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Abbreviations 

 

ADME: Absorption, distribution, metabolism, excretion 

AQ: Adaptaquin  

ATP: Adenosine triphosphate 

BCA: Bicinchoninate 

CCK-8: Cell counting kit-8 

CETSA: Cellular thermal shift assay 

CKD: Chronic kidney disease 

ClogP: Calculated logarithm of the octanol/water partition coefficient 

CBP/p300: cAMP response element binding protein-binding protein/the adenovirus 

E1A-associated 300 kDa protein 

DFO: Defeoxamin mesylate  

D-MEM: Dulbecco's modified eagle medium 

DMOG: Dimethyloxallyl glycine 

DMSO: Dimethyl sulfoxide 

DTT: Dithiothreitol  
EC50: Half maximal (50%) effective concentration 

EPO: Erythropoietin  

FIH: Factor inhibiting hypoxia-inducible factor 

GLUT1: Glucose transporter 1  

HIF: Hypoxia-inducible factor 

HRE: Hypoxia response element  

HTS: High-throughput screening 
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JMJD family: Jumonji C domain-containing family 

LogP: Logarithm of the octanol/water partition coefficient 

MCL buffer: Mammalian cell lysis buffer 

NLuc: Nanoluciferase  

ODDs: Oxygen-dependent degradation domains 

OPD: o-Phenylenediamine 

PDB: Protein data bank 

PHDs: Prolyl hydroxylase domain-containing proteins  

PHIs: PHD inhibitors 

pVHL: von Hippel−Lindau protein 

PyrzA: 5-(1-acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-dimethylbarbituric acid  

RIPA: Radioimmunoprecipitation assay 

RPMI: Roswell park memorial institute  

SEM: Standard error of the mean 

VEGF: Vascular endothelial growth factor  

2-OG: 2-Oxoglutarate  
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Chapter 1 

General Introduction 

 

    A sufficient amount of molecular oxygen (O2) must be delivered to the peripheral 

tissues to create adenosine triphosphate (ATP) through the cellular respiration pathway. 

In live cells and/or organisms, lowering the O2 concentration leads to severe stress. To 

date, the formation of microclots in capillary vessels has been reported to induce hypoxic 

stress, which becomes to an initial event for stroke, heart failure, and kidney diseases1–3. 

    Transactivation with hypoxia-inducible factors (HIFs) is an indispensable event in 

protecting against hypoxic stress through the hypoxia-protective proteins4–6. HIFs are 

divided into two major subfamilies: those with the unstable alpha subunit (HIF-α) and 

those with the stable beta subunit (HIF-β)7,8. After forming the HIF α/β heterodimer, HIF 

has the potential to bind the hypoxia response element (HRE) ([A/G]CGTC) and 

transactivate the hypoxia target genes9,10 such as VEGF (vascular endothelial growth 

factor), EPO (erythropoietin), and GLUT1 (glucose transporter 1)11–15. 

    The regulation of HIF-α plays an important role in the response to changes in oxygen 

availability. Under normoxic conditions, HIF-α is continuously hydroxylated by prolyl 

hydroxylase domain-containing proteins (PHDs)15–17. PHDs require oxygen and ferrous 

ions (Fe2+), the cofactor 2-oxoglutarate (2-OG), and oxygen molecules (Figure 1-1)18–20. 

Fe2+ promotes proline hydroxylation of HIF-α by binding 2-OG, PHDs, and oxygen 

molecules to the catalytic site. This event leads to the polyubiquitylation of hydroxylated 

HIF-α, which leads to its degradation via the ubiquitin−proteasome system. Conversely, 

under hypoxic conditions, HIF-α hydroxylation is suppressed due to a reduction in 

oxygen molecules. Then, HIF-α stabilizes and translocalizes to the nucleus. As a result, 
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PHDs lead to HIF inactivation via the hydroxylation of a specific proline residue of HIF-

α (Figure 1-2).  

    Continuous HIF-α stabilization has at least two benefits: in the treatment of ischemic 

injury and the treatment of renal anemia associated with chronic kidney disease (CKD)21–

23, via the upregulation of EPO. For these reasons, academic researchers, and 

pharmaceutical companies have been working on exploring small molecular compounds 

that can activate the hypoxia sensing system without exposing the low oxygen condition. 

Almost HIF activators have been derived from the 2-OG structure to inhibit PHDs21,23–25. 

    However, the broad-spectrum 2OG dioxygenase inhibitors affect broad tissues and 

cause unfavorable side effects such as neovascularization, plethora, and tumorigenesis26–

28. As examples of side effects due to the non-specificity of the PHD isoforms, first, only 

PHD2 knockout mice, but not PHD1 or PHD3 knockout mice, died during the embryonic 

period27,29. Second, the frequency of polycythemia in adult liver-specific PHD2 knockout 

mice was higher than that in PHD1 or PHD3 knockout mice30,31. Third, each PHD1-3 

isoform interacts with more than 20 potential non-HIF proteins32–41.  

    HIF activators have been required to have high specificities, although almost HIF 

activators are known as 2-OG analogs to inhibit PHDs. Currently, five 2-OG analogs 

(Roxadustat, Vadadustat, Enarodustat, Daprodustat, and Molidustat) have been approved 

as therapeutic compounds for anemia (Figure 1-3)22,23,42–48. However, a major concern, 

these small molecules may have side effects because more than 60 human proteins besides 

PHDs require 2-OG as a cofactor24,25,49. Instead of 2-OG analogs, VHL inhibitor50,51 and 

FIH (Factor inhibiting hypoxia-inducible factor) inhibitor52–56 have been developed as 

inhibitors targeting compounds other than PHDs without mimicking 2-OG; however, they 

have not yet been approved. Therefore, in a previous study, to identify a novel structure-
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type HIF activator, a classic HRE-reporter system, which included a hypoxia response 

output event HIF activation reporter assay was generated (Figure 1-4)57, potential 

compounds were found from a broad range of chemical libraries using high-throughput 

screening (HTS). Potential compounds were categorized among known PHD inhibitors, 

and finally an unlisted compound, 5-(1-acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-

dimethylbarbituric acid (PyrzA) (Figure 1-5)58,59 was identified. However, PyrzA is a 

novel chemical compound that has only been reported for its chemical structure, and there 

have been no official reports on its use. 

    In this thesis, in Chapter 2, the stabilization of both HIF-α proteins and upregulation of 

HIF target genes treated with PyrzA in several cells showed that PyrzA activated the HIF 

signal cascade. PyrzA also upregulated HIF target genes in mice. Moreover, the 

stabilization of both prolyl-hydroxylated HIF-α and the docking simulation revealed that 

PyrzA was involved in the inhibition of PHDs. In Chapter 3, 5-(1-n-Butyryl-5-

phenylpyrazolidin-3-ylidene)-1,3-dicyclohexyl-pyrimidine-2,4,6(1H,3H,5H)-trione (2c) 

was selected by evaluation of PyrzA derivatives using HRE-reporter cell. In addition, 2c 

stabilized HIF-α proteins and up-regulated HIF target genes compared to roxadustat, a 

commercially available HIF activator. In Chapter 4, to determine the mechanism of 

inhibition PHDs by PyrzA, PHDs recombinant proteins produced by using the insect cells 

(SF21 cells) or silkworms as host organisms, and 2-OG oxygenases assay was performed. 
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Figure 1-1. PHDs require 2-oxoglutarate (2-OG). (A) The reaction of HIF-α 

hydroxylation: PHD catalyzed prolyl-hydroxylation. (B) Views from crystal structures 2-

OG complexed with PHD2. Mn2+ was substituted for Fe2+. The human PHD2:Mn2+:2-

OG:HIF-α substrate complex (PDB ID: 5l9b60) was selected as a template structure using 

the PyMOL Molecular Graphics System.  
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Figure 1-2. Regulation and role of HIF-α protein. Under normoxic conditions, HIF-α is 

hydroxylated by prolyl hydroxylase domain-containing proteins (PHDs). Hydroxylated 

HIF-α is polyubiquitylated by von Hippel−Lindau protein. Polyubiquitylated HIF-α is 

degraded by proteasome. Under hypoxic conditions, HIF-α hydroxylation is suppressed, 

stabilizes, and translocalizes to the nucleus. Then, HIF-α heterodimerize with HIF-β and 

they bind to hypoxia response element (HRE) ([A/G]CGTC) and transactivate hypoxia 

target genes.  
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Figure 1-3. The chemical structure of five 2-OG analogs which have been approved as 

therapeutic compounds for anemia.  
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Figure 1-4. HIF-α transcriptional activity was evaluated using SKN:HRE-NLuc reporter 

system. Constructs that consist of a Nano luciferase (NLuc) under the transcriptional 

regulation of an enhancer containing 7 copies of VEFG 40-bp HRE upstream of a mini-

TATA promoter was generated. This construct was stably into the human neuroblastoma 

cell line (SK-N-BE(2)c). Finally, stable transformation was named SKN:HRE-NLuc.  
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Figure 1-5. The chemical structure of PyrzA: 5-(1-acetyl-5-phenylpyrazolidin-3-

ylidene)-1,3-dimethylbarbituric acid. 
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Chapter 2 

Biochemical Characterization of PyrzA 

 

2-1. Introduction 

    In previous study, due to monitoring the endpoint HIF-α transcriptional activity, a 

nanoluciferase (NLuc) reporter system under control with seven tandem repeats of human 

VEGF HRE elements attached to a mini-TATA promoter was generated. The human 

neuroblastoma cell line SK-N-BE(2)c stably harbored the construct named SKN:HRE-

NLuc (Figure 1-5)57. To identify a novel structure-type HIF activator, SKN:HRE-NLuc 

was stimulated with the core 9600 chemical library (final dose in 20 μM) obtained from 

the Drug Discovery Initiative, University of Tokyo. 24 h after stimulation, nano-Glo 

luciferase reagent was added directly, and 40 compounds of high HIF-α transcriptional 

activity were selected as the first hit compounds (Figure 2-1). Known HIF activators such 

as dihydroxybenzene61,62 and oxyquinoline63,64, and PAINS (pan-assay interference 

compounds)65,66 were excluded from the first hit compounds (Figure 2-2). 2-OG scaffold 

compounds also were removed from the candidate list. Eventually, 5-(1-acetyl-5-

phenylpyrazolidin-3-ylidene)-1,3-dimethylbarbituric acid (PyrzA) was selected as a 

novel HIF activator without 2-OG scaffold (Figure 1-5). However, PyrzA was a novel 

chemical compound that had only been reported for its chemical structure, and there have 

been no official reports on its usage. 

    In the first half of this chapter, PyrzA activates the HIF cascade not only in several 

culture cells but also in mice tissue. In the second half of this chapter, PyrzA activates 

HIF-α by inhibiting PHDs, mainly by detecting prolyl-hydroxylated HIF-1α and docking 

simulations between PHD2 and PyrzA.  
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2-2. Experimental section 

2-2-1. Reagents  

    Dimethyl sulfoxide (DMSO) was purchased from Fujifilm Wako (Osaka, Japan). 

FG4592 (roxadustat) was purchased from Cayman Chemical Company (Ann Arbor, MI, 

USA). Dimethyloxallyl glycine (DMOG) was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Adaptaquin (AQ), Defeoxamin mesylate (DFO) were purchased from Tocris 

Bioscience (Bristol, UK). Ciclopirox olamine (CPO) was purchased from Tokyo 

Chemical Industry (Tokyo, Japan). MG132 was obtained from Peptide Institution (Osaka, 

Japan). Heparin was purchased from Mochida Pharmaceutical (Tokyo, Japan). The 

following antibodies were used. HIF-1α: Hif1a (PAB12138) rabbit pAb (Abnova, Taipei, 

Taiwan), human HIF-2α: HIF-2 alpha (D6T8V) rabbit mAb (Cell Signaling Technology, 

Danvers, MA, USA), mouse HIF-2α: HIF-2alpha antibody (GT125) mouse mAb (Gene 

Tex, Irvine, CA, USA), Hydroxy-HIF-1α (Pro402): Anti-HIF-1-alpha, hydroxyproline 

(Pro402) (2972081) rabbit pAb (Millipore, Burlington, MA, USA), Hydroxy-HIF-1α 

(Pro564): Hydroxy-HIF (Pro564) (D43B5) rabbit mAb, PHD1: anti-HIF Prolyl 

Hydroxylase 1 (NB100-310) rabbit pAb (Novus Biologicals, Centennial, CO, USA), 

PHD2: anti-HIF Prolyl Hydroxylase 2 (NB100-2219) rabbit pAb (Novus Biologicals) 

PHD3: Rb pAb to PHD3 (ab30782) (Abcam, Cambridge, UK), and β-Actin: Anti β-Actin 

(PTG9395) mouse mAb (Fujifilm Wako). 

 

2-2-2. Chemical Synthesis of PyrzA  

    All starting materials, except (E)-1,3-dimethyl-5-(3-phenylacryloyl)barbituric acid, 

were obtained from commercial suppliers and used without additional purification. 

General pathway for the synthesis of PyrzA is shown in Scheme 2-1. 1H and 13C NMR 
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spectra were recorded using an NMR 400 MHz system (Agilent, Santa Clara, CA, USA). 

The chemical shift (δ) was assigned relative to SiMe4 as an internal control at δ 0 ppm. 

High-resolution mass spectra were obtained using an Agilent G6224AA TOF-MS system 

(Agilent). 

