCA protein assay (Thermo Fisher Scientific). About 10-40 μg of total protein was mixed 

with 4X Laemmli Loading Dye (250 mM Tris, pH 6.8, 40% glycerol, 5% SDS, 0.005% 

bromophenol blue, 4% BME) and heated at 95-100°C for 5 minutes. The heated sample 

was then subjected to 7.5-12% SDS-PAGE and transferred to PVDF membrane (Bio-Rad). 

The membrane was blocked in 5% non-fat milk (Bio-Rad) in TBS-T washing buffer (137 

mM NaCl, 20 mM Tris, 0.1% Tween) and then incubated with primary antibodies at 4 °C 

overnight. The membrane was washed 3 times with TBS-T, incubated with secondary 

horseradish peroxidase (HRP) linked antibodies for 1 hour, then washed 3 more times with 

TBS-T. Clarity ECL substrate (Bio-Rad) was incubated with membrane for 5 minutes. The 

Immunoblot was generated by ChemiDoc MP Imaging Systems (Bio-Rad) and analyzed 
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by Image J software. A band intensity bar graph was generated, and the curve was fitted 

using “log(inhibitor) vs. response (three parameters)” by GraphPad Prism. 

In-cell ELISA assay. 

Refer to Chapter 3 Section 3.5 for detail procedures. 

Cell Viability Assays.  

For MTT assay, when reach 90% confluence, cells were harvested and plated 1 x 104 cells 

per well in 96-well plate. After overnight settle-down, the culture medium was removed. 

200 uL of dose medium contain compounds or vehicle in desired compound was added to 

each well. After 24 hours, 200uL of medium containing 0.5mg/mL MTT was added and 

incubate for 2 hours. Then, the MTT medium was removed without any wash. Finally, 

200uL of solubilization solution (10% Triton-X100 in isopropanol with HCl) was added to 

each well followed by gently mixing. The optical density was read at wavelength of 570nm 

and background absorbance at 690nm. Measure the optical density (OD) of each well by 

subtract absorbance at 690nm from absorbance at 570nm. Relative viability (RV) was 

calculated by following formula: 

𝑅𝑉 =
𝑂𝐷570 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑂𝐷690 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷570 𝑜𝑓 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 − 𝑂𝐷690 𝑜𝑓 𝑣𝑒ℎ𝑖𝑐𝑙𝑒
 

Normalized data was graphed as bar graph representing as mean of relative viability (n = 

3) with ± SD as error bar.  

For alamarblue assay, MM1S cells were harvested and plated with 1x104 cells in 100µL 

media per well in 96-well plate. After overnight seeding, 25 µL media containing 5X 
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dosing concentration of the compounds or vehicle was added to each well. After 72-hour 

treatment at 37°C in a humidified 5% CO2 atmosphere, 12.5 µL 10X resazurin solution (1 

mg/mL) was added to each well. Then cells were incubated at 37°C overnight. The optical 

density was read at 570 nm and 600 nm by platereader. The relative viability (RV) was 

measured by followed formula: 

𝑅𝑉 =
117216 × 𝑂𝐷570 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 80586 × 𝑂𝐷600 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

117216 × 𝑂𝐷570 𝑜𝑓 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 − 80586 × 𝑂𝐷600 𝑜𝑓 𝑣𝑒ℎ𝑖𝑐𝑙𝑒
 

Normalized data was graphed as bar graph or dot plot representing as mean of relative 

viability (n = 3) with ± SD as error bar. For dose response curve, nonlinear fitting of 

[Inhibitor] vs. response (three parameters) was generated by GraphPad Prism with R2 over 

0.92. 

Real-Time Quantitative Reverse Transcription PCR.  

After treatment, cells were harvested and washed with cold PBS twice. Total RNA was 

extracted by GeneJET RNA Purification Kit (Thermo Scientific, K0731) following 

manufacture protocol. The concentration of RNA was measured by Plate Reader. Total 

RNA at normalized concentration was subjected to reverse transcription to generate cDNA 

library by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814). 

10 ng cDNA was mixed with primer sets and PowerUP SYBR Green Master Mix (Applied 

Biosystems, A25780) in 96-well optical PCR plate. Real-time PCR and fluorescent signal 

were processed by QuantStudio 7 Flex Real-Time PCR System. Fast cycling mode (50 °C, 

2 minutes, hold; 95 °C, 2 minutes, hold; 95 °C, 1 second, then, 60 °C, 30 seconds, 40 cycles) 

was performed and followed with melt curve stage (1.6 °C/second to 95°C, 15 seconds; 
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1.6 °C/second to 60°C, 1 minute; 0.15 °C/second to 95°C, 15 seconds). Ct value at 

automatically selected threshold was reported and calculated by 2-ΔΔCt method.161 The bar 

graph was generated and by GraphPad Prism. Normalized data was graphed as bar graph 

representing as mean of relative viability (n = 3) with ± SD as error bar. 

List of Primers for qRT-PCR 

Gene Name Forward Primer Reverse Primer 

HDAC6 AAGTAGGCAGAACCCCCAGT GTGCTTCAGCCTCAAGGTTC 

HDAC1 GGAAATCTATCGCCCTCACA CTCGGACTTCTTTGCATGGT 

IKZF1 CCCCTGTAAGCGATACTCCA TGGGAGCCATTCATTTTCTC 

IKZF3 TCGGAGATGGTTCCAGTTATCA ATTCTGGCGTTCTTCATGGTT 

IRF4 GCGGTGCGCTTTGAACAAG ACACTTTGTACGGGTCTGAGA 

GAPDH CTCCTCTGACTTCAACAGCGACAC TGCTGTAGCCAAATTCGTTGTCAT 

TUBA1A CGGGCAGTGTTTGTAGACTTGG CTCCTTGCCAATGGTGTAGTGC 

 

Statistical Analysis.  

All statistical analysis was done by GraphPad Prism. Statistical significance was analyzed 

by performing t-test, one-way ANOVA or two-way ANOVA analysis of variance. For 

ANOVA analysis, multiple group comparisons were performed with vehicle or compound-

treated group were followed Dunnett correction. Not significant (ns) P > 0.05, *P ≤ 0.05, 

**P ≤ 0.01, ****P ≤ 0.001, ****P ≤ 0.0001.  
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3. Development of In-cell ELISA Assay 

3.1. Introduction 

As an emerging technology, PROTAC has been studied by various methods. I have 

discussed several methods for investigating the mechanism of action or high-throughput 

screening in Chapter 1 Section 1.4. For example, Promega Corp. combined their NanoBit 

and NanoBRET technology to develop a platform for quantitative real-time measurement 

of both ternary complex formation and target degradation94.  For the further development 

of protein degraders, larger number of compounds need to be prepared and tested. The 

throughput of western blot cannot fulfil our need. It became more and more critical to 

develop a higher throughput screening method. I thus developed in-cell enzyme-linked 

immunosorbent assay (ELISA)162 or cytoblot assay for measuring cellular content of 

target(s). As an immunocytochemistry method, it specifically detected the protein in situ 

in fixed cells. The sample capacity (96-well plate format) allowed us to test various 

compounds at multiple concentrations in minimal batches. This approach facilitated the 

development of PROTAC degraders. 
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3.2. Assay Condition Optimization and Method Scope  

 

Figure 3.2.1. Workflow of in-cell ELISA 
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With previous experience on ELISA assay development, I combined the protocols from 

commercial in-cell ELISA kit (Thermo Scientific, 62200; R&D system, DY3888) and 

literatures163,164. The workflow was briefly illustrated in Figure 3.2.1. The cells were first 

seeded in 96-well plate(s) overnight and treated after 6 h seeding or next day. Treatment 

time was generally 6 to 12 h. Then cells were fixed with formaldehyde solution and 

permeabilized with Triton-X. To minimize the background, endogenous peroxidases were 

quenched with hydrogen peroxide and potential promiscuous binding sites were blocked 

by bovine serum albumin (BSA). The primary anti-target antibody and horseradish-

peroxidase (HRP) linked anti-specie secondary antibody were incubated sequentially. By 

using known TMB substrates set, HRP catalyzed the reaction between 

tetramethylbenzidine and hydrogen peroxide to generate product with blue colorimetric 

signal, which was quenched by sulfuric acid to generate endpoint yellow colorimetric 

signal. To normalize the signal by available cell population fixed in each well, cells were 

washed and stained with Janus Green Stain. Janus Green is a rapid whole cell stain for the 

determination of cell density163,164. 

To optimize the assay condition, I first screened HDAC6 antibodies from Cell Signaling 

Technology (CST, #7558, 1:500 dilution) and Santa Cruz Biotechnology (SCBT, sc-28386 

and sc-28386 HRP, 1:100 dilution) in MCF-7 cells (Figure 3.2.2. A). I also included 

different dilution ratio of antibody for DMSO-treated control (Figure 3.2.2. B and C). The 

HRP-linked SCBT antibody failed to differentiate the difference between degrader-treated 

or vehicle-treated groups (data not shown). The maximal degradation achieved in 6 h was 

50% and we observed “hook effects” at 10 µM. The CST antibody showed advantage in 
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both absolute signal and resolution over SCBT antibody. I repeated the method in MCF-7 

once and obtained similar results (data not shown). We also found the dilution of primary 

antibody affected the relative signal. Although 1:1000 dilution of CST antibody yielded 

relatively less signal than 1:500, I found the resolution was slightly increased when 

comparing vehicle-treated with other conditions. Thus, I decided to use this dilution ratio 

for future assay optimizations and applications. 
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Figure 3.2.2. Condition optimization in MCF-7 
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Figure 3.2.3. In-cell ELISA test of degraders in MM1S 

Table 3.2.1 DC50 and Dmax values calculated from Figure 3.2.3. 

Cpd DC50 (nM) Dmax (Vehicle%) 

9c 6.11 ± 0.40 76.85 ± 0.73 

12d 1.84 ± 0.11 81.40 ± 0.51 

WH178 186.60 ± 89.15 68.56 ± 9.21 

aThe concentration at which half-maximal degradation was achieved. bThe maximum 

percentage of degradation. a,bValues with ± SD obtained from nonlinear fitted data in 

Figure 3.2.3. 

To extend the application to suspension cells, the method was tested in MM1S cells. As 

shown in Figure 3.2.3, more HDAC6 degradation was achieved in this cell line, which was 

consistent with previous western blot analysis of HDAC6 degraders71. The maximal 

degradation percentage at 1 µM was ~85%. No obvious hook effect was observed at this 

concentration range. I compared two CRBN-based degraders 9c, 12d and a VHL-based 
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degrader WH178, which will be discussed in Chapter 4, at six concentrations in MM1S. 

It clearly showed the dose response and the trend of potency (12d > 9c > WH178) among 

degraders. The DC50 and Dmax can be roughly calculated from limited data points and is 

shown in Table 3.2.1. Second-generation degrader 12d showed a DC50 of ~1.8 nM and a 

Dmax of ~81.4%. Together with data from MCF-7 cells, these preliminary results validated 

the in-cell ELISA method for measuring HDAC6 expression in both adhesion and 

suspension cells. It provides a higher throughput method than western blot for the 

evaluation of the potency of HDAC6 degraders. 

To further validate this method, we plated different cell numbers of MM1S or MCF-7 cells 

and then treated them with different concentrations of degrader 12d. The validation in 

MM1S was done by collaboration with Zhongrui Zhang. We assumed the cellular HDAC6 

protein content was proportional to cell number. For negative controls without any 

antibody, we only observed 1% to 4% signal (percentage of vehicle) in cell dependent 

manner (Figure 3.2.4 A and Figure 3.2.5 A), indicating that this assay only generated 

limited background signal. We plotted the ELISA signal by cell number, Janus Green Stain 

signal by cell number, ELISA signal by Janus Green Stain signal and fitted each plot with 

linear regression (Figure 3.2.4 B-D and Figure 3.2.5 B-D). All the linear fitting results 

were listed in Table 3.2.2. We also performed linear fitting for the raw ELISA signal by 

cell number and yield R2 with a range from 0.97 to 0.99 in both cell lines. The slopes were 

in positive correlation with the HDAC6 expression without any normalization. The raw 

Janus Green Stain signal was also linear to cell number with R2 over 0.96. Since this signal 
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was a direct marker of cell density, no obvious difference in slopes was observed 

suggesting minimal inconsistency caused by cell seeding or cytotoxicity of degraders. 
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Figure 3.2.4. Validation in MM1S 
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Figure 3.2.5. Validation in MCF-7 

  



96 

 

 

Table 3.2.2 Linear regression results of plots in Figure 3.2.4 and Figure 3.2.5. 