     (E)-1,3-Dimethyl-5-(3-phenylacryloyl)barbituric acid67 was synthesized as described 

in the literature. 

    Synthesis of 1,3-Dimethyl-5-(5-phenylpyrazolidin-3-ylidene)barbituric acid. Under a 

nitrogen atmosphere, (E)-1,3-dimethyl-5-(3-phenylacryloyl)barbituric acid (1 mmol), 

hydrazine monohydrate (2 mmol), and ethanol (30 mL) were placed in a 50 mL two-

necked flask. The mixture was stirred under reflux for 1 h. After the reaction, a white 

precipitate was formed. After the precipitate was filtered, washed with ethanol, and dried, 

1,3-Dimethyl-5-(5-phenylpyrazolidin-3-ylidene)barbituric acid was obtained in 84% 

yield. 1,3-dimethyl-5-(5-phenylpyrazolidin-3-ylidene)barbituric acid: white solid; 1H 

NMR (400 MHz, CDCl3) δ 3.28 (s, 3H), 3.31 (s, 3H), 3.74 (dd, J = 7.7, 18.9 Hz, 1H), 

4.10 (dd, J = 9.2, 18.9 Hz, 1H), 4.80−4.88 (dd, J = 7.7, 9.2 Hz, 1H), 5.20 (d, J = 7.4 Hz, 

1H), 7.29−7.40 (m, 5H), 12.02 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 27.6, 27.7, 42.9, 

59.5, 86.2, 126.2, 128.4, 129.0, 139.2, 151.8, 162.2, 164.9, 165.8. HRMS (TOF) 

calculated for C15H17N4O3 [M + H]+: 301.1301; found: 301.1302. 

    Synthesis of 5-(1-Acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-dimethylbarbituric acid 

(PyrzA). Under a nitrogen atmosphere, 1,3-Dimethyl-5-(5-phenylpyrazolidin-3-

ylidene)barbituric acid (0.5 mmol), acetic acid (0.5 mL, 8.7 mmol), and acetic anhydride 

(0.5 mL, 5.3 mmol) were placed in a 25 mL two-necked flask. The mixture was stirred at 

125°C (bath temperature) for 2 h. After the reaction, the mixture was concentrated and 

dried under a vacuum. Purification was performed by recycling preparative HPLC using 
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GPC column with CHCl3 as the eluent. After purification, compound PyrzA was obtained 

in 74% yield. 5-(1-acetyl-5-phenylpyrazolidin-3-ylidene)-1,3-dimethyl-barbituric acid: 

white solid; melting point was 273−274°C. 1H NMR (400 MHz, CDCl3) δ 1.94 (s, 3H), 

3.27 (s, 3H), 3.37 (s, 3H), 3.99 (dd, J = 2.5, 19.5 Hz, 1H), 4.30 (dd, J = 10.9, 19.5 Hz, 

1H), 5.40 (d, J = 8.2 Hz, 1H), 7.23−7.28 (m, 2H), 7.31−7.47 (m, 3H), 13.19 (br, 1H); 

13C NMR (100 MHz, CDCl3) δ 20.6, 27.7, 45.1, 58.6, 86.3, 125.0, 129.0, 129.7, 139.3, 

151.6, 157.7, 162.1, 163.6, 164.3. HRMS (TOF) calculated for C17H19N4O4 [M + H]+: 

343.1406; found: 343.1437. PyrzA has two racemic structures, we have not established 

the separation strategy; therefore, we used this mixture PyrzA in the subsequent 

experiments. 

 

2-2-3. Cell culture 

    The human neuroblastoma cell line, SK-N-BE(2)c and the human hepatocellular 

carcinoma cell line, Hep3B were obtained from the American Type Culture Collection 

(ATCC; Manassas, VA, USA). HeLa, the human cervical epithelioid carcinoma cell line 

was obtained from the RIKEN Bio Resource Center (Tsukuba, Ibaraki, Japan). SK-N-

BE(2)c was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium with L-

Glutamine and Phenol Red (Fujifilm Wako) then supplemented with 5% fetal bovine 

serum (EQUITEC-BIO, Kerrville, TX, USA) and 1% penicillin-streptomycin (Nacalai 

Tesque, Kyoto, Japan). HeLa and Hep3B cells were cultured in high-glucose Dulbecco's 

Modified Eagle Medium (D-MEM) with L-Glutamine and Phenol Red (Fujifilm Wako). 

All cell lines were cultured in a humidified atmosphere containing 5% CO2 at 37°C. 
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2-2-4. Evaluation of HIF activity and cellular viability 

    SKN:HRE-NLuc cells, stable transformants of SK-N-BE(2)c with a reporter vector 

possessing secretion-type NLuc, were developed as previously described57. SKN:HRE-

NLuc was cultured in RPMI1640 (Fujifilm Wako) then supplemented with 5% 

charcoal/resin absorbed heat-inactivated fetal bovine serum (EQUITEC-BIO) and 1% 

penicillin-streptomycin (Nacalai Tesque). The SKN:HRE-NLuc cells (7.0 × 103 

cells/well) were then seeded into a 384-well plate (Corning, Corning, NY, USA) and 

incubated for 16 h. The medium was replaced with fresh medium containing the target 

compounds, PyrzA or PHD inhibitors, sequentially diluted from 100 μM to 98 nM. The 

cells were stimulated for 24 h. After incubation, the nano luciferase activity was measured 

using the Nano-Glo Luciferase Assay System (Promega, Madison, WI, USA) by 

SpectraMax i3x equipped with luminescence glow 384 SpectraMax detection cartridge 

(Molecular Devices, Sunnyvale, CA, USA). HIF activity was calculated as the intensity 

of luciferase activity based on the vehicle treatments (1% DMSO). To analyze cellular 

viability, the medium of chemically stimulated SKN:HRE-NLuc was replaced with new 

medium containing 1/10 (v/v) of CCK-8 assay reagents (Cell Counting Kit-8, Dojindo, 

Kumamoto, Japan) and incubated for 90 min. CCK-8 assay regents are using WST-8 (2-

(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium). 

After incubation, the OD450 of CCK-8 reagents was measured using the SpectraMax i3x. 

Cell viability was presented as a percentage based on the cells stimulated with 1% DMSO 

and used as a positive control. 
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2-2-5. Animals 

    All procedures for the mouse experiments were approved by the Animal Care 

Committee of Saga University and conformed with the Guide for the Care and Use of 

Laboratory Animals issued by the National Institute of Health. Six-week-old female or 

male C57B6 mice were housed in environments with a 12 h light/12 h dark cycle and 

constant temperature. PyrzA dissolved corn oil or vehicle control corn oil was 

administrated intraperitoneally. Sex, PyrzA concentrations, injection time, and sacrificed 

time are changed for each experiments listing Table 2-1. After being sacrificed, blood and 

tissues were harvested from all the mice. In addition, for each mouse blood containing 

heparin, one hematocrit tube (Paul Marienfeld, Lauda-Königshofen, Germany) of blood 

was collected and centrifuged at 10,000 rpm for 5 min using KUBOTA 3200 (Tokyo, 

Japan) equipped with hematocrit rotor (Kubota). The hematocrit values were calculated 

with hematocrit meter (Kubota). 

 

2-2-6. Estimating for protein concentration 

    Mice liver or kidney tissue was homogenized in radioimmunoprecipitation assay 

(RIPA) buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% [v/v] NP-40, 0.5% [w/v] 

sodium deoxycholate, 0.1% [v/v] SDS) supplemented 1× protease inhibitor cocktail 

(Nacalai Tesque) and 20 µM MG132. The suspension was centrifuged at 13,000 rpm at 

4°C for 10 min. The supernatant was transferred to a new tube and measured for protein 

concentrations using the Protein Assay Bicinchoninate (BCA) Kit (Nacalai Tesque). 
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2-2-7. Immunoblot assay 

    The cells were solubilized with 4 × SDS sample buffer (0.25 M Tris-HCl, pH 6.8, 20% 

[w/v] Dithiothreitol (DTT), 8% [w/v] SDS, 20% [w/v] sucrose, 0.008% [w/v] 

bromophenol blue). Mice samples were lysed in RIPA buffer and measured for protein 

concentration using BCA assay. After finishing BCA assay, mice samples were mixed 

with 4 × SDS sample buffer to a final concentration of 1×. Those samples were boiled at 

90°C or 60°C for 10 min and subjected to SDS-PAGE electrophoresis and transferred to 

polyvinylidene fluoride membranes (Fujifilm Wako). The blots were incubated with 

primary antibodies against HIF-1α, human HIF-2α, mice HIF-2α, Hydroxy-HIF-1α 

(Pro402), Hydroxy-HIF-1α (Pro564), PHD1, PHD2, PHD3 or β-Actin, and subsequently 

treated with immunogen-matched horseradish peroxidase-conjugated secondary 

antibodies. The proteins were visualized with ImmunoStar LD (Fujifilm Wako) using 

Lumino Graph I (ATTO, Tokyo, Japan). 

 

2-2-8. RNA isolation and quantitative PCR 

    Cellular total RNA from the cells was prepared using the Blood/Cultured Cell Total 

RNA Mini Kit (FAVORGEN, Pingtung, Taiwan) following the manufacturer’s 

instructions. Total RNA from the mouse liver and kidney tissues were extracted using 

Sepasol RNA I Super G (Nacalai Tesque) according to the manufacturer’s instructions. 

The total RNA was reverse transcribed to cDNA using the Transcriptor Universal cDNA 

Master (Roche, Basel, Switzerland) or the FastGene cDNA Synthesis Reagent (Nippon 

Genetics, Tokyo, JAPAN). The resulting cDNA was used as a template for quantitative 

PCR (qPCR) using the KAPA SYBR FAST qPCR Master Mix (2×) Kit (KAPA 

Bioscience, Potters Bar, UK) with a LightCycler 96 system (Roche) or Mx3005P qPCR 
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system (Agilent). β-Actin or 18S rRNA expression levels were used as internal controls. 

The primer sequences used were as follows: human carbonic anhydrase 9 (CA9): 

(forward) 5′–CCT TTG CCA GAG TTG ACG AG–3′ and (reverse) 5′–GAC AGC AAC 

TGC TCA TAG GC–3′; human PHD3: (forward) 5′–CAC GAA GTG CAG CCC TCT 

TA–3′ and (reverse) 5′–TTG GCT TCT GCC CTT TCT TCA–3′; human erythropoietin 

(EPO): (forward) 5′–TCA TCT GTG ACA GCC GAG TC–3′ and (reverse) 5′–CAA GCT 

GCA GTG TTC AGC AC–3′; human β-Actin: (forward) 5′– CCT CGC CTT TGC CGA 

TCC–3′ and (reverse) 5′–CAT GCC GGA GCC GTT GT–3′; mouse BCL2/adenovirus 

E1B interacting protein 3 (Bnip3): (forward) 5′–GTT ACC CAC GAA CCC CAC TTT–

3′ and (reverse) 5′–GTG GAC AGC AAG GCG AGA AT–3′; mouse carbonic anhydrase 

9 (Car9): (forward) 5′–TGC TCC AAG TGT CTG CTC AG–3′ and (reverse) 5′–CAG 

GTG CAT CCT CTT CAC TGG–3′; and mouse 18S rRNA (forward): 5′–GTA ACC CGT 

TGA ACC CCA TT–3′ and (reverse) 5′–CCA TCC AAT CGG TAG TAG C–3′. 

 

2-2-9. Erythropoietin ELISA  

    Mice whole blood administrated with PyrzA, or the vehicle control were collected in a 

1.5 mL tube containing heparin. Samples were spun at 5,000 rpm for 5 min at 4°C. The 

concentration of mice plasma was measured using an enzyme-linked immunosorbent 

assay (ELISA). The erythropoietin analysis was performed using the mouse 

erythropoietin ELISA kit (Proteintech, Rosemont, IL, USA) following the manufacturer’s 

instructions. The detection and quantification of plasma EPO were performed using 

SpectraMax i3x with SoftMax Pro 7 (Molecular Devices). The detection limits of the 

samples were calculated as half of the detection limit. 
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2-2-10. Cellular thermal shift assay (CETSA)  

    SK-N-BE(2)c cells were washed with PBS twice, harvested with trypsin, centrifuged 

at 800 rpm, for 3 min, and lysed in mammalian cell lysis (MCL) buffer (20 mM Tris-HCl, 

pH7.4, 200 mM Sodium Chloride, 2.5 mM Magnesium Chloride, 0.05% [w/v] NP-40) 

supplemented 1× protease inhibitor cocktail (Nacalai Tesque) for 10 min on ice. The 

lysate was centrifuged at 20,000 × g for 20 min at 4°C. The supernatant was measured 

for total protein concentrations using the BCA Kit (Nacalai Tesque) and diluted to 2.0 

mg/mL total protein. The lysate was used for three reactions, for (1) 100 µM FG4592, (2) 

100 µM PyrzA, and (3) vehicle (1% DMSO). 15 min after incubation at room temperature, 

smaller aliquots (50 µL) and heated at various temperatures (45-65°C) for 3 min using 

T100 Thermal Cycler (Bio-rad). The incubated lysates were centrifuged at 20,000 × g for 

15 min at 4°C. PHD1, PHD2, PHD3, and β-Actin levels were analyzed in those soluble 

fractions by immunoblot.  

 

2-2-11. Docking simulation 

    Docking simulation for PHD2 and PyrzA was performed using Molegro Virtual Docker 

7.0.0. (Molexus, Odder, Denmark). The crystal structure data for PHD2 (PDB ID: 3hqr20) 

was obtained from the Protein Data Bank (PDB; https://pdbj.org). The docking 

simulations were performed using the Molegro Virtual Docker 7.0.068. To select a 

favorable binding mode, the MolDock score was used. The number of trial runs for 

calculations was 20. The chemical structures of the ligands were drawn using 

ChemBioDraw Ultra 20.0 and optimized by MM2 calculations in Chem3D Pro 20.0. 
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2-2-12. Statistical analysis 

    The quantification of every immunoblot intensity was performed using ImageJ. All data 

were expressed as mean ± standard error of the mean (SEM). All data were analyzed using 

one-way ANOVA or two-tailed, unpaired Student’s t tests. For multiple comparisons, the 

Dunnett’s test was used. 

 

2-3. Result 

2.3.1 Activation of HIF signal cascade by PyrzA 

2-3-1-1. HIF reporter activities and cellular toxicities 

    HIF reporter activities and cellular toxicities of PyrzA compared with other PHD 

inhibitors (PHIs) were evaluated using SKN:HRE-NLuc. FG4592, DMOG, AQ, DFO, 

and CPO were used as PHIs (2-OG analogs: FG4592 and DMOG, inhibition of PHDs 

catalytic site: AQ, Fe2+ chelate: DFO and CPO). Especially, FG4592 has been approved 

as a PHD inhibitor for the treatment of renal anemia47. First, SKN:HRE-NLuc cells were 

treated with a serial diluted PyrzA or PHIs for 24 h. The HIF transcriptional activity and 

cellular viability were measured using NLuc activity and the cell counting kit-8 (CCK-8), 

respectively (Figure 2-3A-F). The HIF activity for PyrzA or PHIs was shown with a NLuc 

ratio of a 1% DMSO value as 1.0. The cell viability for these three chemicals was also 

indicated as the percentile ratio for 1% DMSO value as 100%. All chemicals activated 

the HRE NLuc reporter in a dose-dependent manner. PyrzA and PHIs concentrations for 

5-fold HRE NLuc activity and cellular toxicity were shown in Figure 2-3G. Those results 

indicated that PyrzA had a similar HIF activation potential to that of DMOG. In addition, 

PyrzA and PHIs without AQ showed no cellular toxicity, even at the highest concentration 

(100 µM). 
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    Next, the time-dependent HIF reporter activities of PyrzA and FG4592 were evaluated 

comparatively. SKN:HRE-NLuc cells were treated with three concentrations (25, 50, and 

100 µM) PyrzA or FG4592 several times (1, 2, 4, 6, 12, and 24 h). The HIF-α 

transcriptional activity and cellular viability were measured using NLuc activity and the 

cell counting kit-8 (CCK-8), respectively (Figure 2-4). The HIF activity for PyrzA or PHIs 

was shown with a NLuc ratio of chemicals treatment for 0 h value as 1.0. The cell viability 

for these three chemicals was also indicated as the percentile ratio for chemicals treatment 

for 0 h value as 100%. Both PyrzA and FG4592 activated the HRE NLuc reporter in a 

time-dependent manner at high and middle concentrations. The 5-fold HRE NLuc activity 

was exceeded at 4 h treatment with FG4592 and 6 h stimulation with PyrzA at all 

concentrations. These results indicated that while the HIF-α transcriptional activity of 

PyrzA started 2 h later than that of FG4592, PyrzA and FG4592 maintained high HIF-α 

transcriptional activity even after 24 h. 

 

2-3-1-2. Stabilization of HIF-α proteins under normoxic conditions 

    HIF-α consists two isoforms, HIF-1α and HIF-2α, with strictly different roles69,70. To 

confirm the stabilization of these proteins, immunoblot analysis was conducted in several 

cell lines. SKN-BE-2(c), HeLa, and Hep3B cells have already reported HIF stabilization 

with several HIF activators, including a PHD inhibitor containing a 2-OG structure. 

Before chemical challenging, 5.0 × 105 cells were seeded into each well of 12-well plates 

and preincubated for 16 h. After incubation, the cells were challenged with PyrzA or 

FG4592 at concentrations up to 100 μM for 24 h and the negative control vehicle, DMSO. 

The results showed that treatment with PyrzA or FG4592 led to dose-dependent 

stabilization of HIF-1α in SK-N-BE(2)c, HeLa, and Hep3B cells (Figure 2-5). Since the 
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seeding of 2.5 × 105 cells resulted in faint HIF-α proteins, the number of cells was 

increased to 5.0 × 105 cells. The amount of HIF-α protein levels when treated with PyrzA 

compared to FG4592 was the same in all three cells. These results suggest that PyrzA has 

the potential to stabilize HIF-α proteins, similar to the approved PHD inhibitor, FG4592. 

 

2-3-1-3. Effects of HIF target genes 

    To investigate HIF-α transcriptional activity, the mRNA expression profiles of HIF 

target genes were measured. To do this, the carbonic anhydrase 9 (CA9), PHD3, and 

erythropoietin (EPO) genes were selected. Hep3B cells (5.0 × 105) were seeded into 3 cm 

dishes and preincubated for 16 h. After preincubation, the cells were challenged with 

PyrzA or FG4592 (10, 30, and 100 μM) for 24 h and the negative control vehicle, DMSO. 

PyrzA induced all selected genes and FG4592 at 100 μM. The expression of the HIF target 

genes after treatment with PyrzA responded significantly at 100 μM (Figure 2-6). 

Therefore, PyrzA can stabilize the HIF-α protein and stimulate the HIF signaling cascade. 

 

2-3-1-4. Confirmation of PyrzA activity in mouse model with intraperitoneal 

injection 

    To examine whether PyrzA promoted HIF signaling cascade in wild-type C57BL6 mice, 

6-week-old mice were intraperitoneally administered with PyrzA dissolved corn oil or 

vehicle control corn oil. For the first time, PyrzA dissolved corn oil or vehicle control 

corn oil was administrated intraperitoneal at 50 mg/kg body weight every day. Five 

injections were administered in total. On the day following the final PyrzA injection, 

blood and tissues were harvested from all mice (Table 2-1, condition 1 and 2). These 

results showed that female mice were more effective than male mice. Maximum plasma 
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Epo concentrations were observed after 6 h injection71–73; blood and tissue harvest time 

was changed from 24 h to 6 h. To explain each experiment, conditions such as sex, PyrzA 

concentrations, and injection frequency are shown in Table 2-1 as condition 3-7. Under 

those conditions, the following were measured: (1) body weight, (2) spleen weight, (3) 

hematocrit, (4) plasma EPO protein concentration, (5) the mRNA level of HIF target 

genes in the kidney and liver, (6) the HIF-α protein levels in the kidneys and liver. Among 

those conditions, condition 4 was chosen following experiments. 

    Body weight, spleen weight, and blood analysis (hematocrit and plasma EPO protein 

concentration) among 7 conditions were shown in Table 2-2. Regarding body and spleen 

weight, no change was observed while under condition 5, mice significantly increased the 

spleen / body weight ratio. Regarding blood analysis, the concentration of plasma Epo 

protein was significantly increased under condition 6. The hematocrit level was also 

significantly increased under condition 4 and 6. Considering that the upregulation of Epo 

causes increasing plasma Epo concentration and producing red blood cells, PyrzA 

activated HIF cascade in vivo as well as reported HIF activators. 

    Regarding the mRNA levels of the principal target genes of HIF-α, including BCL2/ 

adenovirus E1B interacting protein 3 (Bnip3), carbonic anhydrase 9 (Car9) and Epo, 

PyrzA significantly upregulated HIF target genes in the liver under condition 2. PyrzA 

also significantly upregulated HIF target genes in the kidney under condition 4 (Figure 2-

7). Those results also confirmed PyrzA activated HIF cascade in vivo. However, the HIF-

α protein levels in kidney and liver were the same in the PyrzA-treated group (Figure 2-

8). These experiments suggest that because PyrzA can upregulate HIF target genes, PyrzA 

effectively drives the HIF-α pathway, even in vivo. 
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2.3.2 Inhibition of PHDs by PyrzA  

2-3-2-1. Evaluation of the combinational treatment effect of FG4592 and PyrzA 

using HIF reporter assay 

    Simultaneous stimulation with two chemicals is common in many experimental designs 

aimed at a studying mechanism. When two chemicals are present at the same time, it is 

important to determine whether the effects are additive or synergistic. In the case of an 

additive effect, it is a competitive inhibition. In the case of a synergistic effect, it becomes 

a non-competitive allosteric inhibition. FG4592 and PyrzA, which have similar HIF-α 

transcriptional effects, were examined to determine whether their effects are additive or 

synergistic. 

    To predict this additive or synergistic effect when two chemicals using SKN:HRE-

NLuc, the evaluation strategy was designated as in Figure 2-9A. (1) Serial diluted 

chemical solution was made for 100 to 0.195 µM and the other chemical was added 

indicated concentrations. At the same time, serial diluted only chemical solution was also 

made. (2) 24 h after stimulation, luciferase activity was measured and plotted as 

experimental value and calculated as expected values (the sum of HIF-α transcriptional 

activity values when two compounds are stimulated alone at the same concentrations as 

the experimental values for each compound). (3) Comparing the Experimental and 

Expected values on same graph. (4) Calculate the 50-fold luciferase activities on expected 

values and experimental values. (5) Calculate a ratio of expected values / experimental 

values to evaluate additive or synergistic effect. 

    First, the effects of simultaneous addition were compared for the combination of 

FG4592 and PyrzA with both 2-OG analogs (FG4592 and IOX2). IOX2 is also a PHD 

inhibitor which harbors a 2-OG scaffold (Figure 2-9B). SKN:HRE-NLuc cells were 
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treated with (1) serial diluted PyrzA or IOX2 and fixed FG4592 (5 µM) or (2) serial 

diluted FG4592 and fixed PyrzA or IOX2 (15 or 20 µM respectively) for 24 h. Fixed 

chemical concentrations are predicted 5-fold concentrations. The HIF transcriptional 

activity was measured using NLuc activity. The HIF activity for PyrzA or PHIs was 

shown with a NLuc ratio of a 1% DMSO value as 1.0. As a result, experimental HIF 

transcriptional activity was higher than expected HIF transcriptional activity, and the ratio 

of 50-fold luciferase activity of fixed FG4592-diluted IOX2, fixed FG4592-diluted PyrzA, 

fixed IOX2-diluted FG4592, and fixed PyrzA-diluted PyrzA were 1.50, 1.79, 2.08, and 

7.62 respectively (Figure 2-9B). In addition, the ratio of luciferase activity of FG4592 

and PyrzA when added simultaneously at several concentrations was examined. 

SKN:HRE-NLuc cells were treated with (1) serial diluted PyrzA and three fixed FG4592 

(6.25, 12.5, and 25 µM) or (2) serial diluted FG4592 and three fixed PyrzA (12.5, 25 and 

50 µM) for 24 h. These results were shown in Figure 2-9C. In the case of fixed FG4592 

or PyrzA at medium or high concentrations because all concentrations were more than 

50-fold luciferase activity, a ratio of 100-fold luciferase activity was measured at middle 

concentration and a ratio of 300-fold luciferase activity was measured at high 

concentration. The resulting 50-fold ratio of luciferase activity for fixed FG4592 and 

fixed PyrzA at low concentrations were 6.29 and 8.48. The resulting 100-fold ratio of 

luciferase activity for fixed FG4592 and fixed PyrzA at middle concentrations were 8.83 

and 49.1. The resulting 300-fold ratio of luciferase activity for fixed FG4592 and fixed 

PyrzA at high concentrations were 8.61 and 9.74. Those results showed that the luciferase 

activity ratio of simultaneous effect for FG4592 and PyrzA were higher than that of 

FG4592 and IOX2 (Figure 2-9B). In conclusion, the ratio of luciferase activity became to 

more than 5-fold under all conditions. Those indicated that since FG4592 and PyrzA 
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might bind to different sites on the PHDs. These results support PyrzA inhibit PHDs 

protein with non-competition with 2-OG chemicals. 

 

2-3-2-2. PyrzA inhibits HIF-1α prolyl hydroxylation 

    On HIF-α, PHDs recognize two proline residues called oxygen-dependent degradation 

domains (ODDs): in the case of HIF-1α, one on the N-terminal side (NODD Pro402) and 

the other on the C-terminal side (CODD, Pro564)60,74. Two prolyl residues were 

hydroxylated by PHD activity. The hydroxylated form of HIF-1α was ubiquitinated by 

the VHL complex. The ubiquitinated HIF-1α was degraded via the ubiquitin−

proteasome system.  