MM1S Plots in Figure 3.2.4 

Conditions 10 µM 1 µM 100 nM 10 nM DMSO 

ELISA 

by cell number 

Slope (*10-7) 8.5 1.9 3.3 6.4 11.5 

R2 0.9715 0.9905 0.9870 0.9884 1.0000 

Janus Green Stain 

by cell number 

Slope (*10-7) 9.3 9.9 9.8 9.8 10.2 

R2 0.9727 0.9670 0.8590 0.9800 0.9687 

ELISA 

by Janus Green Stain 

Slope 0.92 0.18 0.30 0.65 1.10 

R2 1.0000 0.9236 0.9285 0.9988 0.9706 

 

MCF-7 Plots in Figure 3.2.5 

Conditions 10 µM 1 µM 100 nM 10 nM DMSO 

ELISA 

by cell number 

Slope (*10-5) 5.8 3.1 3.4 5.8 6.3 

R2 0.9821 0.9934 0.9965 0.9836 0.9656 

Janus Green Stain 

by cell number 

Slope (*10-5) 4.8 4.9 4.9 4.8 4.9 

R2 0.9988 0.9974 0.9956 0.9870 0.9920 

ELISA 

by Janus Green Stain 

Slope 1.23 0.63 0.70 1.21 1.30 

R2 0.9902 0.9991 1.0000 0.9998 0.9906 
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To assess the possibility of using Janus Green Stain signal (cell number) to normalize the 

ELISA signal, we plotted ELISA by Janus Green Stain (Figure 3.3.4 D and Figure 3.3.5 

D). The R2 obtained were all over 0.99 for MCF-7 cells. Signal obtained in 1 µM and 100 

nM degrader treated MM1S likely reached the detection limit and yielded low R2 but still 

above 0.92. We expected the slopes should be proportional to the HDAC6 expression. 

Although we also observed low HDAC6 signals by western blot for the 1 µM and 100 nM 

degrader treated MM1S cells (Figure 2.3.6), we obtained different slopes (0.18 and 0.30) 

for these two groups. This indicated the advantage of high sensitivity of in-cell ELISA, 

which could distinguish signals that are not distinguishable by western blot. However, it is 

difficult to use different cell numbers for actual screening. To find out the optimized cell 

number, we generated the final bar graph by concentrations (Figure 3.3.4 E-F and Figure 

3.3.5 E-F). We found that 50,000 cells for MM1S and 10,000 cells for MCF-7 gave 

detectable signal and clear dose-dependent manner. Thus, we used these cell numbers for 

future applications in MM1S and MCF-7.  

To evaluate the feasibility of high-throughput screening, I obtained the Z-factor in MM1S 

cells and analyzed them by the in-cell ELISA. The cells in a 96-well plate were treated 

with 100 nM 2d (n = 30) or vehicle (DMSO, n = 30) for 6 h and then measured by in-cell 

ELISA assay. 15 samples of each treatment were added BSA-containing dilution buffer 

instead of primary antibody solution. These samples were considered as controls of 

minimal- or background-signal for corresponding treatment. Final data was normalized to 

vehicle (DMSO) treated group and bar graph represented as mean of relative expression (n 

= 15) with ± SD as error bar.  
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Figure 3.2.6. Evaluation for high-throughput screening 

Through statistical analysis by unpaired t test, I observed significant difference of 12d v.s. 

12d without primary Ab, vehicle v.s. vehicle without primary Ab and 12d v.s. 

vehicle(****P ≤ 0.0001). It suggested that this assay can differentiate assay-signal v.s. 

background of all treatments. We also calculated several statistical parameters to evaluate 

the feasibility of this assay165 (Table 3.2.3). For each treatment, the signal-to-noise ratios 

(S/Ns) were relatively high. There was a window or difference between the maximal 

degradation induced by 12d and the corresponding no-Ab control (background), which can 

be regarded as the total amount of degraded HDAC6. This window indicates the sensitivity 

of this assay for detecting close-to-background signal. To analyze the window in each 

comparison set, we calculated screening window coefficient Z-factors and Z’-factor. All 
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factors were above 0.5 and suggested this assay would be feasible for high throughput 

screening, although the sample population was limited. 

Table 3.2.3 Z-factors calculated from Figure 3.2.5 

Comparisons Z-Factora 

Signal 

Mean 

Background 

Mean 

S/Nb 

12d v.s. 12d (No Ab control) 0.572 0.168673 -0.00041 16.91004 

vehicle v.s. vehicle (No Ab control) 0.726 0.980581 -0.00127 59.55772 

12d v.s. vehicle (Z’-Factorc) 0.677 N/A 

abcSee experimental section for details. 

 

Using this in-cell ELISA, we screened our HDAC6 degraders discussed in Chapter 2 and 

Chapter 4 and their bioactivity were consistent with results from western blot. The 

successful development of potent HDAC6 degraders validated the utility of this approach. 

To further expand the scope of the in-cell ELISA, I applied the same protocol to other 

targets by using antibodies against Ac-Tubulin, IKZF1 and IKZF3 from CST. I treated 

MM1S cells with different concentration of Pomalidomide (4b) for measuring IKZF1/3, 

which are neo substrates of CRBN by IMiDs137. I also performed the treatment of pan-

HDAC inhibitor SAHA102 and our potent HDAC6 degrader 12d for monitor the acetylation 

level of Tubulin, which was the primary cytoplasmatic substrate of HDAC6120. 
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Figure 3.2.7. Application of in-cell ELISA for other protein targets 

The raw ELISA data (not shown) showed strong IKZF3 signal, moderate IKZF1 signal and 

weak Ac-Tubulin signal, while the corresponding controls without any antibody yielded 

equal background signal. The different intensity of signals are primarily derived from the 

differences of the primary antibodies. The undesired signal intensity can be optimized in 

the future. For example, the strong signal of IKZF3 can be reduced by plating less cells or 

using less amount of primary antibodies. The weak signal of acetylated Tubulin can be 

increased by elongating the treatment time, adding additional amount of antibody or plating 
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more cells. The final normalized relative expression was showed in Figure 3.2.7.  Although 

the exact conditions for each protein need further optimizations, I was still able to observe 

reduction of IKZF1/3 in dose-dependent manner by Pomalidomide. For tubulin acetylation, 

because of low overall signal and weak induction at low concentration of inhibitor or 

degrader, some negative values and large error bars were unexpectedly generated. But we 

believe this problem can be solved with further optimizations as discussed before.  

 

Figure 3.2.8. Western blot analysis of IKZFs after the treatment of IMiDs and degraders 

To confirm the IKZF degradation observed in ELISA, we used western blot to analyze 

MM1S cells treated with Pomalidomide, Lenalidomide and three selected degraders 

(Figure 3.2.8). We observed more degradation by Pomalidomide than Lenalidomide at 100 

nM. Degraders didn’t induce IKZF1/3 degradation at this concentration, while 9c and 12n 



102 

 

 

showed notable degradation of HDAC6. This was consistent with previous results in 

Figure 2.3.11.  

3.3. Using In-cell ELISA to Evaluate Binding Affinity for Cellular Target Engagement  

 

Figure 3.3.1. Illustration of target engagement study by degraders 

Studying the target engagement is crucial in measuring drug efficacy and toxicity in drug 

discovery research166. Approaches to detect small molecule engaging its target has been 

established, such as resonance energy transfer (FRET-FILM, BRET), affinity-based 

chemical proteomics, ligand-directed protein labeling, enzyme fragment complementation 

assay and cellular shift assays167. For PROTAC strategy, methods to assess the degradation, 

ubiquitination and interactions among all participating partners have also been developed. 

For example, Promega designed and applied their NanoLuc technology to study the target 
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engagement for both targeted protein and E3 ligase94. To briefly describe this approach, 

the NanoLuc was fused ectopically with protein and served as BRET donor. Pre-occupied 

ligand conjugated with tracer accepted the fluorescence from NanoLuc and generated 

BRET signal. Any introduction of competitor ligands displaced the pre-occupied ligand 

and reduced the BRET signal. The fold of signal reduction was used as indicator of binding 

affinity of competitor ligands. However, drawbacks of this method were obvious, such like 

requirement of transfection/validation, limitation of targets and interference with 

endogenous targets. In addition, Jones and co-workers used pirin protein degrader to 

demonstrate the intracellular target engagement of pirin probes168. Through profiling 

different generations of probes, they discovered potent pirin degradation probe (PDP) with 

high affinity. We have developed potent HDAC6 degraders and in-cell ELISA for 

evaluating degradation efficiency. We then employed this method to develop a platform to 

measure binding affinity of thalidomide derivatives towards CRBN E3 ligase or inhibitor 

towards HDAC6 via cellular target engagement.  

We showed in Chapter 2 Section 2.2 and Chapter 3 Section 3.2 that Pomalidomide or 

HDAC inhibitor “warhead” abolished the degradation effects by degraders. This was 

because those ligands compete with the degraders for the binding sites of either CRBN E3 

or HDAC6. This competition led to less ternary complex formation after introduction of 

degraders as illustrated in Figure 3.3.1.  However, in these co-treatment experiments, we 

had to use 5 µM Pomalidomide and 1 µM Next-A, which was 50 and 10 times the 

concentration of degrader, to observe notable recovery of HDAC6. We used these 

experiments to support the involvement of UPS in PROTAC induced HDAC6 degradation. 
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On the other hand, this assay also provides an opportunity to investigate the cellular 

engagement of targets by either ligand or bifunctional degraders. Ligands with higher 

affinity to their targets should compete the binding sites more effectively and abolish the 

effect of PROTAC degrader more effectively. We hypothesize that we can evaluate the 

binding affinity of a synthetic library of E3 ligase ligands using the in-cell ELISA assay.  
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Figure 3.3.2. Assay condition optimization 

To screen the conditions, I pre-treated MM1S cells with different concentrations of 

Pomalidomide, Lenalidomide and Next-A for 1 h and then added 100 nM degrader 12d for 

5-h treatment. The resulting cells were analyzed by in-cell ELISA (Figure 3.3.2. A). It 

showed the dose response of all three compounds. Next-A at 1 µM (10 times of degrader) 

or above almost completely abolished the degrader induced HDAC6 degradation. Even 

100 nM Next-A was able to rescue HDAC6 to over 50%. This suggested the strong binding 

affinity of Next-A to HDAC6. Using this assay to develop advanced HDAC6 inhibitor will 

be discussed in future publication(s) beyond the scope of my work. On the other hand, 

Pomalidomide and Lenalidomide are less effective to abolish the effect of degraders for 

the E3 ligase binding site. With pre-treatment of 10 µM (100 times of degrader), there was 
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still 10-20% of HDAC6 remained. We chose 3 µM, where ~50% of HDAC6 were remained, 

as the condition for future application. This concentration provided us an ideal window to 

compare the thalidomide derivatives with the parent compound. A potent analogue at this 

concentration will inhibit more HDAC6 degradation and yield over 50% HDAC6 

expression. A weaker ligand would recover less HDAC6. The HDAC6 relative expression 

was also correlated with concentration fold of compound to degrader (Figure 3.3.2. B). 

The IF50 is half maximal inhibitory fold or the folds of compound to degrader where 

HDAC6 degradation was abolished by half. Pomalidomide and Lenalidomide yielded IF50 

with 78.5 folds and 111.4 folds respectively. It indicated Pomalidomide was the one with 

slightly higher affinity to CRBN E3. 
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Figure 3.3.3. Proof of principle experiment 

To further validate this target engagement assay, we compared three well-known IMiDs as 

well as degraders with or without deactivation (Figure 3.3.3). The binding affinity of 

Thalidomide, Pomalidomide and Lenalidomide to CRBN has been reported in 
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literatures38,148,149,169. Generally, Pomalidomide is slightly better than Lenalidomide while 

Thalidomide was the weakest. This potency order was also verified by our results. 

Thalidomide had the least HDAC6 recovery compared with the other two at both 3 µM 

and 1 µM. Our assay failed to distinguish the small difference between Pomalidomide and 

Lenalidomide. We also used a known negative control, N-Methylated Pomalidomide (14), 

which does not bind to CRBN E3 and should not lead to degradation of IKZF 42. 14 was 

indeed not able to recover any HDAC6 as expected. Deactivated degrader 13 bearing 

carboxylic ester recovered ~50% and ~20% degraded HDAC6 at 3 µM and 1 µM 

respectively. The stronger effect for abolishing HDAC6 degradation by 13 than that of 

IMiDs might be the result of hydrolysis of the ester to carboxylic acid, a weak binding 

moiety for Zn2+ cofactor. This is consistent with previous western blot analysis showing 

moderate degradation of HDAC6 caused by 13 (Figure 2.3.15). Deactivated degrader 15 

was based on 14, which cannot bind to CRBN. 15 recovered ~45% and ~15% degraded 

HDAC6 and was weaker than Next-A, which might be due to lower cell permeability of 

15 compared to Next-A. Overall, the above results indicated that the in-cell ELISA assay 

was able to differentiate the binding affinity of thalidomide derivatives through cellular 

target engagement.  
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Figure 3.3.4. Screening of chemical intermediates towards PROTACs 

After validating the assay, I started screening selected thalidomide analogues generated 

during the synthesis of PROTACs. Those compounds were divided into four series 

according to the chemists who made them, WHs from Dr. Hao Wu, WBs from Dr, Bo 

Wang, HXs from Dr Haibo Xie, and CCs from commercial vendors originally generated 

by Celgene Corporation. I used Pomalidomide and Thalidomide as positive controls and 
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N-Methylated Pomalidomide (14) as the negative control. The results are shown in Figure 

3.3.4.  

 

Figure 3.3.5. Structures of CC-122, CC-220 and CC-885 

CC-122 (Avadomide)170, CC-220 (Iberdomide)171 and CC-88546 are known IMiDs that 

bind to CRBN (Figure 3.3.5).  CC-220 was tested for binding affinity towards CRBN by 

TR-FRET and had a IC50 of 60 nM, while the IC50s for Pomalidomide and Lenalidomide 

are 1.2 µM and 1.5 µM, respectively171. We evaluated these three compounds in our cell-

based assay. CC-122 was less potent than Pomalidomide. Both CC-220 and CC-885 

remarkably reduced HDAC6 degradation, which are consistent with their high affinity to 

CRBN as reported in literature. However, CC-885 can recruit both IKZFs and GSPT1 as 

neo substrates to CRBN and promote their degradation46,172. This suggested using CC-885 

as the ligand might introduce unexpected off-target effect for PROTAC degraders based 

on it. Further SAR studies may minimize this undesired effect. CC-220 is a promising 

candidate as a ligand of PROTACs. 
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Figure 3.3.6. Structure of thalidomide derivatives with alkyne moiety. 

Among the in-house-synthesized intermediates, we discovered that a series of thalidomide 

derivatives bearing alkyne moiety might be promising candidates as ligands of CRBN. 

WH138, WH145 and WH156 were pomalidomide derivatives linked with terminal alkynes 

via alkyl linkers of different lengths. All of them showed better affinity than Pomalidomide 

and WH145 with linker of two carbon units was the best. This SAR highlighted the 

importance of the terminal alkyne for this series compounds to bind to CRBN. PRTOAC(s) 

can be constructed based on WH145 in the future. WB217 is a thalidomide derivative with 

hydroxyl propyne and showed promising activity. But WB144, which is only one carbon 

different from WB217, showed weaker activity, suggesting that linker length plays an 

important role. Derivatives bearing hydroxyl propyne may be used for the development of 

novel PROTACs in the future. It is worth to point out that we observed less cells for some 

compounds, such WH156, WH227 and HX3107. It was suspected that these compounds 
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might cause cell death. However, no inhibition of cell growth was observed in the anti-

proliferation assay using MM1S cells. Overall, the in-cell ELISA allowed us to identify 

several candidates as potential ligands to recruit E3 ubiquitin ligase for the development of 

PROTACs. 

3.4. Discussion and Conclusion  

There are several advantages for in-cell ELISA over the sandwich ELISA . The latter 

requires two distinct antibodies to recognize the antigen or targeted protein. These two 

antibodies need to recognize different sequences or domains of the target. One serves as 

the capture antibody (or primary antibody), which is immobilized on plate to bind to the 

antigen in the sample. The other one serves as the detection antibody (or secondary 

antibody), which is linked to an enzyme or a signal amplifying agent, and specifically binds 

to the target and generates colorimetric or fluorescent signals. The sandwich ELISA often 

takes significant amount of efforts to identify the proper antibody combinations and the 

optimal conditions, such as dilution ratio, incubation time and positive controls (protein 

standards). The in-cell ELISA is more flexible and we can often adopt the western-blot 

conditions, such as procedures, reagents and antibodies. We indeed used the same protocol 

to quantify HDAC6, IKZF1, IKZF3 and acetylated tubulin, though further optimization 

may be needed for some other targets.  

Sandwich ELISA assays often have better detection limits than in-cell ELISA. For 

sandwich ELISA, the capture of antigens by primary antibody is also an enrichment of the 

antigen in samples, which increases the detection limit. For in-cell ELISA, the protein level 
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is directly associated with the number of cells seeded in plate. Without enriching antigen, 

it is more challenging to detect low abundant proteins in limited cell population.  

To conclude, we developed cell-based ELISA assays for quantifying the protein expression 

in formaldehyde-fixed cells. We validated the signal linearity by cell numbers. We also 

validated this assay for high throughput screening (Z factor > 0.5). We screened several 

series of compounds using the in-cell ELISA assay. The results allowed us to analyze the 

structure activity relationship and provided insights for the development of new PROTACs. 

In addition to screening protein degraders, we also used the in-cell ELISA assays to 

quantify the binding affinity of thalidomide derivatives through cellular target engagement. 

HDAC6 degradation was used as readout to evaluate the potency of ligands to 

competitively occupy the binding pocket of E3 ligase. We validated the assay using known 

thalidomide analogues. After profiling the synthetic intermediates and other IMiDs, we 

identified several candidates with promising affinity. These CRBN ligands may be used as 

either candidates of anti-myeloma therapeutics or E3 recruiting ligands for PROTAC 

development. 

 

3.5. Experimental Procedures 

Cell Culture and Treatment 

MM1S were cultured in RPMI-1640 medium (Corning) supplemented with 10% FBS, 1% 

Sodium Pyruvate, and 1% Penicillin/Streptomycin, 10mM HEPES. MCF-7 cells were 

cultured in DMEM medium (Corning, 4.5g/L glucose) supplemented with 10% FBS and 
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1% Penicillin/Streptomycin. Both cell lines were grown at 37°C in a humidified 5% CO2 

atmosphere. 

MM1S cells were harvested and plated with 5x104 cells in 100µL media per well 96-wells 

plate. After overnight seeding, 25 µL media containing 5X dosing concentration of the 

compounds or vehicle was added to each well.  For target engagement experiment, 12.5 

µL media containing 10X dosing concentration of the thalidomide derivative or vehicle 

was added to each well, followed by 1-hour incubation and then addition of 12.5 µL media 

containing 10X dosing concentration of WH181 (12d) or vehicle. 

In-cell ELISA Assay.  

After 5-hour treatment at 37°C in a humidified 5% CO2 atmosphere, cells were fixed by 

adding 125 µL 8% formaldehyde in TBS buffer (137 mM NaCl, 25 mM Tris, 2.7 mM 

potassium chloride, pH 7.6). and incubated at room temperature (RT) for 15 minutes. 

Removal of fixing solution was followed by once rinse and twice washes with TBS-T 

washing buffer (137 mM NaCl, 20 mM Tris, 0.1% Tween, pH 7.6). Cells were then 

permeabilized by adding 100 µL 0.1% Triton-X in TBS and incubated at RT for 15 minutes. 

Removal of permeabilizing solution was followed by once rinse and once wash with TBS-

T. Cellular endogenous peroxidases were quenched by adding 100 µL 1% H2O2 in TBS 

and incubation at RT for 20 minutes. Removal of quenching solution was followed by once 

rinse and once wash with TBS-T. Non-specific binding sites were blocked by adding 200 

µL 5% BSA in TBS-T (with 0.02% NaN3) and incubation at 4 °C overnight. Removal of 

blocking solution was followed by adding 50 µL primary antibody solution (HDAC6 
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Rabbit mAb, CST #7558, 1:1000 in 5% BSA in TBS-T with 0.02% NaN3) and incubation 

at RT for 2 hours. Note: ELISA assay was also applied to other proteins by using antibodies 

against IKZF1 (#5443), IKZF3 (#15103) and Ac-α-Tubulin (K40, #5335) from CST. Two 

or more wells treated with DMSO or untreated were added blocking solution without 

antibody as background control. Removal of primary antibody solution was followed by 

once rinse and three times washes with TBS-T. Secondary antibody solution (Anti-rabbit 

IgG, HRP-linked Antibody, CST #7074, 1:2000 in 1% BSA in TBS-T) was added into 

cells and incubated at RT for 1 hour. Removal of secondary antibody solution was followed 

by once rinse and four times washes with TBS-T. TMB substrates (BioLegend #421101) 

were premixed, added into cells and incubated in dark at RT for 20 minutes. Stop solution 

(2N H2SO4 in ddH2O) was added into reaction mixture and incubated at RT for 5 minutes 

with gentle shaking. The optical density (OD) of each well was read at 450 nm and 570 nm 

by FLUOstar Omega microplate reader (BMG LABTECH). ELISA OD was obtained by 

subtracting the OD570 from OD450.  

Janus Green Stain 

Normalization of ELISA OD to cell number was processed by Janus Green Stain163. 

Removal of stop solution from last step was followed by once rinse and three times washes 

with TBS-T. 50 µL of 0.3% Janus Green B in TBS was added to cells and incubated for 5 

minutes. Removal of stain solution was followed by twice rinses and three times washes 

with TBS-T. Cells were quickly rinsed with 100 µL 140 mM NaCl solution and then 

exposed to 0.5 M HCl in 100 µL 140 mM NaCl. Cells were incubated at RT for 5 minutes 

with medium shaking. The Janus Green OD of each well was read at 595 nm. 
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Calculation of Relative HDAC6 expression 

The normalized signal (NS) was calculated by followed formula: 

𝑁𝑆 =
𝐸𝐿𝐼𝑆𝐴 𝑂𝐷 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐸𝐿𝐼𝑆𝐴 𝑂𝐷 𝑜𝑓 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

𝐽𝑎𝑛𝑢𝑠 𝐺𝑟𝑒𝑒𝑛 𝑂𝐷
 

The relative HDAC6 expression was calculated by divide NS of compound treated well by 

average NS of vehicle/DMSO treated wells and marked as “relative HDAC6 expression % 

of vehicle”. Normalized data were generated bar graph or dot plot representing mean 

relative expression (n = 3) with ± SD as error bar. For dose response, nonlinear fitting of 

[Iinhibitor] vs. response (three parameters) was generated by GraphPad Prism with R2 over 

0.95. 

Calculation of Statistical parameters 

All parameters were calculated based on literature reported method165. To briefly described 

here. The signal-to-noise ratio (S/N) was calculated by followed formula: 

𝑆/𝑁 =
𝑀𝑒𝑎𝑛 𝑆𝑖𝑔𝑛𝑎𝑙 − 𝑀𝑒𝑎𝑛 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑆𝑖𝑔𝑛𝑎𝑙 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
 

The Z-factors was calculated by followed formula: 

Z-factor = 1 −
 (3𝜎𝑎 + 3𝜎𝑏)

|𝜇𝑎 − 𝜇𝑏|
 

𝜇𝑎 was the mean of assay signals; 𝜇𝑏was the mean of background signals (no Ab controls); 

𝜎𝑎  was the standard deviation of assay signals; 𝜎𝑏  was the standard deviation of 

background signals (no Ab controls).  
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The Z’-factors was calculated by followed formula: 

Z'-factor = 1 −
 (3𝜎𝑐+ + 3𝜎𝑐−)

|𝜇𝑐+ − 𝜇𝑐−|
 

Degrader 12d treated group was positive control (C+) and DMSO treated group was 

negative control (C-). 𝜇𝑐+ was the mean of signals of C+; 𝜇𝑐−was the mean of C-; 𝜎𝑐+ was 

the standard deviation of C+; 𝜎𝑐− was the standard deviation of C-. 

Calculated Z-factor or Z’-factor was evaluated as followed table: 

Z-factor value 1 1 > Z ≥ 0.5 

0.5 > Z > 

0 

0 < 0 

Related to 

screening 

An ideal 

assay 

An excellent 

assay 

A doable 

assay 

A “yes/no” 

type assay 

Screening 

essentially 

impossible 

 

Statistical Analysis.  

All statistical analysis was done by GraphPad Prism. Statistical significance was analyzed 

by performing two-tailed and unpaired t-test of variance. Not significant (ns) P > 0.05, *P 

≤ 0.05, **P ≤ 0.01, ****P ≤ 0.001, ****P ≤ 0.0001.  
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4. Development of HDAC6 Degraders by Recruiting VHL E3 

Ligase 

4.1. Introduction  

 

Figure 4.1.1 Structure of VHL ligand and featured VHL degraders 

Von Hippel-Lindau tumor suppressor protein (VHL or pVHL) is part of the VBC E3 

ubiquitin complex (VHL, elongins B and C, Cul2 and Rbx1)173. VHL recognizes hypoxia 

inducible factor 1α (HIF-1α), a transcriptional factor related to metabolism, angiogenesis 

and apoptosis, and the E3 complex drives HIF-1α for proteasomal proteolysis174. Early 

PRTOACs use small peptides or peptidomimetics to recruit E3 ligases for targeted protein 

degradation12,17. A seven amino acids sequence ALAPYIP was identified as the minimal 

domain of HIF-1 recognized by VHL18.  Crews and co-workers employed this sequence 

and conjugated it with AP21998 and dihydrotestosterone (DHT) to create PROTAC 
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targeting FKBPF36V and AR, respectively17. Structural analysis indicated that the residue 

Hyp546 on HIF-1 was crucial for the interaction between HIF-1 and VHL18,175. Crews, 

Ciulli and their co-workers adopted the L-hydroxyproline (L-Hyp) as the core structure for 

the design and development of small-molecule VHL ligands (Figure 4.1.1). The most 

potent VHL ligand-15 (“15” as the compound number in original article) bearing phenyl 

chloride and oxazole moiety had a IC50 of 4.1 µM based fluorescent polarization assay and 

a Kd of 5.4 µM in ITC. In their later studies, the phenyl chloride part was defined as right 

hand side (RHS) and oxazole moiety was defined as left hand side (LHS) according to their 

positions to Hyp. Ciulli and co-workers optimized the ligand-15 to VHL-1/VH032, VHL-

2 and VH29829,176 with nanomolar Kds. The novel ligands VHL-1 and VHL-2 were 

landmarks for PROTAC development. They showed that the carbonyl group on terminal 

amide of LHS formed water-bridged hydrogen bond with Asn67 and His11529. Thus, it 

allowed researchers to synthesize intermediates bearing a primary amine that can be linked 

to any ligand targeting protein of interest with a amide bond3,9,30,32,49,52,72 without losing 

that hydrogen binding. Wang and co-workers also developed VHL-d, which could be 

linked from RHS region through a similar strategy61. 

We have developed two generation of CRBN-based HDAC6 degraders, which is discussed 

in Chapter 2. Candidate compounds, such as 12d, showed promising anti-myeloma effects 

due to synergistic effects of HDAC6 degradation/inhibition and IKZFs degradation. 