    Because most of the known HIF activators target the 2-OG HIF-α prolyl hydroxylation 

epicenter in PHDs, the changes in PHDs activity by PyrzA were observed using 

immunoblot. To confirm PHDs activity, the protein levels of hydroxylated HIF-1α are 

measured. However, under normoxia, hydroxylated HIF-1α was degraded immediately 

by ubiquitin−proteasome system in VHL deficient cells24,75,76. In this study, to stabilize 

the hydroxylated HIF-α protein, the proteasome inhibitor, MG132 was used instead of 

VHL-deficient cells. Before this experiment, the toxic effects of MG132 were examined 

in SK-N-Be(2)c, HeLa, and Hep3B cells. The three cell types were treated with serial 

dilutions of MG132 for 24 h, and the cell viability was analyzed using CCK-8. The LD50 

of MG132 in all three cell lines was over 10 μM (Figure 2-10A-C). However, the majority 

of the Hep3B cells showed ballooning features during treatment with high concentrations 

of MG132 (Figure 2-10D); therefore, we decided not to use Hep3B to check the inhibitory 

activity of HIF-α prolyl hydroxylation by PyrzA and FG4592 (Figure 2-11). To stabilize 

the HIF-1α protein, we set the MG132 concentration at 10 µM to partially inhibit the 
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proteasomal activity. As shown in Figure 2-5, 5.0 × 105 SK-N-Be(2)c and HeLa cells were 

challenged with various doses of PyrzA or FG4592 (1, 5, 25, and 100 μM). The cells were 

treated with 10 μM MG132 for 24 h to investigate the hydroxylation of HIF-1α before 

degradation. Two hydroxylation sites on HIF-1α, including Pro402 and Pro564, were 

detected with hydroxylation-specific antibodies. In SK-N-Be(2)c and HeLa cells, single 

treatment with PyrzA or FG4592 treatment stabilized the HIF-1α protein. MG132 

treatment also stabilized the HIF-1α protein in SK-N-Be(2)c and HeLa cells. PyrzA or 

FG4592 treatment blocked the Pro402 and Pro564 hydroxylation of HIF-1α in SK-N-

Be(2)c and HeLa cells in a dose-dependent manner (Figure 2-11). Notably, PyrzA 

inhibited the hydroxylation of Pro402 and Pro564 on HIF-1α when compared with 

FG4592 activity. Furthermore, PyrzA inhibited both Pro402 and Pro564 in HIF-1α 

hydroxylation. 

 

2-3-2-3. Effect of cellular thermal shift assay (CETSA) 

    To investigate whether PyrzA could interact with PHD proteins directory or not, the 

cellular thermal shift assay (CETSA) was performed. The CETSA detects the shift in 

protein thermal stability altered by a compound binding the target protein via 

immunoblot77. Recently, it has been reported that chemical binding for a set of important 

clinical targets was observed using this assay51,77,78. CETSA can confirm protein-ligand 

interactions in cultured cells without the use of specialized equipment or recombinant 

proteins. This assay also has the advantage of validating whether PyrzA specifically 

inhibits PHDs. SK-N-BE(2)c cells were lysed in MCL buffer and diluted into 2.0 mg/mL 

total protein. Multiple aliquots of cell lysates were treated with FG4592, PyrzA, and 1% 

DMSO, and incubated in various temperatures (PHD1: 45.0–56.9ºC), (PHD2 and PHD3: 
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50.0–61.2ºC). After centrifugation, the target PHD proteins in the supernatant were 

analyzed by immunoblot. In the presence of PyrzA or FG4592, the thermal stabilization 

shift of PHD1-3 cannot observe in our study condition (Figure 2-12A and B). The result 

of the quantification of band intensity of PHD1-3 was the same (Figure 2-12C-E). These 

results showed that the shift in protein thermal stability of PHD1-3 by PyrzA or FG4592 

should be improved using purified recombinant proteins in further study. 

 

2-3-2-3. Docking simulation using PyrzA and PHD2 

    To predict the binding sites of PHD and PyrzA, the docking simulation using PyrzA 

and PHD2. The human PHD2:Mn2+:N-oxalylglycine:HIF-α substrate complex (PDB ID: 

3hqr20) was selected as a template structure using the Molegro Virtual Docker 7.0.0 

(Figure 2-13)68. The coordinates of the five-membered ring structure of PyrzA were found 

to overlap the coordinates of Pro564 in HIF-1α CODD. Additionally, both of the racemic 

PyrzA, including (S)- or (R)-PyrzA, could bind to the PHD protein. Their docking 

(MolDoc) scores were -99.6763 and -89.3412 (kcal/mol), respectively (Figure 2-13J). 

PyrzA had the potential to interrupt the PHD2 and HIF-1α CODD binding. The docking 

results indicate that PyrzA potentially has increased selectivity for enzymes with 2-OG 

as a cofactor over inhibitors of 2-OG analogs. 

 

2-4. Discussion 

    PyrzA which does not harbor a 2-OG scaffold had high HIF-α transcriptional activity. 

PyrzA was also relatively higher HIF-α transcriptional activity compound in the first hit 

compounds excluding dihydroxybenzene, oxyquinoline, or PAINS scaffold (Figure 2-2). 

Dihydroxybenzene and oxyquinoline analogs, including AQ, inhibit by binding to Fe2+ in 
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the PHD catalytic site61,63. PAINS appear to activate in multiple assays such as curcumin, 

toxoflavin, isothiazolones and hydroxyphenyl hydrozones65,66. For example, curcumin 

has the following PAINS properties: covalent labeling of proteins, metal chelation, redox 

reactivity, aggregation, membrane disruption, fluorescence interference, and structural 

decomposition79.However, in this assay, only hydroxyphenyl hydrazone analogs had high 

HIF-α transcriptional activities. This structure called salicylaldimine chelates metal ions80 

and has been made for a variety of applications such as catalysts, antibacterial and 

anticancer drugs81,82. 

    The efficacy of PyrzA was comparable to that of the known PHD inhibitor DMOG in 

a dose-dependent manner. For cytotoxicity, LC50 values of PyrzA and PHIs were greater 

than 100 μM except for AQ. Since chelate agents such as DFO and CPO work on a variety 

of metal ions, including ferrous ions, it affects broad tissues and causes more side effects. 

2-OG analogs also act on several 2-oxygenases. Remarkably, DMOG: a broad-spectrum 

2-OG analog inhibits other 2-oxygenases such as FIH and JMJD (jumonji C domain-

containing) family histone demethylases25,70,83. Under normoxic condition, HIF-α is also 

asparaginyl-hydroxylated by FIH and asparaginyl-hydroxylated HIF-α blocks the 

interaction with the cAMP response element binding protein-binding protein/p300 

(CBP/p300) transcriptional coactivator. Under hypoxic condition, HIF-α hydroxylation is 

suppressed due to a reduction in oxygen molecules. Then, HIF-α can interact with 

CBP/p300 and transactivate the hypoxia target genes84–87. JMJD family histone 

demethylases are 2-OG oxygenases which histone Nε-methyl lysine demethylases and 

alter the regulation of many gene expressions49,88,89. Importantly, PyrzA has HIF 

transcriptional activities which might be a novel mechanism with no cytotoxicity effect. 

Therefore, the efficacy of PyrzA was comparable to that of FG4592 in a time-dependent 
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manner. This result indicated that intracellular absorption and degradation of PyrzA was 

similar to that of FG4592 under 1% DMSO solvent. Still, further study will be required 

for ADME (absorption, distribution, metabolism, excretion) in living organisms. 

    PyrzA stabilizes the HIF protein in three types of cells and accumulates both the HIF-

α isoforms (HIF-1α and HIF-2α). PyrzA is also capable of upregulating HIF target genes 

including EPO. Those results show that PyrzA triggers the HIF signaling cascade. In 

particular, HIF-1α and HIF-2α have shown changes in the tissues where they are 

expressed90–92, expression time93,94, and downstream target genes69,70,95,96. For example, 

HIF-1α suppresses tumorigenesis by inhibiting c-Myc transcriptional activity. Conversely, 

HIF-2α promotes tumorigenesis by enhancing c-Myc function93,97–99. Therefore, the 

stabilization strategies of the specificity of HIF-α isoform using chemical compounds 

have become attractive. One of the future goals of this study is to develop PyrzA 

derivatives that distinguish the specificity for HIF-α isoforms. 

    PyrzA also activates HIF cascade in vivo. HIF activators upregulate Epo and increase 

plasma Epo concentration and hematocrit values and then, the spleen weight gain. So, 

HIF activators upregulate EPO, and increase plasma EPO concentration, and promote 

erythropoiesis. Finally, the spleen and bone marrow are contributed for stress 

erythropoiesis30,31,100. PyrzA also significantly upregulates several HIF target genes 

including Epo and increases plasma Epo concentration under several conditions. In 

addition, PyrzA tends to increase plasma Epo concentration and hematocrit values under 

all conditions. PyrzA also appears to significantly hematocrit values under several 

conditions. While it takes a few days to increase red blood cells or enlarge the spleen101, 

the hematocrit levels were significantly increased under conditions harvested 6 h after the 

first injection of PyrzA. Hence, increasing hematocrit value and spleen weights under 
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some conditions must be considered for other reasons (dehydration or inactivation due to 

injection of PyrzA). 

    Regarding kidney and liver tissue, PyrzA upregulated HIF target genes under some 

conditions, however, the stabilization of both HIF-α proteins cannot be observed. In this 

experiment, PyrzA dissolved corn oil or vehicle control corn oil was intraperitoneally 

administered. Corn oil was used as the solvent instead of DMSO because PyrzA was 

difficult to dissolve in PBS and DMSO was toxic to mice. However, PyrzA was difficult 

to dissolve in corn oil either. This could be attributed to the low lipophilicity of PyrzA58. 

The logP (logarithm of the octanol/water partition coefficient) value of PyrzA was 1.10 ± 

0.09. As a result, most PyrzA molecules are likely not to be absorbed and to be excreted 

through urine. In the future, this pharmacological feature will be improved by 

synthesizing more efficient derivatives. 

    Since most HIF activators target the treatment of renal anemia, the focus was on 

increasing Epo protein levels. Epo protein produces mainly in kidney and liver102. In 

addition, several papers have been reported that the HIF activation in vivo is demonstrated 

only by increased plasma EPO protein concentration102,103, not by upregulation of HIF 

target genes or stabilization of HIF-α protein. In addition, HIF activators also need to 

target the treatment of ischemic injury of heart or brain105–107. Because excessive 

upregulated Epo also leads problems including polycythemia, the treatment of ischemic 

injury requires the use of other HIF target genes to protect the tissue30. In the future, the 

examination of HIF target gene expression in other tissues is needed. 

    As a result of the expression of mRNA levels, HIF target genes were significantly 

upregulated in the kidneys or liver on PyrzA-treated mice considering the reduced 

absorption due to the low solubility of PyrzA. These results were similar to the experiment 
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of a functional comparison of PyrzA with 2-OG analogs. In this experiment, while PyrzA 

upregulated HIF target genes and increased plasma Epo protein levels, the effects were 

weaker than other 2-OG analogs.  However, the change of mRNA levels of HIF target 

genes of the mice treated with high concentration PyrzA (200 mg/kg) did not observe. 

This result indicated that HIF-α was negative feedback control in several manners108–110.  

    The HIF-α protein levels in vivo were the same in the PyrzA-treated group in the 

experiments conducted. In terms of the time-dependent HIF reporter activities of PyrzA, 

the metabolism and degradation of PyrzA are similar for FG4592. Therefore, PyrzA may 

not be metabolized or excreted immediately after absorption. This suggests that detecting 

HIF-α protein was difficult from the absence of papers that HIF activators have not 

demonstrated the stabilization of the HIF-α protein. 

    In conclusion, PyrzA can activate HIF signaling cascade in mice, but the elevation of 

HIF activity is weaker than FG4592. As the next step, optimizing the current PyrzA 

molecule to improve its bioavailability should be primarily research focus. Furthermore, 

changing harvesting time or harvesting other tissues will be examined.  

    Next, to investigate that what protein PyrzA interacts with, the focus was on changes 

in PHD activity, which is the target of many HIF activation events. For this purpose, 

measuring PHDs activity include detecting the prolyl-hydroxylated HIF-α and 

performing PHDs enzyme assay. Among them, detecting the prolyl-hydroxylated HIF-1α 

using immunoblot in VHL deficient cells is a common method to check PHDs activity. 

However, inspired using MG132 to stabilize other transcription factors, and it was used 

instead of VHL deficient cells. As a result, when treating with MG132 to prevent the 

degradation of hydroxylated HIF-1α, PyrzA remarkably suppressed the hydroxylated 

HIF-1α at both prolines. This result suggests that PyrzA effectively inhibits PHDs. In 
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addition, since the time when HIF-α transcriptional activity began to increase PyrzA is 

the same as that of FG4592, PyrzA suggests that PyrzA interacts somewhere into PHDs. 

    To determine whether PyrzA interacts with the catalytic site or other sites of PHDs, 

FG4592 and PyrzA were added simultaneously and examined whether additive or 

synergistic effects. In the case of an additive effect, FG4592 and PyrzA are competitive 

inhibition and PyrzA might interact with the catalytic site of PHDs. In the case of a 

synergistic effect, FG4592 and PyrzA are a non-competitive inhibition and PyrzA might 

interact with the other site into PHDs. Evaluation of two chemical interactions is mainly 

used isobologram analysis111,112. However, this reporter assay is not appropriate strategy 

to get maximum induction because the chemical cytotoxicity may be observed113 before 

to reach the value, therefore hardly calculate EC50 (half maximal (50%) effective 

concentration) value. In this time, instead of using isobologram analysis with EC50 value, 

a ratio of activity concentration of SKN:HRE-NLuc reporter cell line was used for to 

indicate the effect for simultaneous addition of FG4592 and PyrzA. Determination of the 

effect during FG4592 and IOX2 was added simultaneously as a control experiment. 

FG4592 and IOX2 are both 2-OG analogs and act as the catalytic site of PHDs, and 

therefore, the simultaneous addition of FG4592 and IOX2 might have an additive effect. 