However, IKZFs degradation is not always desired and the pomalidomide moiety has many 

other potential neo –substrates besides IKZFs169. To develop “cleaner” degraders with 

minimal off-targets, we designed the third-generation of HDAC6 degraders using 
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hydroxyproline ligand to recruit VHL E3 ligase. Dr Hao Wu synthesized all VHL-based 

degraders and ligands discussed in this section. 

4.2. Degrader Design and Development  

To explore the feasibility of recruiting VHL E3 ligase to HDAC6, we synthesized a series 

of degraders by tethering Next-A with VHL ligand VH032/VHL-132 via alkyl linkers of 

various length. The initially synthesized nine degraders include m + 2 (WH173, WH174, 

WH175), m + 3 (WH170, WH167, WH169) and m + 4 (WH185, WH177, WH178). 

Screening of these compounds in our established cell-based assays yielded functional and 

potent VHL-based HDAC6 degraders as discussed below. The structures of these 

degraders are summarized in Table 4.2.1. 
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Table 4.2.1 Structures of VHL-based HDAC6 degraders. 

 

Cpd WH173 WH174 WH175 WH170 WH167 WH169 

m 2 3 4 2 3 4 

n 2 2 2 3 3 3 

Cpd WH185 WH177 WH178 WH223 WH225 WH255 

m 2 3 4 5 6 7 

n 4 4 4 4 4 4 

Cpd WH256 WH258 WH315 WH316 WH317  

m 8 9 10 11 12  

n 4 4 4 4 4  
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Figure 4.2.1. Western blot analysis of selected VHL degraders in MM1S 

To examine the effect of the linkers, we tested WH174, WH167 and WH177 at three 

concentrations (1 µM, 100 nM and 10 nM) for their HDAC6 degradation activity in MM1S 

cells (Figure 4.2.1). All these three were the ones with medium lengths of linkers within 

each series. Only WH177 at 1 µM reduced the HDAC6 expression while the other two are 
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almost inactive. We then moved forward to test all three compounds in m + 4 series (Figure 

4.2.2). WH178 induced significant degradation of HDAC6, while WH185 and WH177 

were much less effective. Collectively, our results suggested that, at least for the initial set 

of PROTACs, compounds with longer linker could induce more degradation of HDAC6. 

In addition, we didn’t observe any degradation of HDAC1 and HDAC4, indicating that the 

HDAC6 was selectively targeted and degraded. However, it is known that Next-A is a 

selective HDAC6 inhibitor based on biochemical assays. It is possible to develop degraders 

for other HDACs if we employ a nonselective HDAC inhibitor and a VHL ligand. 

 

 

Figure 4.2.2. Western blot analysis of WH178 with PEG-linked VHL degraders. 
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Along with degraders with alkyl linkers, we also synthesized (PEG)n + 4 series degraders 

containing PEG units, such as WH221 and WH212. However, comparing with WH178, no 

obvious degradation of HDAC6 or HDAC1 was achieved by PEG degraders (Figure 4.2.2). 

These longer linkers with hydrophilic property didn’t show any improved potency. It 

suggested PEG linker was unfavored for this type of degraders, though the reason is not 

clear.  
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Figure 4.2.3. In-cell ELISA of m + 4 series and 12d in MM1S. 

To investigate the effect of linker lengths on the degradation efficiency of VHL degraders, 

we developed more compounds in m + 4 series as summarized in Table 4.2.1. The carbon 

units between HDACi moiety and triazole ring ranged from m = 2 to m = 12. We tested all 

11 VHL degraders at 100 nM and compared them with CRBN degrader 12d in MM1S. 

The resulting cells were analyzed for HDAC6 expression by in-cell ELISA (Figure 4.2.3). 
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We observed a clear trend of increased potency as the linker length increased from WH185 

(m = 2) to WH317 (m = 12). The three most potent compounds, WH315, WH316 and 

WH317, induced slightly more degradation than 12d. Statistical significance was analyzed 

by One-way ANOVA using Dunnett's multiple comparisons test and “12d” as the control 

Figure 4.2.3. (Not significant (ns) P > 0.05, *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001.) 

It suggested that degraders based on VHL ligands depleted HDAC6 more efficiently at this 

concentration compared with degraders based on CRBN ligands. 
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Figure 4.2.4. Dose response of selected candidates by In-cell ELISA. 
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Table 4.2.2 DC50 and Dmax calculated from Figure 4.2.4. 

Cpd DC50 (nM) Dmax (Vehicle%) 

12d 2.20 ± 0.12 85.69 ± 0.71 

WH316 7.08 ± 0.75 89.53 ± 1.70 

WH317 10.62 ± 1.04 89.48 ± 1.71 

aThe concentration at which half-maximal degradation was achieved. bThe maximum 

percentage of degradation. a,bValues with ± SD obtained from nonlinear fitted data in 

Figure 4.2.4. 

To differentiate the efficiency of degraders, we performed dose response study of WH316, 

WH317 and 12d at concentrations ranging from 1 nM to 3 µM for 6 h in MM1S (Figure 

4.2.4). The calculated DC50 and Dmax from limited data points were listed in Table 4.2.2. 

The DC50 obtained for 12d was 2.2 nM, which was similar to previous one (1.6 nM) from 

full dose response. WH316 and WH317 were less potent in terms of DC50. However, both 

of them showed larger Dmax (89.5%) than that of 12d (85.6%). It requires more degraders 

based on VHL-ligands to achieve similar degradation of HDAC6 as degraders derived from 

CRBN ligands. But degraders based on VHL-ligand depleted more HDAC6 than degraders 

derived from CRBN ligands at higher concentrations. 
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Figure 4.2.5. Dose response of WH316 by western blot.  

To confirm the ELISA results, we used western blot to analyze the proteins expression 

under different concentrations of WH316 (Figure 4.2.5). As we expected, HDAC4, IKZF1 

and IKZF3 were not affected by HDAC6 degraders derived from VHL ligands.  HDAC6 

was degraded remarkably at 30 nM of the degrader and the maximal effect was reached 

around 100 nM, which was consistent with in-cell ELSIA results. All of our data indicated 

that the HDAC6 degraders based on VHL ligands have high specificity, which are ideal 

chemical probe for future HDAC6-related research or potential therapeutic reagents in 

combination with other drugs for cancer treatment. 
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A

 

B 

 

Figure 4.2.6. Mechanistic investigation of VHL degrader WH316. 

To gain more evidence to support the hypothesis that the VHL-based degraders suppress 

HDAC6 expression via ubiquitination-proteasome pathway, we conducted a series of 

experiments by co-treating the HDAC6 degraders with competitive pathway inhibitors 

(Figure 4.2.6). MM1S cells pre-treated with proteasome inhibitor (MG132 and 

Bortezomib) showed no obvious HDAC6 degradation by WH316, supporting that the 

proteolysis of HDAC6 occurred in proteasome. Next-A abolished the effect of HDAC6 
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degradation by W316 by competitively binding to HDAC6 . NAE inhibitor MLN 4924 can 

deactivate the E3 ligase activity and abolish the WH316-induced degradation. It also 

indicated the neddylation and E3 were both required for VHL-based PROTACs. WH163 

(Figure 4.2.6 B) is a hydrogen chloride salt, a synthetic intermediate towards VHL 

degraders. We though it could bind to VHL E3 ligase and block the ternary complex 

formation by degraders. However, we failed to observe any HDAC6 recovery by the pre-

treatment of WH163, even though the ligand concentration used was 50-fold (5 µM) of the 

degrader (100 nM).  

 

 

Figure 4.2.7. VHL binding is required for PROTAC-induced degradation. 

After carefully examining the literature, we found that the reported VHL ligand VHL-1 

(Figure 4.1.1) was the amide version of WH163. The carbonyl group of the terminal amide 

in VHL-1 played an important role in forming water-bridged hydrogen bonds29. All 

PROTAC molecules based on VHL ligands took advantage of the hydrogen bonds and 

used amide as the linking group3,9,17,30,32,49. This may explain why WH163 couldn’t abolish 

the degradation effect. We thus acetylated the terminal amine of WH163 to yield VHL-1 

(WH477). The VHL-1 completely recovered the HDAC6 expression at 5 µM or above 
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(Figure 4.2.7 by Zhongrui Zhang), demonstrating that VHL E3 was required for efficient 

degradation by the VHL-ligand based degraders. In addition, this also confirmed the 

critical role of terminal amide for the interaction between VHL E3 ligase and its ligands. 
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Figure 4.2.8. Combination of VHL HDAC6 degrader synergistically suppress MM1S 

proliferation. 

To investigate the therapeutic potential of VHL-ligand based degraders, we examined the 

anti-proliferation effect of WH316 with or without other reagents for MM1S cells (Figure 

4.2.8). At 1 µM, WH316, WH163 or Next-A alone did not cause any anti-proliferation 

effect for multiple myeloma. Pomalidomide suppressed ~50% proliferation at both 

concentrations, which was consistent with previous studies in Chapter 2 Section 2.3. In 

the presence of pomalidomide, the addition of 1 µM or 3 µM of WH316 further enhanced 

the anti-myeloma activity. Statistical significance was analyzed by Two-way RM ANOVA 

using Dunnett's multiple comparisons test and “Pomalidomide” as control for Figure 4.2.7. 

Together with previous studies on CRBN-ligand based second generation degraders, our 

results indicated that HDAC6 degradation and IKZF degradation worked synergistically to 

inhibit the growth of multiple myeloma cells. 
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4.3. Summary and Perspectives  

In summary, we have developed the third-generation HDAC6 degraders by recruiting VHL 

instead of CRBN as the E3 ligase. We found a distinct SAR compared with the previously 

developed CRBN-ligand based degraders. Hydrophobic and long linkers are essential for 

the potency of VHL-ligand based degraders. We discovered WH316 as the most potent 

candidate among the new generation of degraders. It was less efficient at low 

concentrations but had higher maximal degradation at high concentrations. Mechanistic 

studies demonstrated that WH316 targeted HDAC6 for proteasomal degradation. WH316 

didn’t induce the degradation of IKZF1/3, which was often the target of previous CRBN-

ligand based degraders. WH316 can serve as a more specific HDAC6 degrader for the 

study of HDAC6-related biological pathways. Without degradation of IKZFs, WH316 

itself showed limited antiproliferation effects for multiple myeloma. The addition of 

WH316 enhanced the growth inhibition by Pomalidomide, indicating the synergistic effect 

of targeting IKZFs and HDAC6.  

WH316 may also be applied to the in-cell ELISA to study the cellular target engagement 

of VHL ligands for the development of new types of PROTACs based on VHL-ligands. 

For example, it has been shown that the RHS in VHL-d can also be used to link with ligands 

of POI61, suggesting that both RHS and LHS are exposed to solvents. We can use the in-

cell ELISA to screen new VHL ligands with linkers on either RHS or LHS motif. It may 

also be possible to develop dimeric PROTACs with a short linker to further enhance the 

binding affinity and degradation efficiency. 
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4.4. Experimental Procedures 

Refer to Chapter 2 Section 2.5 for detail procedures.   
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5. Targeting PCSK9 Regulation Pathways with Novel Small 

Molecules 

5.1. Introduction  

 

Figure 5.1.1 Cholesterol lipid transportation. 

Cardiovascular diseases (CVDs) are one of the leading causes of death in United States 

and worldwide.177 Dyslipidemia contributes to the risk of CVDs such as atherosclerosis178. 

High density lipoprotein (HDL) and low density lipoprotein (LDL) are responsible for most 

of lipid transportation and associated metabolism179. Over 70% of circulating lipid-

cholesterol is delivered by LDL to peripheral tissues while HDL primarily transports 

cholesterol from peripheral tissues to liver for metabolic degradation180 (Figure 5.1.1). 

High levels of LDL cholesterol in blood stream is clinically known as 



132 

 

 

hypercholesterolemia or hyperlipidemia181. The accumulation of vascular of LDL-c can 

initiate the formation of thrombosis plaque, which affects the blood flow and increases risk 

of atherogenesis182. In liver, low density lipoprotein receptor (LDLR) on the membrane 

can uptake LDL-c and promote its endocytosis and lysosomal degradation while LDLR 

itself can be recycled to back membrane surface for continuous uptake of LDL-c183 (Figure 

5.1.1). The LDLR is critical for the clearance of circulating LDL-c. Statin drugs are 

inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase and serve as 

the main therapy for efficiently lowering LDL-c184,185. However, near 20% of patients 

failed in controlling cholesterol level by statin therapy186. Due to the side effect associated 

with statin drugs, the discontinue rate of statin therapy is more than 50%184. The 

mechanism of statin resistance is not fully clear and was implied with many factors, such 

as genetic mutation, disease and viral infection187. Alternatives of statin therapy and 

overcoming statin-resistance are major challenges for the discovery and development of 

novel cholesterol lowing therapeutics. 

Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9), was first found to be the ninth 

member of proprotein convertases (PC) family and is mainly expressed and secreted in 

liver188. Later, PCSK9 was reported to target LDLR for degradation, revealing the 

important role of PCSK9 in cholesterol regulation and metabolism189 (Figure 5.1.1).  As a 

secreted protein, PCSK9 can bind to LDLR with or without uptaking LDL-c on cell 

membrane. PCSK9-LDLR complex is then transported to endosome, where LDLR is not 

able to disassociate with PCSK9. Unknown mechanism finally drives the complex of 
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PCSK9 and LDLR to lysosome for degradation.  Disappearance of membrane LDLR 

decreases the clearance rate of circulating LDL-c and leads to hypercholesterolemia. 

 

 

Figure 5.1.2 PCSK9 mediated lysosomal degradation of LDLR  

After decades of investigation, PCSK9 has been validated as a therapeutic target to control 

LDL-c and reduce the risk of CVDs190. Evidence include genetic mutants found in disease-

related population and transgenic mice for target validation, which are listed in Table 5.1.2. 

Loss-of-function (LOF) mutants which weaken the activity or expression of PCSK9 

resulted in low cholesterol levels188,191,192. Gain-of-function (GOF) mutants yielded PCSK9 

with enhanced activity or stability, which induced hypercholesterolemia193–195. Transgenic 



134 

 

 

animal models overexpressing PCKS9 or lacking PCSK9 were also created to verify the 

role of PCSK9 in circulating cholesterol level and CVDs196,197. These findings supported 

that PCSK9 was directly correlated to high cholesterol levels. Drug candidates inhibiting 

the function or expression of PCSK9 can serve as novel therapeutics for the treatment of 

hypercholesterolemia to lower the risk of CVDs.  

Table 5.1.1 Examples validated PCSK9 as therapeutic target. 

Type Mutation & Function Result Ref 

Loss-of-function 

mutants 

C679X: incorrect folding of 

PCSK9 protein 

Over 80% reduction in risk of CVD 191,192 

Q152H: prevent autocatalytic 

processing of proPCSK9 

Reduce circulating level of PCSK9 (~80%) and 

LDL-C (~50%) 

188 

Gain-of-function 

mutants 

D374Y: higher binding affinity to 

LDLR 

Hypercholesterolemia in  Utah pedigree 

substantiates 

193,194 

R218S: decreased catabolism of 

PCSK9 

Hypercholesterolemia 195 

Transgenic mice 

Tg(Apoe-PCSK9): overexpress 

PCSK9 under ApoE promoter 

Complete depletion of LDLR, severely 

hypercholesterolemia 

196 

Complete knockout of PCSK9 

gene 

Viable, fertile 

Severely hypocholesterolemia: reduced total 

cholesterol (~40%) and LDL-C (~80%) 

197 

 

One of the functions of statins is to enhance LDLR activity198, but statin can also upregulate 

PCSK9 level though SRBP2 or NHF1α199. Thus, inhibitory agents against PCSK9 can be 
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combined with statin therapy for the treatment of CVDs. Several anti-PCSK9 monoclonal 

antibodies (mAb), such as Evolocumab and Alirocumab, have been approved by FDA200,201.  

These mAbs can prevent the interactions between LDLR and PCSK9, resulting the 

reduction of over 60% LDL-c in patients with statin-resistance. In addition, therapeutic 

siRNAs202, peptides203, vaccine204 and CRISPR-Cas9205 against PCSK9 are under either 

pre-clinical or clinical development.  

 

Figure 5.1.3 Featured PCSK9 small molecule modulators  

Compared with macromolecular drugs, small-molecule drugs have several advantages such 

as ease of formulation and lower costs. To date, several small molecule inhibitors were 

reported, such as Berberine (BBR)206, LDLL-1dlnr207, PF-06446846208  and heparin 

oligosaccharide209 (Figure 5.1.3). They inhibit PCSK9 and lower the LDL-c through 

different mechanisms. For example, BBR suppresses the transcription of PCSK9 and 

stabilize LDLR mRNA206.  LDLL-1dlnr disturbs the interaction between PCSK9 and 
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LDLR207. PF-06446846 specifically stall the translation of PCSK9 mRNA in ribosome208 . 

Heparin oligosaccharide (e.g. Heparin I) prevents the recruitment of PCSK9 to LDLR via 

heparan sulfate proteoglycans (HSPG) on cell membrane209. However, all of them remain 

low potency, with micro-molar IC50s when tested with immortalized hepatocytes. It 

requires significant efforts to develop these molecules as anti-PCSK9 agents for 

hyperlipidemia. 

Our lab identified a class of heterocycle compounds that could reduce the PCSK9 level in 

a phenotypic assay210,211. By employing various synthetic methods and cell-based 

bioactivity tests, we have developed compounds with excellent potency against PCSK9. 

With these potent compounds in hand, we used their functional chemical probes to study 

the MoA and identify potential targets. Our efforts have revealed a novel transcriptional 

regulation pathway for PCSK9. This discovery may lead to new research directions on lipid 

regulation and the development of novel therapeutics.  
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5.2. Development of Novel Small-molecule PCSK9 Modulators  

A) Methodology to generate diindolyl methane (DIIM) and indolyl cyclopropane 

 

B) PCSK9 modulators hits identified in OIDD program 

 

Scheme 5.2.1 Preparation of indole-containing heterocycles and hits identified in OIDD 

program 

Our lab developed a series of synthetic methods for the preparation of various substituted 

indole-containing heterocycles, such as 2,3’-diindolyl methane (DIIM) and indolyl 

cyclopropane, through platinum- and rhodium-catalyzed reactions212,213 (Scheme 5.2.1 A). 
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By collaborating with Eli Lilly’s open innovation drug discovery (OIDD) program, we 

screened many of these indole-containing heterocycles in an AlphaLISA platform. To our 

delight, halogen substituted DIIMs (91553 and 91565) and cyclopropane 7640 were 

identified as novel modulators that can suppress PCSK9 expression with sub-micromolar 

IC50 and low cytotoxicity (Scheme 5.2.1 B).  
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Figure 5.2.1 Optimization of assay conditions for screening 

I joined the team on optimizing different parameters for the cell-based assay by working 

together with Dr. Gabrielle Winston-McPherson, a former graduate student in our group.  

With the above hits, we first developed a new phenotypic assay by using sandwich-ELISA 

to measure both intracellular and extracellular (secreted) PCSK9 content for the 

development of more potent and selective compounds. Using 91553, 91565 and 7640 as 

the positive control for modulating PCSK9, we treated HepG2 cells with 5 µM compounds 

dissolved in culture medium and incubated for certain time. At 24 h and 48 h time points, 
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we collected the medium sample to measure secreted PCSK9 and re-added freshly prepared 

medium with compounds. At the final endpoints, second medium sample was collected 

and cells were lysed to afford samples for probing intracellular PCSK9. The 91565 had the 

highest intracellular or extracellular potency by suppressing over 50% of extracellular 

PCSK9. The second medium sample (48h) gave more significant differences among 

compounds. Intracellular PCSK9 was remarkably affected by all compounds. Based on this 

result, we quickly focused on the synthesis of diindolylmethanes with halogen-substitution 

as 91565 analogues. For phenotypic screening conditions, we decide to choose 48 h 

treatment with refreshment of medium with compounds at 24 h. PCSK9 content in medium 

was the major indicator to determine the potency of compound. 
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Figure 5.2.2 Dose response of novel PCSK9 modulators  

We first synthesized difluoro-substituted DIIM 9577 and examined its dose-response at 

five concentrations and compared them with 91553 and 7640 (Figure 5.2.2). We found 

that 9577 had a IC50 at 43 nM, better than that of fluoro- and chloro-substituted 91553 (IC50 

= 335.8 nM) and indolyl cyclopropane 7640 (IC50 = 224.5 nM). It suggested that the fluoro 

substitutions on both sides were critical for the potency. Later, Dr Haibo Xie prepared other 

DIIMs based on 9577 and all compounds discussed below in this chapter. To simplify the 

description, the 2-linked indole of 9577 was defined as the left heterocycle ring (LHR) and 

3’-linked indole was designated as the right heterocycle ring (RHR).  
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Figure 5.2.3 Fluoro substitution on RHR of 9577 

We then fixed the fluorine substituent on LHR and walked the fluorine substituent on RHR.  

The resulting compounds were tested at two concentrations (1  µM and 10 µM) in HepG2 

cells (Figure 5.2.3). The potency was increased when the fluorine atom was moved from 

4’- to 7’- position at both concentrations. 9577 with 7’-fluoro substitution was the best 

among these difluoro heterocycles.  
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Figure 5.2.3 SAR for the LHR part of HX81 

To improve the solubility, we synthesized benzimidazole-indolyl methanes (BIIMs) with 

different substituents on the nitrogen atom of LHR (Figure 5.2.3). We employed 9577 and 

BBR, a known PCSK9 mRNA suppressor206, as positive controls. By testing these 

compounds, we identified two BIIMs, HX81 and HX184, which reduced more PCSK9 in 

than the positive controls. HX184 has an additional methyl substituent compared to HX81 

and showed better potency. All other bulky groups, such as aryl and butyl groups, didn’t 

improve the potency. This suggested the methyl group might serve a key hydrophobic 

interaction between our molecule and the target. 
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Figure 5.2.4 Microsomal stability of DIIM and BIIM 

We next tested 9577 and HX81 for their microsomal stability214 (Figure 5.2.4). It appeared 

that both compounds were metabolically unstable, less than 50% after 1h incubation with 

either human or mouse microsomes. Although DIIMs are generally more stable than BIIMs, 

HX81 has better solubility (data not showed) and is more potent.  
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Figure 5.2.5 Putative oxidation product of 9577 and HX81 

Based on the SAR and metabolic stability data, we hypothesized that the metabolites of 

9577 and HX81 might preserve the bioactivity, because liver cells are known to oxidize 

metabolically labile compounds and our initial hits are relatively potent in HepG2 cells. 

The methylene bridge between the two aromatic rings is doubly activated by the two 

aromatic heterocycles and may be more labile towards cytochrome P450 (CYP) enzyme-

mediated oxidation215. We thus synthesized the putative oxidation products of 9577 and 

HX81 (Figure 5.2.5). Ketones HX235 and HX240 suppressed over 85% PCSK9 

expression. Hydroxylmethane HX239 only offered limited enhancement. Diindolyl ketone 

(DIIK) and Benzimidazole indolyl ketone (BIIK) were then chosen as new lead structures. 
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Figure 5.2.6 Cytotoxicity of DIIM, BIIM, DIIK and BIIK. 

To exclude the possibility reduced PCSK9 level as a result of cytotoxicity, HepG2, Huh7 

and HeLa cells were treated with 100 µM, 50 µM and 10 µM of compounds for 48 h. Cell 

viability was measured by MTT assay (Figure 5.2.6). No significant anti-proliferation 

effect was observed for all compounds at 10 µM. Some compounds such as 9577 and 

HX235 showed cytotoxicity at 100 µM and or 50 µM. It suggested the suppression of 

PCSK9 was not a result of reduced cell population. 
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Figure 5.2.7 Preliminary pharmacokinetic study in mice 

Table 5.2.1. List of calculated pharmacokinetic parametersa 

Compounds Peak (nM) Plateau (nM) T1/2 (Mins) R2 

HX235 1018 ± 40.21 70.87 ± 44.69 79.47 0.9069 

HX240 1060 ± 82.48 -71.98 ± 82.48 93.26 0.7419 

aValues with or without  ± SD obtained from nonlinear fitted data in Figure 5.2.7 C 
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To prepare for in vivo study with our lead compounds HX235 and HX240, we examined 

their preliminary pharmacokinetic properties (Figure 5.2.7). Mice were handled by 

collaborators in Dr. Alan Attie’s Lab. Mice were intraperitoneally injected with 2 mM 

formulated solution of compounds. Plasma samples were collected and stored. We 

measured the concentration of compounds by LC-MS/MS at Analytical Instrument Center 

(AIC) in the School of Pharmacy. Both compounds reached their peak concentrations at 15 

min after injection (Figure 5.2.7 A and B). The peak concentration of both compounds was 

~950 nM. At 6 h, the concentration of HX235 decreased to 91 nM, while only 23 nM of 

HX240 was remained. It suggested that HX235 had higher stability in mice. We performed 

one-phase-decay nonlinear fitting of all biological and technical replicates and obtained the 

plasma half-life (T1/2) and other parameters of these compounds (Figure 5.2.7 C and Table 

5.2.1). The peak value and plateau value were consisting with non-fitted data. The T1/2s of 

HX235 and HX240 were 79.47 minutes and 93.26 minutes, respectively. The value of R2 

indicated a satisfactory fitting. Overall, these results provide valuable preliminary data for 

further in-vivo studies. 
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Figure 5.2.8 Fluoro Substitution of BIIK HX235  

To optimize the lead compounds, we first synthesized fluorine-substituted BIIKs and none-

substituted HX262 (Figure 5.2.8). Because BIIKs are potent PCSK9 modulators, we 

lowered our screening concentrations down to 100nM and 10 nM in HepG2 cells. 

Compared to HX262, we found that compounds without any fluorine substituent (e.g. 

HX2-097 and HX270) had lower activity. HX235 and HX271 bearing two fluorine 

substituents showed promising potency. These results indicate that the activity of BIIK was 

highly dependent on the fluorine substituents. The fact that HX271 was more potent than 

HX235 suggested that the potency can be tuned by changing the position of fluorine. 
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Figure 5.2.9 SAR for Derivatives of HX235 

We then synthesized several derivatives from HX81 and HX235 (Figure 5.2.9). We 

prepared MF055 by using pyridoimidazole instead of benzimidazole. We replaced the 

hydrogen on the bridging methylene by deuterium in HX212 to improve the metabolic 

stability216. We prepared HX261 because the N-methyl group improved the potency 

previously (e.g. HX184 vs HX81). To our delight, HX261 inhibited more expression of 

PCKS9 than HX235, while MF55 or HX212 didn’t show any improvement.  
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Figure 5.2.10 SAR for Analogues of HX235 

Since the methyl group was also critical for the potency of BIIK series of compounds, we 

examined different substitution on the nitrogen atom of both rings (Figure 5.2.10). The 

substituents included methyl group and morpholinyl ethane (MorpE). The latter might 

enhance the solubility. However, the mono-methyl substituted HX261 remained as the 

most potent compound. Any substitution of MorpE or substitution on indole ring decreased 

the activity. 