As a result, the ratio of 50-fold luciferase activity values using PyrzA was higher than 

using IOX2. Therefore, PyrzA might interact with the other site in PHDs. However, 

Beyett T. S. et al reported that during the adjacency of two binding sites, certain 

combinations of chemicals exhibit not only synergistic effects but also antagonistic 

effects114. Therefore, PyrzA may not interfere with the binding FG4592 and PHDs. As a 

next step, it is necessary to verify the interaction of PyrzA with PHDs in other experiments. 
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    The CETSA can validate the interaction of a cellular protein with a ligand without using 

a purification protein. In addition, Frost J. et al reported FG4592 interacted with cellular 

PHD2 protein using a CETSA51. Cell lysis and CETSA were performed as described in 

Nagasawa et al78. As a result, in the presence of not only PyrzA but also FG4592, the 

thermal stabilization shift of PHD1-3 was not observed. When the difference in the 

thermal shift was smaller, the alteration of the shift in protein thermal stability was not 

observed. Changing cell lines, chemical concentrations, or methods of cell lysis need to 

be considered additionally. Especially, the cell extraction method that preserves PHDs 

activity is important. Furthermore, the interaction of PyrzA with PHDs requires other 

experiments such as docking simulation, PHDs enzyme assay, or X-ray crystallography. 

    To predict the binding sites of PHD and PyrzA, the docking simulation using PyrzA 

and PHD2 protein crystallography structure. Among three PHD isoforms, PHD2 was 

selected due to almost all crystal structure information comes from PHD2. As a result, 

PyrzA might interrupt the PHD2 and HIF-1α CODD binding site. To the best of our 

knowledge, PHD inhibitors with HIF-1α CODD analogs have not been reported, and this 

is the first study. If the binding site of an inhibitor does not have a 2-OG vacancy, it may 

potentially have increased selectivity for enzymes with 2-OG as a cofactor over inhibitors 

of 2-OG analogs. 

    The docking simulation using PyrzA and PHD2 showed that PyrzA mimics HIF-1α 

CODD. Therefore, PyrzA has the potential not to interact with other 2-oxygenases which 

do not react with proline resides such as FIH and JMJD family histone demethylases. 

Moreover, PyrzA also has the potential not to interact with VHL because VHL inhibitors 

including VH298 mimic 4-hydroxyproline resides but PyrzA does not mimic 
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them50,51,115,116. However, PyrzA should be noted for its interaction with recognizing 

proline resides including collagen hydroxylases25,117,118. 

    Comparing the results of the luciferase activity simultaneously and the docking 

simulation, PyrzA, and 2-OG analogs have the potential to inhibit in another manner. To 

examine between the binding site of HIF-α CODD and 2-OG site in the catalytic site of 

PHDs, the two sites were compared using X-ray crystallography data (Figure 2-

14)20,24,119,120. IOX4 is a PHD inhibitor without a 2-OG scaffold. However, because the 

triazole scaffold of IOX4 mimics a carboxylate of 2-OG, IOX4 is a competitive inhibitor 

of 2-OG as well as 2-OG analogs120. The results show that the catalytic site of PHDs may 

interact with a different site than the binding HIF-α CODD site. Those results also 

indicated that PyrzA inhibits PHDs non-competitively allosterically and it is important to 

investigate the synergistic effect of PyrzA. 

    In conclusion, this section reveals that PyrzA activates HIF-α in vitro and in vivo by 

inhibiting PHDs in several manners. On the other hand, the next issues such as the 

synthesis of PyrzA derivatives to improve lipophilicity, the clarification of ADME of 

PyrzA or its derivatives, and the validation of the mechanism of PHDs inhibition of PyrzA 

are also clarified.   
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Figure 2-1. Identification of the unique HIF inducer, PyrzA, from a large chemical library. 

The initial screening result from the core 9600 chemical library from the Drug Discovery 

Initiative, The University of Tokyo using with SKN:HRE-NLuc reporter cell line. 

SKN:HRE-NLuc cells (7.0 × 103 cells) were seeded into a 384-well plate and treated with 

the chemical compound library (20 μM each) for 24 h. The nano luciferase activity in 

each well was measured. The HIF reporter activity of each compound was calculated with 

the indicated with % of nano luciferase activity of positive controls (100 μM CoCl2) and 

indicated as an individual dot. The Hit compound, PyrzA, is indicated with an open arrow.  
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Figure 2-2. The chemical structure of several first-hit compounds which have high HIF-

α transcriptional activity. Since several first-hit compounds contain the dihydroxybenzene 

(A) or oxyquinoline (B) scaffold which is known as HIF activators or PAINS scaffold, 

they were excluded. 
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Scheme 2-1. General pathway for the synthesis of 1,3-Dimethyl-5-(5-phenylpyrazolidin-

3-ylidene)barbituric acid and PyrzA 

 

 

 

aSynthesis of 1,3-Dimethyl-5-(5-phenylpyrazolidin-3-ylidene)barbituric acid: (E)-1,3-

dimethyl-5-(3-phenylacryloyl)barbituric acid, hydrazine monohydrate, ethanol, reflux, 1 

h (84%). 

bSynthesis of PyrzA: 1,3-Dimethyl-5-(5-phenylpyrazolidin-3-ylidene)barbituric acid, 

acetic acid, acetic anhydride 125°C, 2 h (74%). 
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Figure 2-3. PyrzA can activate HRE reporter cells in a dose-dependent manner without 

exhibiting toxicity. (A-F) HIF-α transcriptional activity and cellular viability results for 

DMOG (A), FG4592 (B), DFO (C), CPO (D), AQ (E), or PyrzA (F) using SKN:HRE-

NLuc for 24 h. The HRE reporter activities are indicated as fold luciferase activity, based 

on the value from 1% DMSO treated cells (filled red circle and red solid line). The cell 

viability percentile is represented on the value from 1% DMSO treated cells as 100% 

viability (filled gray square and gray dashed line). Error bars represent SEM (n= 4). (G) 

5-fold concentration (µM) and the lethal concentration 50% (LC50) values of PyrzA and 

PHIs.   
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Figure 2-4. PyrzA can activate HRE reporter cells in a time-dependent manner without 

exhibiting toxicity. HIF-α transcriptional activity and cellular viability results for FG4592 

(A) or PyrzA (B) using SKN:HRE-NLuc for 1-24 h. The HRE reporter activities are 

indicated as fold luciferase activity, based on the value from 0 h treated cells. (filled red 

circle and red solid line). The cell viability percentile is represented on the value from 0 

h treated cells as 100% viability (filled gray square and gray dashed line). Error bars 

represent SEM (n= 4).   
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Figure 2-5. PyrzA stabilizes HIF-α protein in various cell lines. (A−C) Immunoblot 

analyses of HIF-α during various concentrations (1.0, 5.0, 25, and 100 μM) of PyrzA and 

target positive control, FG4592. in SK-N-BE(2)c (A), HeLa (B), and Hep3B (C) cells. 

Lane 1 shows a negative DMSO vehicle control. Equal loading was assessed by probing 

the blots with antibodies against β-Actin. All experiments were performed in triplicate, 

representative data are shown.  
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Figure 2-6. Effect of PyrzA on HIF-α target gene regulation. (A-C) The expression levels 

of carbonic anhydrase 9 (CA9), PHD3, and erythropoietin (EPO) were measured using 

RT-qPCR after treatment with FG4592 or PyrzA (10, 30, and 100 μM) for 24 h and Hep3B. 

Experiments were performed in triplicates. Each date is mean ± SE (n = 3) and based on 

the value from 1% DMSO-treated cells set as 1. *P < 0.05, **P < 0.01 compared with 

1% DMSO (one-way ANOVA with Dunnett’s test). All data are expressed as mean ± SEM.  
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Table 2-1. Several conditions in experiments with PyrzA in wild-type C57BL6 mice 

 

  

Condition
No.

Sex PyrzA treatment 
(mg/kg)

Mouse vehicle
group

Mouse PyrzA
group

Injection days
(Days)

Harvest time
(h)

1 male 50 5 4 5 24

2 female 50 7 6 5 24

3 male 50 1 2 1 6

4 female 50 7 8 1 6

5 female 50 7 7 3 6

6 male 200 4 5 1 6

7 female 200 3 5 1 6
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Table 2-2. The results of body weight, spleen weight, hematocrit, and plasma EPO 

concentration, in multiple conditions 

 

Statistical analysis: Each date is mean ± SD. a P < 0.05, b P < 0.01 compared with vehicle 

(two-tailed, unpaired Student’s t test). 

  

Condition
No.

injection Treatment
(mg/kg)

Weight
(g)

Spleen 
(mg)

Percentage of 
spleen (%)

Hematocrit
(%)

EPO conc.
(pg/mL)

1 vehicle 0 n.d. 73.8±5.77 n.d. n.d. 298±293

1 PyrzA 50 n.d. 74.2±2.55 n.d. n.d. 541±82.5

2 vehicle 0 n.d. 66.1±12.3 n.d. n.d. 134±120

2 PyrzA 50 n.d. 66.7±12.3 n.d. n.d. 319±225

3 vehicle 0 n.d. 62.5 n.d. n.d. n.d.

3 PyrzA 50 n.d. 56.6±3.32 n.d. n.d. n.d.

4 vehicle 0 18.7±0.91  52.1±7.19 0.279±0.043 47.2±0.84b 105±44.0

4 PyrzA 50 17.8±0.93 52.0±1.92 0.292±0.016 50.0±1.10b 151±174

5 vehicle 0 19.2±1.31 67.7±10.3 0.352±0.036a 39.3±4.19 220±78.0

5 PyrzA 50 17.4±2.04 70.4±10.9 0.404±0.033a 43.0±5.32 249±52.6

6 vehicle 0 20.1±3.68 51.7±9.79 0.259±0.029 46.5±3.70b 111±56.6a

6 PyrzA 200 19.0±1.82 44.0±2.90 0.223±0.033 54.4±2.51b 976±472a

7 vehicle 0 13.6±2.29 46.4±1.38 0.347±0.054 39.7±9.07 155±109

7 PyrzA 200 13.7±3.07 42.0±6.39 0.314±0.046 42.0±13.8 682±481
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Figure 2-7. Effect of PyrzA on HIF-α target gene regulation in mice under condition 1-7. 

The expression of BCL2/adenovirus E1B interacting protein 3 (Bnip3), carbonic 

anhydrase 9 (Car9), and Epo was measured using RT-qPCR in the liver (A-G) or kidney 

(H-N). *P < 0.05 compared with vehicle (two-tailed, unpaired Student’s t test). All data 

are expressed as mean ± SEM. 
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Figure 2-8. Stabilization of HIF-α proteins administrated with PyrzA, or the vehicle 

control in mice was compared under condition 1-6. Immunoblot analyses of HIF-α in 

mice kidney and liver under various conditions. These tissues were homogenized, and 

sample protein concentrations were measured using BCA assay. Samples of 20 µg of total 

protein were loaded and subjected to immunoblot assay. Equal loading was assessed by 

probing the blots with antibodies against β-Actin or α-Tubulin.   
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Figure 2-9. HIF-α transcriptional activity treated with both FG4592 and PyrzA can 

activate higher than expected. (A) Illustrations of an expected value and a ratio of 50-fold 

luciferase activity. When this ratio is high, two chemicals may act synergistically. (B) 

HIF-α transcriptional activity results for both IOX2 and FG4592 and both PyrzA and 

FG4592. HIF-α transcriptional activity results for FG4592 and PyrzA (both serial diluted 

IOX2 and fixed FG4592 (5 µM) or both serial diluted FG4592 and fixed IOX2 (20 µM)) 

or FG4592 and IOX2 (both serial diluted PyrzA and fixed FG4592 (5 µM) or both a serial 

diluted FG4592 and fixed PyrzA (15 µM)) using SKN:HRE-NLuc for 24 h. (C) HIF-α 

transcriptional activity results for both serial diluted PyrzA and fixed FG4592 (6.25, 12.5, 

and 25 µM) and both serial diluted FG4592 and fixed PyrzA high concentration (12.5, 25, 

and 50 µM). The HRE reporter activities are indicated as fold luciferase activity, based 

on the value from 1% DMSO-treated cells.  
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Figure 2-10. Effect of MG132 on various cell lines. (A-C) Cellular viability results for 

MG132 in SK-N-BE(2)c (A), HeLa (B), and Hep3B (C) cells for 24 h. The cell viability 

percentile is represented on the value from 1% DMSO treated cells as 100% viability 

(filled circle and solid line). Error bars represent SEM (n= 4). (D) Representative various 

cell line images treated with a negative DMSO vehicle control and 10 µM MG132 for 24 

h were shown.  
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Figure 2-11. PyrzA inhibits HIF-1α prolyl hydroxylation. (A, B) Immunoblot analyses 

of HIF-α with its hydroxylated prolyl 402 and 564 residues on SK-N-BE(2)c (A) or 

HeLa (B). Cells were treated with various concentrations (1.0, 5.0, 25, or 100 μM) of 

PyrzA and FG4592 in the presence of proteasome inhibitor MG132 (10 μM) for 24 h. 