151 

 

 

R
e

la
ti

v
e

 P
C

S
K

9

(f
o

ld
 t

o
 v

e
h

ic
le

)

D
M

S
O

2
5


M
 B

B
R

1
0
0
n

M

1
0
n

M

0 .0

0 .5

1 .0

1 .5

H X 2 -1 6 1

H X 2 -1 6 3

H X 2 -1 6 4

H X 2 -1 6 5

H X 2 6 1

D M S O

25 M  B B R

  

R
e

la
ti

v
e

 P
C

S
K

9

(f
o

ld
 t

o
 v

e
h

ic
le

)

D
M

S
O

2
5


M
 B

B
R

1
0
0
n

M

1
0
n

M

0 .0

0 .5

1 .0

1 .5

H X 2 -1 6 2

H X 2 -1 3 9

H X 2 -1 3 8

H X 2 -1 2 3

H X 2 6 1

D M S O

25 M  B B R

  

Figure 5.2.11 Fluoro substitution on LHR of HX81 

To examine the effect of fluorine substituent on both LHR and RHR, we walked the 

fluorine atom on one ring while fixing it on the other ring (Figure 5.2.11). For RHR, having 

a fluorine on the 7’- position showed the best activity. A bell-shape response was observed 

when the fluorine atom was moved from 4’- to 7’-position. For LHR, the position of 

fluorine atom didn’t obviously affect the activity. All of our results indicated HX261 was 

the most potent compound, which had several structural features: benzimidazole ring, 

methyl group on the nitrogen atom of LHR and having 7’-fluoro substituent on the right 

indole ring. 
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Figure 5.2.12 Dose response of benzimidazole-indolyl compounds. 

To examine the potency of selected compounds generated during our SAR study, we 

treated HepG2 cells with HX81, HX235, HX2-080 and HX261 at 10 concentrations 

including vehicle (DMSO). The dose response curves are shown in Figure 5.2.12 and the 

calculated IC50s are listed in Table 5.2.12. HX261 had IC50 of 0.15 nM, which was over 

2000-fold change from the parent compound HX81, which had a IC50 of 348.34 nM. The 

IC50s for compounds HX235 and HX2-080 are 2.46 and 17.87 nM, respectively. Although 

less potent, HX2-080 was more soluble than HX261 (data not shown) and may be better 

suited for in-vivo study. 
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Table 5.2.2. List of IC50 and maximal inhibition of PCSK9 expression by compounds 

Compounds IC50 (nM) a Maximal Inhibition (Vehicle%)b 

HX81 348.34 ± 104.68 77.28 ± 4.07 

HX235 2.46 ± 0.63 78.80 ± 2.11 

HX2-080 17.87 ± 3.79 85.95 ± 2.39 

HX235 0.15 ± 0.03 84.97 ± 1.58 

aThe concentration at which half-maximal degradation was achieved. bThe maximum percentage 

of inhibition of PCSK9 expression. a,bValues with ± SD obtained from nonlinear fitted data in 

Figure 5.2.11 

To probe the downstream effects of our PCSK9 modulators, we analyzed the abundance of 

several proteins in lysates of HepG2 cells treated with HX261 and controls by western blot. 

When we optimized the conditions, we found routinely used culture medium supplemented 

with full-formula fetal bovine serum (FBS) unexpectedly suppressed the LDLR expression 

(data not shown). The lipoproteins, especially LDL particles, in FBS was suspected to be 

the source for this unexpected change of LDLR, because it has been reported that they 

affect the cholesterol biosynthesis217 and LDLR218. We thus had to use medium without 

FBS or with lipoprotein-deficient fetal bovine serum (LDPS) to examine the expression of 

LDLR after the treatment of compounds. In the first experiment, HepG2 cells were treated 

in regular medium for 24 h and then in FBS-free medium for another 24 h. In the second 

experiment, we used LDPS medium for both treatments (24 h).  
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Figure 5.2.13 HX261 induced LDLR expression 

Cells were then lysed and the lysates were subjected to western blot analysis (Figure 

5.2.13). When LDPS was used, we observed a significant induction of LDLR by BBR (3 

fold to vehicle) and HX261 (~2 fold at 10 µM), while intracellular PCSK9 was significantly 

suppressed. The FBS-free medium diminished the induction of LDLR by both BBR and 

HX261, suggesting that the absence of FBS may affect related modulatory process. 

In summary, we established phenotypic assays for the development of PCSK9 modulators. 

Through several rounds of SAR studies, we discovered potent PCSK9 modulator HX261, 

which could inhibit PCSK9 expression with a IC50 in the picomolar range.   
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5.3. Investigation of the mechanism of action our PCSK9 modulators 

 

Figure 5.3.1 Life span of PCSK9 as a secreted protein. 

With several potent and non-toxic PCSK9 modulators in hand, we proceeded to investigate 

the possible MoA for these small molecules. PCSK9 is a secreted protein and the small 

molecule modulator can interfere with many steps shown in Figure 5.3.1, including 

transcription from DNA to mRNA, translation from mRNA to pro-PCSK9 in ribosome, 

translocation to ER, where pro-PCSK9 undergoes autocleavage of its pro-segment to 

become mature-PCSK9, post-translational modification (PTM), translocation of mature-

PCSK9 through trans-Golgi network, and finally secretion. 
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Figure 5.3.2 Study on protein degradation pathways. 

We first co-treated our PCSK9 modulators with some pathway blockers, such proteasome 

inhibitor MG132, protease inhibitor lactacystin (Lac) and lysosome inhibitor ammonium 

chloride (NH4Cl). HepG2 cells were treated with blockers or vehicle for 1 h. Compounds 

HX235 were then added to the cells, which were incubated for 24 and 48 h (Figure 5.3.2).  

Without HX235, PCSK9 was decreased by LAC and increased by MG132 or NH4Cl as 

reported in literature219,220.  However, the addition of HX235 still downregulated PCSK9. 

If our compounds act on these pathways, the effect on PCSK9 should be abolished by the 



157 

 

 

pathway blockers or inhibitors. Our results indicated that our compounds unlikely 

promoted the proteasomal or lysosomal degradation of PCSK9.  
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Figure 5.3.3 HX235 affected PCSK9 mRNA level. 

We next investigated the possibility of transcriptional regulation. HepG2 cells were treated 

with HX235, one of the most potent compounds, for 24 h. The total mRNA was extracted 

and analyzed by reverse transcription quantitative PCR (RT-qPCR, Figure 5.3.3). 

Berberine was reported to suppress the mRNA of both PCSK9 and SREBP-2 while 

stabilizing LDLR mRNA206. Interestingly, PCSK9 mRNA level was decreased by HX235 

in a dose-dependent manner. At the meantime, we didn’t observe obvious reduction of the 

mRNA levels for LDLR, HMGCR or SREBP2 in response to the treatment of HX235. 

SREBP2 was affected only by high concentrations of HX235. This suggested our 

compounds regulated PCSK9 transcription in a pathway that is distinct from BBR.  
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Figure 5.3.4 BIIKs suppress PCSK9 transcription via a novel pathway. 

To confirm the effects of our compounds on the transcription of PCSK9, we treated HepG2 

cells with HX235 or HX261 at different concentrations (Figure 5.3.4). Both compounds 

reduced the PCSK9 mRNA in response to increased concentrations of compounds. HX261 

remarkably suppressed the PCSK9 mRNA level as expected, since it was the most potent 

compound in previous study. Meanwhile, both compounds had very minimal effects on the 
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level SREBP2 mRNA. This again confirmed that our compounds acted on a pathway 

different from BBR.  
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Figure 5.3.5 HX261 targeting transcription rather than mRNA turnover. 

We next examined whether our compounds decreased PCSK9 mRNA by suppressing 

transcription or facilitating mRNA turnover. We used Actinomycin D (ActD)221 to stall the 

mRNA synthesis and monitored the PCSK9 mRNA by time (Figure 5.3.5). Interestingly, 

vehicle (DMSO) treated group showed increased mRNA after 12 h, while ActD abolished 

that increasing as expected. HX261 started decreasing mRNA level after 8 h while the co-

treatment with ActD recovered the loss of mRNA. This result suggested that our compound 

did not promote the degradation of PCSK9 mRNA. Our compounds more likely regulate 

the transcription of PCSK9 gene. 
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Figure 5.3.6 Dose response curves of HX261 on PCSK9 protein and mRNA change. 

To explore the correlation between the changes of protein and mRNA of PCSK9, we 

performed two parallel experiments by treating HepG2 cells with different concentrations 

of HX261 (Figure 5.3.6). PCSK9 protein (in medium and in cell) and mRNA were 

extracted for analysis by ELISA or RT-qPCR. The decrease of protein and mRNA was 

obvious and dose-dependent. The fold change of mRNA was more significant than protein. 

More significant decrease of cellular protein was observed than that of secreted protein in 

response to the treatment of compounds, which is consistent with the mechanism of 

transcriptional downregulation of PCSK9. The calculated IC50s ranged from 7.2 nM to 22.6 

nM. Our results suggested HX261 first affected the mRNA of PCSK9, then the cellular 

PCSK9 protein, and finally secreted PCSK9 protein. 
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Figure 5.3.7 Workflow of RNA-seq experiment. 

Since our compounds act on the transcription of PCSK9, we conducted a RNA-seq 

experiment to investigate the whole transcriptome after the treatment of our compounds. 

The workflow was described in Figure 5.3.7. In brief, HepG2 cells was treated with 100 

nM of HX261 or vehicle for a total of 24 h. Transcriptome was extracted and monitored 

every 2.5 h. The sequencing was done by UW Biotechnology Center and data analysis was 

done by Dr. Rhonda Bacher from our collaborator Dr. Christina Kendziorski’s lab. We 

successfully mapped and quantified over 11,000 transcripts. The expression of these 

transcripts was compared to β-Actin (ACTB), which was the internal reference. 

Normalization was processed by calculating the expression relative to DMSO-treated 

groups at the corresponding time points. 

Sample 
Collection

• Dose HepG2 cells at 100 nM for total 24 hours

• Total mRNA collected every 2.5h

Quality 
Control

• Quality control by Agilent Bioanalyzer

• Reduced PCSK9 transcription verified by qRT-PCR

RNA-seq

• Total mRNA submitted to UW Biotechnology Center 

• QC and sample/library preparation

• Transcriptome sequenced by Illumina HiSeq 2500

Data 
Analysis

• Data mining and gene maping

• Expression quantitation and normalization
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Figure 5.3.8 Whole transcriptome analysis at 2.5 and 5 h treatment points. 

Since genes that were affected at the early points were more likely related to the target of 

our compounds, we plotted the mRNA expression of all transcripts at 2.5 h and 5 h (Figure 

5.3.8). The upper-right area showed the transcripts with elevated expression. It appeared 

that a significant number of genes were upregulated. For example, 1.49% of genes had a 

2-fold increase at both 2.5 h and 5 h. Among them, we found that CYP1A1 gene was 
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significantly upregulated. CYP1A1 is one of the targeted genes of aryl hydrocarbon 

receptor (AhR)222.  

 

Figure 5.3.9 AhR agonists and HX261. 

The activation of genes targeted by AhR is ligand-dependent223. AhR ligand or agonist can 

bind to the PAS domain of AhR and induce conformational change, leading to translocation 

of AhR to nucleus. AhR will then dimerize with AhR nuclear translocator (ARNT) to 

recognize xenobiotic-responsive element (XRE) on targeted genes. The known AhR 

agonist included many flat aromatic heterocycles213,224–226, such as tetrachlorodibenzo-p-

dioxin (TCDD), β-napthoflavone (BNF), 3,3’-diindolylmethane (DIM), indolo[3,2-

b]carbazole (ICZ) and malassezin as illustrated in Figure 5.3.9. Our lab has previously 

prepared chloro-substituted 6-formylindolo[3,2-b]carbazole (Cl-FICZ)210 and N-
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methylated malassezin 11d (“11d” as compound number in original article)213. Based on 

the similarities of some of these structures to HX261, it is possible that HX261 also acted 

on AhR, though there was no report on the possible connection between AhR and PCSK9 

priori to our study. 
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Figure 5.3.10 HX261 affected AhR-related transcripts. 

When explored AhR related genes from RNA-seq data, the CYP1A1 mRNA was increased 

significantly. In addition, we found that AhR repressor (AHRR) was also dramatically 

increased upon compound treatment (Figure 5.3.10). AHRR is a target of AhR and a 

feedback suppressor227. Several other related genes such as NQO1, CYP1A2 and GSTA1 

were either up-regulated or down-regulated. After searching the literatures more 

extensively, we found a 2016 thesis suggesting a possible correlation between AhR and 

PCSK9228. In this thesis, they reported that AhR agonists BNF and TCDD suppressed 

PCSK9 expression on both mRNA and protein level. They also suggested that AhR may 

regulate PCSK9 by binding to the one of the XRE elements on the PCSK9 promoter.  
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Figure 5.3.11 HX261 and Cl-FICZ induced strong EROD activity. 

We next used the 7-ethoxyresorufin-O-deethylase (EROD) assay to examine if our PCKS9 

modulators also activate AhR. The EROD assay is based on CYP1A1 enzymatic activity229. 