Simultaneously, cells were independently treated with PyrzA (100 μM), FG4592 (100 

μM), or MG132 (10 μM) for 24 h. Equal loading was assessed by probing the blots 

with antibodies against β-Actin.
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Figure 2-12. Thermodynamic stabilization or destabilization due to the binding of 

FG4592 or PyrzA to PHDs was compared. (A-E) SK-N-BE(2)c cell lysates were treated 

with 1% DMSO, FG4592 (F), or PyrzA (P) (100 µM) and then heated at the indicated 

temperatures for 3 min. After centrifugation, the supernatant was subjected to SDS-PAGE 

followed by staining with immunoblot for PHD1 (A), PHD2, and PHD3 (B). (C-E) The 

quantification of PHD1-3 band intensity was shown. The relative band intensity for 

PHD1-3 was shown with a band ratio of 46.0°C samples (PHD1) or 51.0°C samples 

(PHD2 and 3) as 1.0.  
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Figure 2-13. Predicted binding model of PHD2 (PDB ID: 3hqr) within PyrzA. HIF-1α 

CODD peptide (amino acids number 556‒574) (yellow) bound to PHD2; blue 

corresponds to positive charge and red to negative charge residues. Mn2+ (orange) and N-

oxalylglycine were substitutes for Fe2+ and 2-OG, respectively. PyrzA and N-

oxalylglycine were drawn with carbon in white, oxygen in red, and nitrogen in blue. (A-

C) HIF-1α CODD peptide bound to PHD2, (A) overall view, (B) Transverse section of 

the protein model for visualization of the catalytic site, (C) the magnified image of B. (D-

I) (D and G) Overall view. (E and H) Enlarged view of the area around the Pro564 

(CODD). (F and I) Enlarged view of the catalytic center of PHD2. These data showed 

Mn2+, 2-OG, (S)‒PyrzA, Pro564, and the specified residues of PHD2 (D-F) and Mn2+, 2-

OG, (S)‒PyrzA, Pro564, and the specified residues of PHD2 (G-I). (J) The docking 

(MolDock) scores of (S‒or R‒) PyrzA on PHD2 protein as calculated by Molegro Virtual 

Docker 7.0.0.  
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Figure 2-14. PHIs interact with PHD2 at a different site of HIF-1α CODD peptide. (A) 

Views from HIF-1α CODD peptide (amino acids number 556−574) (red) bound to 

PHD2; (green) (PDB ID: 3hqr). Mn2+ (orange) was substituted for Fe2+. (B) Views from 

vadadustat (cyan) bound to PHD2 (PDB ID: 5oX6). (C) Views from IOX4 (magenta) 

bound to PHD2; (green) (PDB ID: 5a3u).  
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Chapter 3 

Selection of higher HIF activity of PyrzA derivative 
 

3-1. Introduction 

    In a previous chapter, PyrzA was characterized as a novel HIF activator that does not 

contain the 2-OG scaffold. PyrzA activated HIF target genes to inhibit PHDs. PyrzA also 

activated HIF signal cascade in mice. 

In this chapter, higher HIF activity of PyrzA derivative to improve lipophilicity was 

selected using HIF activation reporter assay. The structure of PyrzA has a pyrazolidine 

ring bonded to barbituric acid and acetyl and phenyl groups substituted on the 

pyrazolidine ring. The general chemical structure of PyrzA derivatives were shown in 

Figure 3-1 and are compounds in which the phenyl group is replaced by another aryl 

group (R1); the N atoms of barbituric acid by an alkyl group (R2); and the acetyl group by 

an alkanoyl group (R3). Then, selected PyrzA derivatives activated HIF cascade in Hep3B 

cell. 

 

3-2. Experimental section 

3-2-1. Reagents  

    DMSO, FG4592, and PyrzA were obtained as described in 2-2-1. The following PyrzA 

derivatives were synthesized as described in the literature121. 

 

3-2-2. Cell culture 

    All cells were cultured as described in 2-2-3. 
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3-2-3. Evaluation of HIF activity and cellular viability 

    Evaluation of HIF activity and cellular viability was performed as described in 2-2-4. 

 

3-2-3. Immunoblot assay 

    Immunoblot was performed as described in 2-2-7.  

 

3-2-4. RNA isolation and quantitative PCR 

    Total RNA from the cells was prepared using the Blood/Cultured Cell Total RNA Mini 

Kit following the manufacturer’s instructions. The total RNA was reverse transcribed to 

cDNA using the FastGene cDNA Synthesis Reagent (Nippon Genetics). The resulting 

cDNA was used as a template for quantitative PCR (qPCR) using the KAPA SYBR FAST 

qPCR Master Mix (2×) Kit with Mx3005P qPCR system. 18S rRNA expression levels 

were used as internal controls. The primer sequences used were as follows: human 

carbonic anhydrase 9 (CA9): (forward) 5′–CCT TTG CCA GAG TTG ACG AG–3′ and 

(reverse) 5′–GAC AGC AAC TGC TCA TAG GC–3′; human erythropoietin (EPO): 

(forward) 5′–TCA TCT GTG ACA GCC GAG TC–3′ and (reverse) 5′–CAA GCT GCA 

GTG TTC AGC AC–3′; human 18S rRNA: (forward) 5´–GTA ACC CGT TGA ACC CCA 

TT–3´ and (reverse) 5´–CCA TCC AAT CGG TAG TAG CG–3´. 

 

3-2-5. Docking simulation 

    Docking simulation for PHD2 and 2c was performed using Molegro Virtual Docker 

7.0.0. The crystal structure data for PHD2 (PDB ID: 3hqr20) was obtained from the Protein 

Data Bank (https://pdbj.org). The docking simulations were performed as described in 2-

2-10. 
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3-3. Result 

3-3-1. HIF reporter activities and cellular toxicities of PyrzA derivatives 

    PyrzA derivatives are divided into 2 types: (1) derivatives with modified R1 and R3 

substituents, (2) derivatives with modified R2 and R3 substituents (Figure 3-1). (1) R1: the 

phenyl group is replaced by 10 types of aryl group (1b-1k and 1q) or R3: the acetyl group 

is replaced by 5 types of alkanoyl group (propanoyl, n-butanoyl, isobutanoyl, n-hexanoyl, 

and n-decanoyl groups) (1l-lq) (Figure 3-1B and D). (2) R2: the N atoms of barbituric 

acid of methyl moiety are replaced by cyclohexyl group and R3: the acetyl group is 

replaced by 5 types of alkanoyl group (2a-2f) (Figure 3-1C and D). PyrzA derivatives 

with modified R2 were aimed to improve the high lipid solubility. The HIF transcriptional 

activities and cellular viabilities of PyrzA (1a) and its derivatives (1b–1q, 2a–2f) were 

evaluated using SKN:HRE-NLuc cells. While NMR analysis confirmed that 1k: the 

phenyl group is replaced by cyclohexyl group was not >95% pure, 1k was excluded from 

PyrzA derivatives. 

    The reporter cells were stimulated using 100 μM to 98 nM PyrzA derivatives (1a-1q, 

2a-2f) for 24 h. After the stimulation, the HIF activities were measured using NLuc 

activities. Cellular viabilities were also measured using CCK-8. The HIF activity was 

presented as the intensity of the luciferase activity, with that of the vehicle-treated cells 

(1% DMSO) set as 1. Cell viability was presented as a percentage, with that of the vehicle-

treated cells (1% DMSO) set as 100%. 

    Graphs of the HIF-α transcriptional activity at various concentrations of the compounds 

and the cell viability corresponding to each were shown in Figure 3-2. The HIF activities 

were evaluated at concentrations when the NLuc activities were 5 times the 

concentrations of the compounds. More effective PyrzA derivatives worked at lower 
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concentrations. The evaluation of the compounds by luciferase assay in this study was 

based on 5-fold activity concentration instead of evaluation as EC50 analysis because the 

maximum HIF activity varies among various PyrzA derivatives and some PyrzA 

derivatives have weak cytotoxicity that reduces HIF activity.  

    Table 3-1 summarizes 5-fold concentration, LC50 and ClogP value (calculated 

logarithm of the octanol/water partition coefficient), a factor of its lipophilicity, of 1a and 

its derivatives 1b-1i, 1k-1q and 2a-2f. Among 1b-1q, all derivatives with long alkyl 

chains substituent at R3 (1l-1q) showed higher activities than 1a. Next, the correlation 

coefficients were obtained from a scatter plot of the ClogP values and HIF transcriptional 

activities (Figure 3-3). Subsequently, the correlation coefficient |R| was found to be 0.47, 

indicating a correlation between ClogP and activity. Therefore, the HIF activities of the 

more lipophilic PyrzA derivatives 2a-2f were measured and the transcriptional activity of 

HIF showed good values when ClogP was less than 4 (2a-2d). In terms of cytotoxicity, 

the SKN:HRE-NLuc cell count was measured using CCK-8 via a colorimetric assay. LC50 

values of all derivatives were more than 100 μM. For compounds 1a–1q, no decrease in 

the cell count was observed, indicating no cytotoxicity. In contrast, when compounds 2a 

and 2b were applied to the cells at high concentrations, the cell count decreased, although 

not up to 50%. The addition of compounds 2c and 2d to the cells at higher concentrations 

did not decrease the cell count. Therefore, compounds 2c and 2d were selected from the 

22 PyrzA derivatives as compounds with high HIF transcriptional activities and no 

cytotoxicity. Of these, compound 2c (PyrzA-50: 5-(1-n-Butyryl-5-phenylpyrazolidin-3-

ylidene)-1,3-dicyclohexyl-pyrimidine-2,4,6(1H,3H,5H)-trione) (Figure 3-4) was selected 

for further evaluation. 
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3-3-2. Stabilization of HIF-α proteins treated with 2c 

    Next, HIF-α stabilization was confirmed using immunoblot analysis in Hep3B cells. 

These were evaluated via immunoblot analysis of Hep3B cells using antibodies for HIF-

1α and HIF-2α. Hep3B cells were employed for 1a, 2c, and FG4592 at concentrations up 

to 100 μM for 24 h, which led to a dose-dependent stabilization of both HIF-1α and HIF-

2α in Hep3B cells (Figure 3-5A). Importantly, 2c stabilized both HIF-1α and HIF-2α at 

concentrations as low as 1 μM. Moreover, the stabilization of HIF-α proteins by 2c 

reached a plateau from 1 μM to 100 μM. Therefore, HIF-α stabilization at low 

concentrations of compound 2c was further evaluated. Hep3B cells were employed with 

2c at concentrations from 16 nM to 1 μM for 24 h (Figure 3-5B). The results suggest that 

2c stabilized both HIF-α proteins dose-dependently at low concentrations. Therefore, 2c 

has strong potential to stabilize both the HIF-α proteins compared to first hit 1a or 

FG4592. 

 

3-3-3. Effects of HIF target genes treated with 2c 

    Upregulation of HIF target genes was confirmed using RT-PCR in Hep3B cells. CA9 

and EPO were used as HIF target genes. Hep3B cells were employed with 1a (100 μM) 

or 2c (10, 30, and 100 μM) for 24 h, and the negative control vehicle, 1% DMSO. Both 

selected genes were induced by 2c (Figure 3-6). Especially, the expression of EPO after 

treatment with 2c responded significantly at low concentrations (10–30 μM). The results 

suggest that lead compound 2c drives the HIF pathway more efficiently than initial hit 

compound 1a. 
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3-3-4. The docking simulation between PHD2 and 2c 

    Finally, to predict the binding sites of PHD and 2c, the docking simulation was 

performed as described in 2-2-12. The human PHD2:Mn2+:N-oxalylglycine:HIF-α 

substrate complex (PDB ID: 3hqr20) was selected as a template structure. The coordinates 

of the five-membered ring structure of only (S)-2c, but (R)-2c, were found to overlap with 

the coordinates of Pro564 in HIF-1α CODD. (Figure 3-7A-F). Thus, (S)-2c had the 

potential to interrupt the binding of PHD2 and HIF-1α CODD. Their docking (MolDoc) 

scores of (S)- or (R)-2c were -112.64 and -83.2863 (kcal/mol), respectively (Figure 3-7G). 

While the docking score of (R)-2c was poorer than that of (R)-PyrzA, that of (S)-2c was 

more potent than that of (S)-PyrzA. The docking results indicate that (S)-2c is more potent 

than PyrzA and has potentially increased selectivity over inhibitors of 2-OG analogs. 

 

3-4. Discussion 

    The derivatives of PyrzA, a molecule that activates HIF, were selected to improve its 

activity, and their structure-activity correlations were discussed. In the selection section, 

the synthetic route for PyrzA derivatives by introducing the various substituents at R1, R2, 

and R3 were shown in Table 3-1. In contrast, the precursor compounds of PyrzA 

derivatives, for which the no alkanoyl group at the N atom of pyrazolidine, showed no 

HIF transcriptional activity.  

    Substitution of R1 introducing p-chlorophenyl, and p-methoxyphenyl groups, among 

others, followed Topliss Tress122. However, because HIF activation was uncorrelated with 

Topliss Tress and all derivatives with long alkyl chains substituents at R3 (1l-1q) showed 

higher activities than 1a, the lipophilicities of PyrzA derivatives were examined. Figure 

3-3 showed a correlation between the lipophilicities of the compounds and their activities 
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among 1b-1i and 1k-1q. It also was recently reported that some esterified FG4592 

derivatives with enhanced lipophilicities improved cell membrane permeability, cell 

absorption, and therapeutic efficacy123. Importantly, increasing lipophilicities of 

compounds not only improves intracellular uptake but also decreases excretion via urine. 