Activated AhR can translocate from cytoplasm to nuclei and dimerize with ARNT to 

activate downstream genes, including CYP1A1, which can catalyze the cleavage of the 

ethyl group in 7-ethoxy-resorufin and convert it to fluorescent resorufin. Three compounds, 

HX261, HX81 (the precursor of HX261) and Cl-FICZ (a known AhR agonist210) were 

selected to test in the EROD assay using HepG2 cells. After treating cells with these 

compounds for 24 h, cells were analyzed by the EROD assay. Figure 2.3.11 showed that 

both HX261 and Cl-FICZ induced strong fluorescence signal, while HX81 did not. 

However, the fluorescence signal dropped at high concentration (≥100 nM) of HX261. The 

calculated EC50s of HX261 and Cl-FICZ were 1.3 nM and 50.1 nM, respectively. This 

indicated that HX261 could induce the expression of CYP1A1 in HepG2 cells. 
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Figure 5.3.12 AhR underwent re-localization upon agonist treatment. 

AhR agonists can bind to AhR and activate the translocation of AhR from cytoplasm to 

nuclei, where AhR triggers the downstream gene expression230,231. We next verified the 

translocation of AhR after the treatment of our compounds. We treated HepG2 cells with 

5 nM HX261 and known agonists, Cl-FICZ and BNF, for 1 h. We then harvested the 

cytoplasmic proteins and nuclei proteins separately according to standard protocols 

(Figure 5.3.12). The expression of selected proteins was examined by western blot. We 

used α-tubulin and HDAC1 as the loading control for cytoplasmic extract and nuclei extract, 

respectively. The amount of AhR in cytoplasm was decreased upon treatment of HX261 

and Cl-FICZ. BNF induced less reduction of AhR in cytoplasm. At the meantime, AhR 

was enriched in nuclei in response to all agonists. PCSK9 is a secreted protein and had less 

expression in nuclei comparing in cytoplasm. The rapid re-localization of ligand-bound 

AhR confirmed the role of HX261 as a potent agonist. 
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Figure 5.3.13 Dose response study of HX261 and Cl-FICZ. 

To probe the effects of AhR agonists, we used western blot to analyze HepG2 cells treated 

by HX261 and Cl-FICZ at various concentrations for 24 h (Figure 5.3.13). Cellular PCSK9 

level was significantly suppressed by both compounds at as low as 3 nM. HX261 reached 

its maximal effects at 10 nM, while the effect of Cl-FICZ was maximized at 100 nM, 

indicating HX261 was more potent in modulating PCSK9. In addition, we observed that 

the AhR was decreased at higher concentrations of compounds. It might due to nuclei 

exportation of AhR followed by proteasome degradation232. In comparison with HX261, 

Cl-FICZ induced more AhR degradation. It suggested that different ligands have different 

effects on the PCSK9 downregulation and AhR degradation, depending on their structures. 

Interestingly, HX261 induced significant expression of CYP1A1 at 10 nM, and the effect 

was decreased with increasing concentrations. In the meantime, Cl-FICZ upregulated 

CYP1A1 in a dose-dependent manner. This result was consistent with EROD results 

discussed above. EROD activity should be positively correlated with CYP1A1 expression. 
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Overdosed HX261 was suspected to undergo unknown inhibition for both CYP1A1 

expression and activity. One of the possible reasons is that the AhR agonist may inhibit the 

enzymatic activity of CYP1A1 as suggested by literature, because most AhR agonists are 

substrates of CYP1A1 enzumes229.  The inhibition effect might also trigger unknown 

negative feedback in the AhR-CYP1A1 regulatory loop. 

 

Figure 5.3.14 Time-course study of AhR agonist. 

To understand the mechanism of this pathway, we performed a 24 h time-course 

experiment (Figure 5.3.14). HepG2 cells were treated with 30 nM of compounds and were 

collected at 0 h, 6 h, 12 h and 24 h. We found that the expression of AhR was affected as 

early as 6 h by HX261 and Cl-FICZ but not BNF. All three compounds induced CYP1A1 

expression at 6 h. But only HX261 and Cl-FICZ achieved maximal effects at 12 h and the 
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effect was decreased slightly afterwards. BNF induced CYP1A1 at 6 h, but not at 12h and 

24h. The lower metabolic stability of BNF might be one reason for this observation. A 

stable compound would sustainably activate AhR and induce the expression of CYP1A1. 

In the future, comparison of stability of all three compounds will be conducted to confirm 

this result.  
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Figure 5.3.15 E2F family and E2F1 related genes affected by HX261 in RNA-seq 

The RNA-seq data also indicted that E2F family and E2F1 related genes were affected by 

HX261 (Figure 5.3.15).  E2F family were critical transcriptional regulators in multiple 

pathways233. E2F1 can directly interact with AhR and serve as co-factor to regulate 

transcription of genes such as APAF1, MYCN and PCNA231,234,235. E2F1 has also been 

reported to target PCSK9 promoter and modulate the transcription236. E2F1 protein is 

positively correlated with PCSK9. Knockout of E2F1 decreased the expression of PCSK9 

mRNA and protein. Thus, we hypothesized that E2F1 might be the mediator between AhR 

and PCSK9. For example, activated and translocated AhR might bind to E2F1 and interact 

with the PCSK9 promoter leading to repressed transcription. 
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Figure 5.3.16 E2F1 related gene transcription was affected by AhR agonists. 

To verify the results from RNA-seq, we investigated the mRNA change of related genes. 

HepG2 cells were treated with 100 nM HX261 or vehicle for 12 h and examined by qRT-

PCR. We observed the reduction of PCSK9 mRNA and the increase of CYP1A1 mRNA, 

while AhR transcription remained intact. These data verified results from RNA-seq. We 

also examined genes that were reported to be targeted by E2F1. For example, the DNA of 

TM7SF2 and PKLR were enriched by E2F1 chromatin immunoprecipitation (ChIP)236,237. 

We only observed 10% (*P = 0.005) and 20% (**P = 0.0005) reduction for TM7SF2 and 

PKLR gene expression, respectively. Although the fold of change was not dramatic, this 

result indicated that our compounds affected genes transcriptionally regulated by E2F1. 

More experiments will be done to confirm this result and our hypothesis that HX261 may 

affect PCSK9 transcription through AhR-E2F1 pathway. 



171 

 

 

5.4. Summary and Future Work  

To summary, we established a phenotypic screening platform for the development of small-

molecule PCSK9 modulators and discovered novel molecule HX261, which could potently 

suppress PCSK9 expression. Investigation of the mechanism of action of HX261 

uncovered a novel regulatory pathway of PCSK9 through AhR. In addition, transcriptional 

factor E2F1 was hypothesized as mediator in this novel pathway based on our preliminary 

results and literature. 

Future work will focus on validation of this pathway. Orthogonal assays will be developed 

to confirm the BIIKs as AhR agonist. For example, we will use ITC, SPR or microscale 

thermophoresis (MST) to verify the binding between AhR and HX261. It has been reported 

that AhR can be degraded by PROTACs employing apigenin as the ligand of AhR238,239. 

We can develop PROTAC degraders by tethering HX261 with E3 ligase ligand, such as 

pomalidomide or VHL ligands discussed in Chapter 2 and 4. Successful depletion of AhR 

by this type of PROTACs in cells would support the engagement of AhR in HX261-

mediated downregulation of PCSK9. We can also use siRNA/shRNA or CRISPR 

technology to knockdown or knockout AhR. If PCSK9 was regulated by AhR and its 

agonist, the absence of AhR would lead to downregulation of PCSK9.  

E2F1 was hypothesized to bridge the interaction between AhR and PCSK9 promoter. We 

can use co-immunoprecipitation (Co-IP) to pull down E2F1 or AhR with interacted 

proteins from cell lysate. Western blot analysis will confirm the cellular interaction 

between E2F1 and AhR. Immobilization-free binding assay such as MST can be used to 
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examine the potential interactions between AhR and E2F1 in the presence or absence of 

AhR agonists. Since AhR and E2F1 are both transcriptional factors interacting with DNA 

sequence, we can use ChIP-seq to extract DNA sequence or promoters targeted by them. 

Alternatively, we can directly analyze ChIP sample to examine whether PCSK9 promoter 

or DNA sequence is enriched from ChIP or not. If the AhR-E2F1-DNA crosstalk was 

confirmed, co-crystallization of complex including AhR, E2F1 and targeted DNA fragment 

can further confirm their interactions . 

 

5.5. Experimental Procedures 

Cell line and sample preparation  

HepG2, Huh6 and Huh7 cells was cultured in low-glucose DMEM medium supplemented 

with 10% FBS, 1% Penicillin/Streptomycin, 1% Non-essential amino acid, 1% Sodium 

pyruvate and 1% L-glutamine. Aml-12 cells was cultured in DMEM/F2 (1:1) medium 

supplemented with 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 5 ng/ml selenium, and 

40 ng/ml dexamethasone, and 10% fetal bovine serum. All cell lines were grown at 37°C 

in a humidified 5% CO2 atmosphere. 

PCSK9 ELISA assay 

When reach 90% confluence, cells were harvested and plated 1 x 105 cells per well in 96-

well plate. After overnight settle-down, the culture medium was removed. 200 uL of dose 

medium contain compounds or vehicle in desired compound was added to each well. After 

24 hours, each well was refreshed with same medium, followed by another 24-hour 
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incubation. Finally, 100uL supernatant medium was collected after spin-down at 3000 rpm 

for 3 mins. Cells was washed twice with cold PBS and lysed with 50 uL RIPA buffer per 

well after wash with PBS. After 10 mins incubation on ice, the cells were frozen at -20°C 

overnight. Second day, cells were thawed and span down at 15000 rpm for 15 min. 

Supernatant was collected. Both medium and/or lysate sample was stored at -20°C if 

needed. 

ELISA assay was processed to measure PCSK9 content in cell culture medium or cell 

lysate according to manufacture protocol (R&D system, DY3888). 100uL of 2.0 ug/mL 

PCSK9 capture antibody in PBS was add into high-binding plate (R&D system, DY990). 

After overnight incubation at room temperature, solution was removed and wash with 

~400uL of wash buffer (0.05% Tween-20 in PBS) three times. Then 300 µL of reagent 

diluent (1% BSA in PBS) was added to each well and incubate for at least 1 hour. The 

following each step was started with remove of previous solution and wash with wash 

buffer. Then, 100 µL PCSK9 standard or sample with or without dilution in reagent was 

added to each well followed with 2-hour incubation. Next, 100 µL of 100 ng/mL PCSK9 

detection antibody in reagent was added to each well followed with 2-hour incubation. 

After detection antibody incubation, 100uL of Streptavidin-HRP was added to each well 

and incubated for 20 min. Finally, 100uL of TMB solution was added and incubated for 20 

mins followed with addition of 50 µL of stop solution (2 N H2SO4). After mixing, 

determine the optical density of each well immediately, using a microplate reader set to 

450 nm and wavelength correction to 570 nm. Subtract readings at 570 nm from the 

readings at 450 nm. 
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𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑂𝐷 = 𝑂𝐷450 𝑜𝑓 𝐴𝑠𝑠𝑎𝑦 𝑜𝑟 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 𝑂𝐷570𝑜𝑓 𝐴𝑠𝑠𝑎𝑦 𝑜𝑟 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 

Corrected ODs of PCSK9 standards were plot and performed linear regression to yield 

standard curve in GraphPad Prism 7. See example as followed graph. 
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The corrected ODs in assay wells were interpreted to PCSK9 concentrations (PCs) by the 

standard curve. Normalization was processed by the value of compound-treated groups to 

vehicle-treated groups give relative PCSK9 expression. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝐶𝑆𝐾9 =
𝑃𝐶 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑔𝑟𝑜𝑢𝑝

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝐶 𝑜𝑓 𝑣𝑒ℎ𝑖𝑣𝑙𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑔𝑟𝑜𝑢𝑝𝑠
 

Relative PCSK9 was plotted in GraphPad Prism 7. Bar or plot represented the mean of 

each treatment with ± SD as error. For dose response curve, nonlinear fitting of [Inhibitor] 

vs. response (three parameters) was generated by GraphPad Prism 7. 

 

Immunoblot 
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Refer to Chapter 2 section 2.5 for general procedures. Antibodies against PCSK9 (Santa 

Cruz Biotechnology), LDLR (R&D system), α-Tubulin (R&D system), β-Actin (R&D 

system) and  CYP1A1 (Proteintech) antibodies was purchased. Anti-AhR antibody, anti-

mouse- and anti-rabbit HRP-linked antibodies was purchased from Cell Signaling 

Technology. 