    Substitution of R2 (2a-2f) replacing the N atoms of barbituric acid by cyclohexyl group 

become more lipophilicity. The transcriptional activity of HIF showed good values when 

ClogP was less than 4 (Compounds 2a-2d). However, at higher lipophilicities, such as 

those of compounds 2e and 2f, the cell membrane permeability decreased, which may 

have resulted in transcriptional activities of HIF. Since the experimentally measured logP 

value of 1a (1.10 ± 0.09) is reportedly higher than its calculated value (-0.91)58, the 

reduced activity of compounds 2e and 2f is a reasonable result, considering “Lipinski’s 

rule of five”124,125. Moreover, the aspect of poor solubility of 2e and 2f, it is difficult to 

develop higher lipophilic PyrzA derivatives than 2a-2d126. For cytotoxicity, LC50 values 

of all derivatives were more than 100 μM. However, when compounds 2a and 2b were 

applied to the cells at high concentrations, the cell count decreased, although not up to 

50%. Since Singh et al. also reported that PHIs induced autophagy at high 

concentrations113, 2a and 2b might cause apoptosis to increase HIF activation. The 

isomers 2c and 2d showed high HIF transcriptional activities and no cytotoxicity. Of these, 

compound 2c (PyrzA-50: 5-(1-n-butyryl-5-phenylpyrazolidin-3-ylidene)-1,3-

dicyclohexylpyrimidine-2,4,6 (1H,3H,5H)-trione) (Figure 3-4B) was selected for further 

evaluation. 

    1o and 1q which harbor long alkyl chains also showed high HIF-α transcriptional 

activities. However, because long alkyl chains may have adverse effects on cell 

membranes, PyrzA derivative to improve lipophilicity was substituted for another method. 
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Moreover, PyrzA and some PyrzA derivatives such as 1g, 1n and 1o increased cellular 

viability. The reason is that the HIF signaling cascade has an effect on cell growth and 

survival1,10. 

    2c showed 30-fold more active for HIF transcription than PyrzA via luciferase assay. 

Furthermore, 2c more potently stabilized both HIF-1α and HIF-2α proteins at low 

concentrations and upregulated HIF target genes than PyrzA in Hep3B cells. Interestingly, 

2c reached a plateau at high concentrations in stabilizing HIF-α proteins and upregulating 

HIF target genes. On the other hand, 2c stabilized both HIF-α proteins dose-dependently 

from 100 nM to1 μM. 

    Binding site prediction for PHD2 and 2c showed that the coordinates of the five-

membered ring structure of only (S)-2c were found to overlap the coordinates of Pro564 

in HIF-1α CODD as well (S)- and (R)-PyrzA. Their docking (Moldock) score of (S)-2c 

was better than (R)-2c. The docking results indicate that (S)-2c is more potent than PyrzA 

and has potentially increased selectivity over inhibitors of 2-OG analogs and PyrzA 

derivatives are needed to separate racemic derivatives. In the future, the substitution of 

R1 introducing hydrogen to become not racemic derivatives is also being considered. 

    In conclusion (S)-2c indicates its potential as a next-generation HIF activator. 
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Figure 3-1. The chemical structure of 22 types of PyrzA derivatives. (A-C) The general 

structures of PyrzA derivatives (A) and its derivatives (1a-1q, 2a-2f) (B and C). (D) The 

structural modification of PyrzA (1a) and its derivatives (1b-1q, 2a-2f). 

 

  

 

 

 

A

R1 = Ar, R2 = Me or Cy, R3 = Alkyl
1a-q, 2a-f

B

C

R1 = Ar, R2 = Me R3 = Alkyl
1a-q

R1 = Ph, R2 = Cy, R3 = Alkyl
2a-f

Entry R1 R2 R3 Product

1 Phenyl Me Me 1a

2 p-Biphenyl Me Me 1b

3 p-Fluorophenyl Me Me 1c

4 p-Chlorophenyl Me Me 1d

5 p-Methylphenyl Me Me 1e

6 p-Methoxyphenyl Me Me 1f

7 p-Phenoxyphenyl Me Me 1g

8 p-n Octylphenyl Me Me 1h

9 p-Naphthyl Me Me 1i

10 Cyclohexyl Me Me 1j

11 2-chrolo-3-
metoxyphenyl 

Me Me 1k

12 Phenyl Me Et 1l

13 Phenyl Me n Pr 1m

14 Phenyl Me i Pr 1n

15 Phenyl Me n Pen 1o

16 Phenyl Me n Non 1p

17 p-Biphenyl Me Et 1q

18 Phenyl Cyclohexyl Me 2a

19 Phenyl Cyclohexyl Et 2b

20 Phenyl Cyclohexyl n Pr 2c

21 Phenyl Cyclohexyl i Pr 2d

22 Phenyl Cyclohexyl n Pen 2e

23 Phenyl Cyclohexyl n Non 2f

D
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Figure 3-2. Validation of the PyrzA derivatives 1a-1q, 2a-2f. Those graphs showed HIF-

α transcriptional activity and cellular viability for PyrzA derivatives. SKN:HRE-NLuc 

cells (7.0 × 103 cells/well) were seeded into each well of a 384-well plate and stimulated 

with various concentrations for 24 h. The luciferase activity and the cell counting kit-8 

(CCK-8) using WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium) were measured. HIF-α transcriptional activity is 

presented as fold luciferase activity, with the value from 1% DMSO stimulated cells set 

as 1 (filled circle and solid line). The cellular viability percentile is presented on the value 

from 1% DMSO stimulated cells set as 100% (filled square and dashed line). Error bars 

represent SEM (n= 4). These experiments were done more than three times, and the 

results were reproducible. Representative results are presented. 
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Table 3-1. HIF transcriptional activities of 1a-1q, 2a-2f 

 

  

Entry Product 5-Fold concentration (μM) LC50 (μM) cLogP

1 1a 14.3 >100 -0.91

2 1b 3.88 >100 -0.42

3 1c 16.5 >100 -0.77

4 1d 9.10 >100 -0.35

5 1e 5.84 >100 -0.75

6 1f 19.5 >100 -1.03

7 1g 6.82 >100 0.63

8 1h 12.9 >100 2.50

9 1i 7.67 >100 0.09

10 1k 26.1 >100 -0.48

11 1l 6.53 >100 -0.25

12 1m 4.85 >100 0.16

13 1n 8.55 >100 0.31

14 1o 0.960 >100 1.00

15 1p 0.153 >100 2.67

16 1q 3.87 >100 1.42

17 2a 0.533 >100 2.19

18 2b 0.126 >100 2.84

19 2c 0.441 >100 3.26

20 2d 0.364 >100 3.41

21 2e 2.41 >100 4.09

22 2f >100 >100 5.76
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Figure 3-3. Correlation plot between HIF transcriptional activity and lipophilicity of 

compound 1a-1p. HIF activities were evaluated at concentrations when NLuc activities 

were 5-fold concentration. Lipophilicity was evaluated at the ClogP values (calculated 

using Chemdraw). |R| value is 0.47 by calculation from the plots, suggesting that there is 

a correlation between HIF transcriptional activity and lipophilicity. 
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Figure 3-4. The chemical structure of 1a (PyrzA) and 2c (PyrzA-50): 5-(1-n-Butyryl-5-

phenylpyrazolidin-3-ylidene)-1,3-dicyclohexylpyr- imidine-2,4,6(1H,3H,5H)-trione.  

  

2c, PyrzA-501a, PyrzA
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Figure 3-5. Validation of the HIF-α stabilization of the lead compound, 2c. (A) 

Immunoblot analyses of HIF-α for various concentrations (1.0, 5.0, 25, and 100 μM) of 

2c and 1a in Hep3B. Meanwhile, the cells were independently treated with target positive 

control, FG4592 (100 μM). (B) Immunoblot analyses of HIF-α at low concentrations 

(15.6, 31.3, 62.5, 125, 250, 500, and 1000 nM) of 2c. The cells were independently treated 

with 2c (10 μM). These experiments were done more than three times, and the results 

were reproducible. Representative results are presented.   
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Figure 3-6. Effect of 2c on HIF target gene regulation. (A, B) The mRNA expression 

levels of CA9 and EPO were analyzed by RT-qPCR after treatment with 1a 100 μM or 2c 

(10, 30, and 100 μM) for 24 h in Hep3B. 18S rRNA was used as an internal control. 

Experiments were performed in triplicates. The expression levels in 1% DMSO-treated 

cells were set as 1.0. *P < 0.05, **P < 0.01 compared with 1% DMSO (one-way ANOVA 

with Dunnett’s test). All data are expressed as mean ± SEM (n = 3 for each group).  
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Figure 3-7. Predicted binding model of PHD2 (PDB ID: 3hqr) within 2c. (A-F) HIF-1α 

CODD peptide (amino acids number 556‒574) (yellow) bound to PHD2; blue 

corresponds to positive charge and red to negative charge residues. Mn2+ (orange) and N-

oxalylglycine were substitutes for Fe2+ and 2-OG, respectively. 2c and N-oxalylglycine 

were drawn with carbon in white, oxygen in red, and nitrogen in blue. Overall view (A 

and D). Transverse section of the protein model for visualization of the catalytic site (B 

and E). Enlarged view of the area around the Pro564 (C and F). Mn2+, 2-OG, (S)–2c, 

Pro564, and the specified residues of PHD2 (A-C) and Mn2+, 2-OG, (R)–2c, Pro564, and 

the specified residues of PHD2 (D-F). (J) The docking (MolDock) scores of (S–or R–) 2c 

on PHD2 protein as calculated by Molegro Virtual Docker 7.0.0.   

A CB

D E F

Entry Compound R/S Score (MolDock) (kcal/mol)

1 2c S -112.64

2 2c R -83.2863

G
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Chapter 4 

Expression of PHD1 and PHD2 Proteins 

 

4-1. Introduction 

    In chapter 2, decreasing prolyl-hydroxylated HIF-1α proteins and the docking 

simulation between PHD2 and PyrzA showed that PyrzA inhibited PHDs. However, how 

PyrzA inhibits the function of PHDs is unclear. In addition, in terms of that PyrzA 

mimicked hydroxylation on HIF-α and that PHDs specificity depends on amino acid 

sequence around the proline reside of HIF-α127,128, PyrzA derivatives may have specificity 

for PHD isoforms. It has already been reported that PHD3 hydroxylated CODD but not 

NODD sequences128,129. 

    Furthermore, HIF-α isoforms (HIF-1α and HIF-2α) have the regulation of other HIF 

target genes. As the result, the expression of HIF-α isoforms has different functions. For 

example, HIF-1α regulates glucose consumption and glycolysis, while HIF-2α regulates 

fatty acid storage10. However, because most HIF activators are targeted to PHDs, they 

cannot have HIF isoform specificity. Therefore, the development of HIF-1α or HIF-2α 

specific activator is required. 

    In this chapter, to identify the mechanism of PHDs inhibition of PyrzA and discover 

PyrzA derivatives with PHD isoform specificity, recombinant PHDs proteins produced in 

E. coli., SF21 insect cells or silkworms. 
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4-2. Experimental section 

4-2-1. Reagents  

    DTT, o-phenylenediamine (OPD), catalase, 2-OG, sodium hydroxide, and imidazole 

were obtained from Fujifilm Wako. Petroleum ether and ferrous chloride were obtained 

from Katayama chemical (Osaka, Japan). Tris(hydroxymethyl)aminomethane and 

hydrochloric acid were obtained from Nacalai Tesque. Peptides HIF-1α CODD 17mer 

was obtained from Thermo Ficher Scientific (Waltham, MA, US). The following 

antibodies were used. PHD1: anti-HIF Prolyl Hydroxylase 1 (NB100-310) rabbit pAb 

(Novus Biologicals), PHD2: anti-HIF Prolyl Hydroxylase 2 (NB100-2219) rabbit pAb 

(Novus Biologicals) PHD3: Rb pAb to PHD3 (ab30782) (Abcam, Cambridge, UK), and 

β-Actin: Anti β-Actin (PTG9395) mouse mAb (Fujifilm Wako). His: His-Tag (D3I1O) 

XP rabbit mAb (Cell Signaling Technology) and Anti 6 × Histidine (9C11) mouse mAb 

(Fujifilm-Wako). 

 

4-2-2. Cell culture 

    SHuffle Competent Escherichia coli (E. coli) cells were obtained from New England 

Biolabs (Ipswich, MA, USA). SF21 cells were obtained from Thermo Ficher Scientific. 

SHuffle Competent E. coli was cultured in LB medium (Nacalai Tesque) containing 30 

µg/mL carbenicillin (Nacalai Tesque) at 30°C with shaking. SF21 cells were cultured in 

Sf-900 II Serum Free Medium (Thermo Ficher Scientific) at 27°C. 

 

4-2-3. Expression of recombinant PHDs proteins in Escherichia coli (E. coli) 

    The PHD (1, 2-short, 2-full, 3) fragment cloned into pCold II DNA (Takara Bio, Shiga, 

Japan) had already been produced. These plasmids were transformed into SHuffle 
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Competent E. coli cells and selected using an ampicillin-resistant gene marker. 

Expression of recombinant proteins was done using protocol by pCold II DNA. A single 

colony was grown at 30°C. for 200 rpm till OD600 reached 0.4-0.5. At this point, induction 

of PHDs was done by using 100 µM IPTG and changing the incubation temperature from 

37°C to 16°C, and cells were cultured overnight. After incubation, cells were harvested 

by centrifugation at 4,000 × g for 20 min at 4°C. These pellets were lysed in lysis buffer 

(50 mM Tris-HCl, pH 8.0, 300 mM sodium chloride, 10 mM imidazole), sonicated and 

centrifuged at 10,000 × g for 30 min at 4°C. After centrifugation, samples were divided 

into supernatant samples (Sup.) and precipitate samples (Ppt.) and purified Ni-NTA resin 

(Qiagen, Hilden, Germany) using following the manufacturer’s instructions. Finally, 

samples were subjected to immunoblot analyses with anti-His antibodies. 