Microsomal Stability Assay 

Metabolic stability was assessed in the presence of 0.5 mg/mL Human, mouse, and rat liver 

microsomes (XenoTech). All liquid dispense and transfer steps were performed with the 

Freedom Evo automated liquid handler (Tecan US). NADPH, a required cofactor for 

CYP450 metabolism, was provided by the NADPH Regenerating System, Solutions A (BD 

Biosciences) and B (BD Biosciences). 10 µM compound stock solutions were initially 

prepared in 100% DMSO and subsequently diluted in acetonitrile for the assay. The pH of 

the reactions was kept at ~ 7.4 with potassium phosphate buffer (BD Biosciences). The 

reaction wells were prepared by adding microsomes to a well and allowed to warm to 37 

˚C. Then compound was added to each well.  The reactions were started by adding NADPH 

to the reaction well containing microsomes and compounds.  Negative controls received 

buffer only (instead of NADPH).  Immediately after reaction are started, 0 min aliquots 

were promptly collected and mixed in a separate well with ice cold acetonitrile (spiked 

with internal standards) to quench the reactions. The remainder of the reaction volume was 

incubated at 37 °C with shaking. An additional aliquot was collected at 60 min after the 

start of the reaction and promptly quenched with ice cold acetonitrile (spiked with an 

internal standard). Samples were vortexed and centrifuged at 3700 rpm for 10 min. The 
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amount of compound in the supernatant was determined by LC/MS/MS (Thermo Scientific, 

Endura) and the percent of parent compound remaining after 60 min was calculated by the 

following formula: 

% 𝑃𝑎𝑟𝑒𝑛𝑡 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 = [
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 60 𝑚𝑖𝑛

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 0 𝑚𝑖𝑛
× 100] 

All reactions were run in triplicate, except negative controls (no NADPH) which were 

performed as single reactions. Results reported are the mean of each reaction triplicate, 

normalized to the internal standard, and expressed as a percent compound remaining after 

the incubation time.  

RNA extraction and q-PCR assay 

When reach 90% confluence, cells were harvested and plated 3X105 cells per well in 24-

well plate. Refer to Chapter 2 Section 2.5 for detail procedures. ACTB or GAPDH was 

used as internal reference genes. All expression was normalized to vehicle-treated group. 

The bar graph was generated and by GraphPad Prism. Normalized data was graphed as bar 

graph representing as mean of relative viability (n = 3) with ± SD as error bar. 

Gene-selective primer pairs were generated by Integrated DNA Technologies (IDT). All 

primer sequences are listed as following table. 
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Primer Sequence Table 

Gene Forward Primer Reverse Primer 

PCSK9 TGGAACCTGGAGCGGATTA CTCTGTATGCTGGTGTCTAGGA 

PCSK9a GACACCAGCATACAGAGTGACC GTGCCATGACTGTCACACTTGC 

LDLR CTCCCGCCAAGATCAAGAAA GTTTGGAGTCAACCCAGTAGAG 

SREBP2 GACCTGAAGATCGAGGACTTTAAT AGAGTCAATGGAGTAGGGAGAG 

HMGCR GAGACAGGGATAAACCGAGAAAG GGAGGAGTTACCAACCACAAA 

ACTB ATGATGATATCGCCGCGCTC ATGATGATATCGCCGCGCTC 

CYP1A1a GAT TGA GCA CTG TCA GGA GAA GC ATG AGG CTC CAG GAG ATA GCA G 

PKLRa CGG AAG GAC ACG GCA TCA AGA T GAG CCA GGA AAA CCT TCT CTG C 

TM7SF2a GGT CAA TGG CTT CCA GTT GCT C AAC GCC AGC ATG AAG CCA AAC C 

GAPDHa CTCCTCTGACTTCAACAGCGACAC TGCTGTAGCCAAATTCGTTGTCAT 

a
Primers used for Figure 5.3.16 

 

RNA-sequencing experiment 

When reach 90% confluence, cells were harvested and plated 1X106 cells per well in 

35mm-dish. After overnight settle-down, the cells were treated with dose medium contain 

either DMSO or 100nM HX261. Cells were harvested and total RNA was isolated follow 

method above at 0h, 2.5h, 5h, 7.5h, 10h, 12.5h, 15h, 17.5h, 20h and 24h. RNA was then 
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measured for quality and PCSK9 mRNA level. Purified mRNA was first analyzed for 

quality control by Agilent 2100 Bioanalyzer. Then mRNA samples were submitted to UW 

Biotechnology Center for sample QC, library preparation and sequencing. Bioinformatic 

analysis was done in collaboration with Dr Christina Kendziorski and Dr Rhonda Bacher. 

MTT Cell Viability Assay 

When reach 90% confluence, cells were harvested and plated 1X105 cells per well in 96-

well plate. Refer to Chapter 2 Section 2.5 for detail procedures. 

Pharmacokinetic Study  

After mice was IP injected with compound solution, mice blood was collected by retro-

orbital method. Crude blood sample was added EDTA and span down. Supernatant plasma 

was collected and stored at -20 °C. Plasma samples was thawed before use. Compound 

standard was prepared with pooled plasma sample. 50 µL of plasma samples and standard 

samples was add into each well of Ostro Sample Preparation Plate for solid-phase 

extraction. Then 150 µL acetonitrile (1% formic acid) containing internal standard was 

added and mixed by pipette. Next, clear sample solution was eluted by positive pressure 

processor under 60 psi for 5 mins. The sample solution can be used directly for LC-MS/MS 

analysis. In our case, we used QTrap-5500 and Acquity UPLC system to analyze the 

content of remaining content of compound. While using Waters ACQUITY UPLC BEH 

C8 column and HX237 as internal standard, 20% to 80% [ACN/water] mobile phase was 

conducted in 5 mins. MS data was analyzed by Analyst® software and standard curve was 

processed by four-parameter logistic (4-PL) curve-fit. 



179 

 

 

EROD assay  

HepG2 cells were plated 1X105 cells per well in 96-well plate(s) avoiding side wells by 

adding 200µL PBS to them. After overnight seeding, cells were treated with compound or 

vehicle for 24 hours. Then cells were washed cells with 200uL warm PBS twice, followed 

by addition of 100µl 1uM 7-Ethoxy-Resorufin in PBS. Then the cells were incubated for 

2 hours. To prepare Resorufin standard, dilute Resorufin stock in PBS give 2 µM highest 

standard solution and then make serial 1:2 dilution of 2 µM solution in PBS give 1 µM, 

500 nM, 250 nM, 125 nM, 62.5 nM, 31.3 nM and 15.6 nM. After incubation, non-cell wells 

were added 100µL standard and PBS control to the PBS-filled wells in the plate after 

remove the original PBS solution. Then read the plate with excitation at 520nm with a 

10nm bandwidth and emission at 595nm with a 10nm bandwidth. To calculate the 

fluorescent intensity (FI), subtract the fluorescent density value of PBS control from 

standard and assay wells. 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐹𝐼 = 𝐹𝐼595 𝑜𝑓 𝑎𝑠𝑠𝑎𝑦 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 𝐹𝐼595𝑜𝑓 𝑃𝐵𝑆 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 

Corrected FIs of resorufin standards were plot and performed linear regression to yield 

standard curve in GraphPad Prism 7. See example as followed graph. 
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The corrected FIs in assay wells were interpreted to resorufin concentrations (RCs) by the 

standard curve. Normalization was processed by the value of compound-treated groups to 

vehicle-treated groups give relative EROD activity. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑅𝑂𝐷 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑅𝐶 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑔𝑟𝑜𝑢𝑝

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝐶 𝑜𝑓 𝑣𝑒ℎ𝑖𝑣𝑙𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑔𝑟𝑜𝑢𝑝𝑠
 

Relative EROD activity was plotted in GraphPad Prism 7. Bar or plot represented the mean 

of each treatment with ± SD as error. For dose response curve, nonlinear fitting of [Inhibitor] 

vs. response (three parameters) was generated by GraphPad Prism 7. 

Statistical Analysis 

All statistical analysis was done by GraphPad Prism. Statistical significance was analyzed 

by performing two-tailed and unpaired t-test of variance. Not significant (ns) P > 0.05, *P 

≤ 0.05, **P ≤ 0.01, ****P ≤ 0.001, ****P ≤ 0.0001. 
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Appendices 

Abbreviations and Acronyms 

ActD actinomycin D 

AhR aryl hydrocarbon receptor 

AhRR AhR repressor 

AML acute myeloid leukemia 

AR androgen receptor 

ARNT AhR nuclear translocator 

ATRA all-trans retinoic acid 

BBR berberine 

BET bromodomain and extra terminal domain 

BET/Brd bromodomain and extra-terminal motif proteins 

BIIK benzimidazole indolyl ketone 

BIIM benzimidazole-indolyl methane 

BNF β-napthoflavone 

BRET bioluminescence resonance energy transfer 

BTK Bruton’s tyrosine kinase 

CD1/2 catalytic domain 1 or 2 

CDCl3 chloroform-d 

CDK cyclin-dependent kinases 

ChIP chromatin immunoprecipitation 

cIAP1 cellular inhibitor of apoptosis protein 1 

CI-M6PR cation-independent mannose-6-phosphate receptor 

Cl-FICZ chloro-substituted 6-formylindolo[3,2-b]carbazole 

CLIPTAC click-formed proteolysis targeting chimera 

CLL chronic lymphocytic leukemia 

Co-IP co-immunoprecipitation 

Cpd compound 
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CRBN cereblon 

CRISPR clustered regularly interspaced short palindromic repeats 

CRL cullin–RING (really interesting new gene) E3 ubiquitin ligase 

CST cell Signaling Technology 

CVD cardiovascular diseases 

CYP cytochrome P450 

CYP1A1 cytochrome P450 family 1 subfamily A member 1 

DC50 concentration where half of maximal degradation is achieved 

DHT dihydrotestosterone 

DIIK diindolyl ketone 

DIIM diindolyl methane 

DIM 3,3’-diindolylmethane 

Dmax maximal degradation  

E2F1 E2F transcription factor 1 

EC50 concentration of compound that gives half-maximal response 

EGFR epidermal growth factor receptor 

ELISA enzyme-linked immunosorbent assay 

ER estrogen receptor 

ERK1/2 extracellular signal-regulated protein kinases 1 and 2 

ERRα estrogen-related receptor alpha 

FBS fetal bovine serum 

FICZ 6-formylindolo[3,2-b]carbazole 

FKBP12 FK506 binding protein 12 

FLT-3 fms related tyrosine kinase 3 

FRET fluorescence resonance energy transfer 

FYTTD1 forty-two-three domain containing 1 

GFP green fluorescent protein 

GOF gain-of-function 

H3 histone 3 

HAT histone acetyltransferase 
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HDAC histone deacetylase 

HDACi HDAC inhibitors 

HDL high density lipoprotein 

HMG-CoA 3-hydroxy-3- methylglutaryl coenzyme A 

HRMS high resolution mass spectra 

HRP horseradish peroxidase 

HSP90 Heat shock protein 90 

HSPG heparan sulfate proteoglycans 

Hyp hydroxyproline 

IAP inhibitor of apoptosis protein 

ICZ indolo[3,2-b]carbazole 

IKZF1/3 Ikaros family zinc finger proteins 1/3 

IMiDs immunomodulatory drugs 

IPP IκBα phosphopeptide 

IRF4 interferon regulatory factor 4 

ITC isothermal titration calorimetry 

Lac lactacystin 

LDL low density lipoprotein 

LDLR low density lipoprotein receptor 

LDPS lipoprotein-deficient fetal bovine serum 

LHR left heterocycle ring 

LHS left hand side 

LOF loss-of-function 

LTR lysosomal targeting receptor 

LYTAC lysosome targeting chimeras 

M6Pn mannose-6-phosphonate 

mAb monoclonal antibodies 

MDM2 mouse double minute 2 homolog 

MDR1 multidrug resistance protein 1 

MeBS methyl Bestatin 
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MM multiple myeloma 

MoA mode of action 

mPDP multiplexed proteome dynamic profiling 

MST microscale thermophoresis 

MTD maximal tolerated dose 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NAD+ nicotinamide adenine dinucleotide 

NES nuclear export signal 

Next-A nexturastat a 

NH4Cl ammonium chloride 

NMR nuclear magnetic resonance 

NTD N-terminal domain 

OIDD open innovation drug discovery 

OVA ovalicin 

PARP poly ADP ribose polymerase 

PC proprotein convertases 

PCSK9 proprotein convertase subtilisin/kexin type 9 

PD pharmacodynamic 

PD-1 programmed cell death protein 1 

PD-L1 programmed cell death ligand 1 

PDP pirin degradation probe 

PK pharmacokinetic 

POI protein of interest 

Poma pomalidomide 

PPI protein-protein interaction 

PROTAC proteolysis targeting chimera 

PTM post-translational modification 

RHR right heterocycle ring 

RHS right hand side 

RIPK2 receptor-interacting serine/threonine-protein kinase 2 
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RMSD root-mean-square deviation 

RTK receptor tyrosine kinases 

RT-qPCR real-time quantitative reverse transcription PCR 

S/N signal-to-noise ratio 

SAR structure-activity-relationship 

SARM selective androgen receptor modulator 

SCBT Santa Cruz Biotechnology 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SERD/SARD selective estrogen/androgen receptor degrader 

shRNA small hairpin RNA 

siRNA small interfering RNA 

SIRT sirtuin 

SNIPER specific and nongenetic IAP-dependent protein erasers 

SPR surface plasmon resonance 

STAT3 signal transducer and activator of transcription 3 

T1/2 half-life 

TCDD tetrachlorodibenzo-p-dioxin 

TF50 ternary formation 50% 

TI50 ternary inhibition 50% 

TLC thin layer chromatography 

TPD targeted protein degradation 

UPS ubiquitination-proteasome system 

VCB VHL, EloinginC and ElonginB 

VHL von Hippel-Lindau tumor suppressor protein 

XIAP X-linked IAP 

XRE xenobiotic-responsive element 

ZnF-UBP zinc-finger ubiquitin binding domain 
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LC-MS Analysis  

9a: retention time, 1.207 min; MS (M+H)+ found 688.3 

 

9b: retention time, 1.237 min; MS (M+H)+ found 732.3 

 

9c: retention time, 1.571 min; MS (M+H)+ found 776.3 

 

9d: retention time, 1.634 min; MS (M+H)+ found 820.3 
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