 

4-2-4. Expression of recombinant PHDs proteins in SF21 

    The PHD1-3 fragment cloned into pFastBac1 (Thermo Ficher Scientific) had already 

been produced. These vectors were transformed into E. coli DH10Bac competent cells 

(Thermo Ficher Scientific) to generate recombinant bacmids selected using gentamicin-, 

kanamycin-, and tetracycline-resistant gene maker and LacZ gene maker. After selection, 

the insertion of the target genes was confirmed using PCR. Several 1 µg of validated 

bacmids were transfected into Sf21 cells (1.6 × 106 cells/well) seeded into a 6-well plate 

(Corning) using transfection regent (uniFECTOR, B-Bridge International, Santa Clara, 

CA, USA). 3 days post-transfection, those cell medium were harvested, which were 

defined as the first passage1 (P1) of recombinant baculoviruses, and cell debris was 

subjected to immunoblot analyses with anti-His antibodies. 
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4-2-5. Expression of recombinant PHDs proteins in Bombyx mori (silkworm) 

    The codon-optimized PHD1 and 2 for silkworms were designed and inserted into pBV-

6 × His/recombinant PHD1 or 2. Those vectors were obtained from Vectorbuilder 

(Chicago, IL, USA). These vectors were transformed into E. coli BmDH10Bac competent 

cells (originally made by Dr. Katsumi Maenaka, Hokkaido University Japan, obtained 

from Tadato Ban, Kurume University, Japan) to generate recombinant bacmids. Selection 

and confirmation of bacmids were performed as described in 4-2-4. Several 1 µg/worm 

of validated bacmids were transfected into silkworm (B. mori) (15 larvae) at the fifth 

larval instar using transfection regent (DMRIE-C, Thermo Ficher Scientific). 6 days post-

transfection, their fat bodies were harvested, homogenized, sonicated, and centrifuged at 

500 × g for 10 min at 4°C. After removing fat and pellet, supernatant lysis samples (T: 

total) were also centrifuged at 15,000 × g for 60 min at 4°C. After centrifuged, supernatant 

samples (Sup.) and precipitate samples (Ppt.) were harvested. Those samples were 

subjected to immunoblot analyses with anti-His, anti-PHD1, and anti-PHD2 antibodies.  

 

4-2-6. Immunoblot assay 

    Immunoblot was performed as described in 2-2-7.  

 

4-2-7. PHD enzyme assay 

    PHD enzyme assay was performed in the previous paper130. OPD was recrystallized 

from petroleum ether before this assay. The assay of 2-OG concentration was carried out 

by mixing 1 mM DTT, 0.6 mg/ml catalase, various 2-OG concentrations,60 µM peptides 

HIF-1α CODD, and 50 mM Tris/HCl, pH 7.5, to a final volume of 44 µL and incubation 

at 37°C for 5 min. Concurrently, ferrous chloride was mixed at room temperature for 3min. 
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(In the future, recombinant PHDs protein was also mixed). The PHD enzyme reaction 

was initiated by the addition of 6 µL of enzyme mixture to 44 µL of the substrate mixture. 

The enzyme reaction was stopped after 5 min by the addition of 100 µL 0.5 M 

hydrochloric acid. Then, samples were added 50 µL of 10 mg/mL OPD in 0.5 M 

hydrochloric acid heated at 95°C for 10 min to create the fluoresce derivative. After 

centrifugation for 5 min, 50 µL of the supernatant was mixed with 30 µL of 1.25 M 

sodium hydroxide to increase fluorescence intensity. The fluorescence was measured by 

SpectraMax i3x (Molecular Devices) with the excitation filter at 340 nm and the emission 

filter at 420 nm. 

 

4-3. Result 

4-3-1. E. coli expression system was not fit to produce recombinant PHDs proteins 

    Recombinant PHD1-3 proteins expression was attempted in SHuffle Escherichia coli 

instead of BL21. First, pCold II DNA cloned human PHD 1, short PHD2, full PHD2, and 

PHD3 genes were transformed into SHuffle Competent Escherichia coli. After colony 

selection, cells were cultured, and expression samples (S) were only induced by IPTG 

and incubation at low temperature. The negative control samples (NC) were cultured 

without any stimulation. After harvested and centrifuged, cells were divided into 

supernatant samples (Sup.) and precipitate samples (Ppt.).  

    Because those recombinant PHD proteins have N-terminal 6 × Histidine (His) tag, the 

expression was confirmed using immunoblot analysis. These were evaluated via 

immunoblot analysis using antibodies for His tag (Figure 4-1). Importantly, the bands of 

His tag were observed from the precipitate samples of the negative control. In addition, 

while the designed recombinant PHD1 and full PHD2 protein were observed at the 
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molecular weight of 48 K and 43 K, respectively. Their bands were existed smaller than 

expected. Those results suggested that detected bands were non-specific bands and 

recombinant PHD1-3 proteins failed to express in SHuffle Escherichia coli.  

 

4-3-2. Recombinant PHDs proteins could expressed in insect cell expression 

system 

    The expression of recombinant PHD1-3 proteins was attempted in the baculovirus 

system in SF21. Validated PHD2 and PHD3 bacmids were transfected into Sf21 cells. 

Three days post-transfection, cell debris was harvested. PHD1 bacmid was produced but 

not validated. Because those recombinant PHD proteins have N-terminal His tags, the 

expression was confirmed using immunoblot analysis. The results showed recombinant 

PHD2 not PHD3 protein was expressed in SF21 cells (Figure 4-2). The supernatant of 

transfected Sf21 cells was harvested and stocked at the virus stock of the first passage1 

(P1).  

 

4-3-3. Recombinant PHDs proteins could expressed in silkworms 

    The expression of recombinant PHD1 and PHD2 proteins was attempted in the 

baculovirus system in silkworms. Validated PHD1 and PHD2 bacmids were transfected 

into the fifth larval instar. 6 days post-transfection, their fat bodies were harvested. After 

centrifuged, supernatant samples (Sup.) and precipitate samples (Ppt.) were harvested. 

The expression was confirmed using immunoblot analysis with His tag, PHD1 and PHD2 

antibodies. The results showed recombinant PHD1 and PHD2 proteins expressed in the 

supernatant samples of silkworms (Figure 4-3). Furthermore, since recombinant PHD1 



 

 78 

and PHD2 proteins in silkworms produced a lot, the purification of PHD1 and PHD2 will 

use these samples. 

 

4-3-4. Establish the PHD enzyme assay system 

    PHD enzyme assays have been reported in several ways: tracking the concentration of 

2-OG, CO2, or succinate (production of PHD reaction), detecting hydroxylated HIF-α, or 

using in vitro HIF-PHD2 assay131,132. However, most assays require complex methods or 

equipment such as mass spectrometry, radioactive experimental, or in vitro HIF-PHD2 

assay. Therefore, in vitro hydroxylation assay of the chemical derivatization of 2-OG by 

o-phenylenediamine (OPD) to generate a fluorescent derivative was performed129–131. The 

reaction between OPD and 2OG obtained the fluorescent product 3-(2-carboxyethyl)-

2(1H)-quinoxalinone (1) (Figure 4-4A). Before PHD enzyme assay, fluorescence with 

several 2-OG concentrations was linear up to 600 µM (Figure 4-4B). As a next step, 

pacificated recombinant PHD1 and PHD2 will be analyzed for their properties like Km 

values. 

 

4-4. Discussion 

    Recombinant PHDs proteins were expressed in several manners. The expression of 

those proteins was validated by immunoblot assay. As a result, recombinant PHDs 

proteins production in SHuffle E. coli. was difficult. On the other hand, the baculovirus 

system enables PHDs protein production. Among the baculoviruses, more proteins were 

expressed by silkworms than by insect cells when comparing expression in insect cells 

and silkworms. As the next step, a high yield purification method will be conducted in 

silkworms. Codon-optimized genes for silkworms were used for the expression of 
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recombinant proteins in silkworms. In the future, recombinant PHDs proteins in 

baculovirus will be used for PHD enzyme assay and crystal structure analysis of PHDs 

and PyrzA. 

    PHD enzyme assay generating 1 showed that 2-OG concentration in the reaction 

solution could be monitored. On the other hand, other PHD enzyme assay methods require 

complex methods or equipment. For example, detecting consuming CO2 or producing 

succinate assay needs 14C, which was used for a radiolabeled 2-OG131. Detecting prolyl-

hydroxylated HIF-α needs a liquid chromatography mass spectrometry (LC/MS)131. In 

vitro HIF-PHD2 assay needs to produce VHL complex131,133. Recently, a colorimetric 2-

OG detecting method was developed by Wong, S. J. et al132. However, since 

spectrofluorimetric assays are more sensitive than colorimetric assays, PHD enzyme 

assay generating 1 was performed. 

    In the future, this assay will be used several experiments: (1) confirmation of activity 

of recombinant PHDs proteins, (2) enzyme kinetics of PHDs, (3) development of PyrzA 

derivatives which have a specificity of PHD isoforms, (4) confirmation of activity of other 

2-OG oxygenases. Especially with regard to (4), since this PHD enzyme assay monitors 

2-OG concentration, it can be applied to other 2-OG oxygenases. 

    Furthermore, after the expression and purification of PHDs proteins, PyrzA can be 

analyzed as follows. (1) Identification of the inhibition mechanism of PHDs by PyrzA 

using X-ray crystallographic analysis. PyrzA has the potential to bind PHD at non-

catalytic sites, and crystallographic data can demonstrate this view. As an alternative the 

interaction between PHDs and PyrzA such as hydrogen bonds of Fe2+ or PHD amin acid 

residue be analyzed using NMR or ESR. (2) Development of PHD isoform specific 

inhibitors or HIF-α isoform specific activators. The reasons for this are main PHIs cannot 
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distinguish the specificity for PHDs or HIF-α isoforms. In addition, the efficacy of 

inhibition of isoform specificity of them are proposed in the treatment of various diseases. 

In this study will plan to synthesize its derivatives and evaluate PHDs or HIF-α isoform 

specificity using docking simulation based on crystallographic analysis and PHD enzyme 

assay. Those data will provide insight into the concept a novel mechanism of PHD 

inhibitor which does not mimic 2-OG. 
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Figure 4-1. Recombinant PHD1-3 proteins were not produced in E. coli. E. coli was 

cultured in LB buffer and only samples (S) were changed incubation temperatures to 

induce the target proteins. Negative control (NC) was cultured at the same temperature. 

Then, these cells were lysed and sonicated. Sonicated samples were divided into 

supernatant samples (Sup.) and precipitate samples (Ppt.). Samples were subjected to 

immunoblot analyses with anti-His antibodies. Bands of PHD1 and full PHD2 are seen at 

~50 K and short PHD2 and PHD3 are seen at ~30 K. 
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Figure 4-2. Recombinant PHD2 protein was expressed in SF21 cells. Recombinant PHD1 

and 2 bacmids were transfected into SF21 cells and transfected SF21 cells were incubated 

at 72 h. 72 h after their supernatant was obtained the P1 viral stocks and cells were lysed. 

Cell lysis samples were subjected to immunoblot analyses with anti-His antibodies. Bands 

of PHD2 and PHD3 are seen at ~48 K and ~27 K, respectively. 
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Figure 4-3. Recombinant PHD1 and 2 proteins were expressed in silkworms. 6 days after 

inoculation of recombinant PHD1 and 2 bacmids into silkworms, silkworm larvae were 

harvested in fat bodies, homogenized, and centrifuged at 500 × g for 10 min at 4°C. 

Supernatant lysis samples (Total) were also centrifuged at 15,000 × g for 60 min at 4°C. 

After centrifuged, supernatant samples (Sup.) and precipitate samples (Ppt.) were 

harvested. Those samples were subjected to immunoblot analyses with anti-His, anti-

PHD1, and anti-PHD2 antibodies. Odd numbers’ lanes and even numbers’ lanes showed 

PHD1 and PHD2 protein, respectively.   
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Figure 4-4. The reaction of OPD with varying 2-OG concentrations showed linearity of 

response. (A) Reaction of OPD with 2OG to form 3-(2-carboxyethyl)-2(1H)-

quinoxalinone (1). (B) Reaction of various concentrations of 2-OG with 10 mg/mL OPD. 

After the reaction, fluorescence intensity (1) was measured. 
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Chapter 5 

General Discussion 

 

    PHIs have been developed as therapeutic compounds for renal anemia associated with 

CKD. Although several papers reported that PHIs or PHD deletion was organ-protective 

effect105–107, PHIs have not been approved for the treatment of the ischemic injury. One 

of the problems is that the upregulation of HIF-α induces inflammation and inhibits organ 

protection in myeloid and monocyte cells during ischemic tissue injury134,135. However, 

another problem is that PHIs focus on only increasing plasma EPO concentration. 

Increasing EPO and hemoglobin level has a risk for thromboembolic events which cause 

stroke, myocardial infarction, and pulmonary embolism136–138. Therefore, the 

development of HIF activators which have the specificity of the organ has been needed. 

HIF activators also require the high specificity of other enzymes. 2-OG analogs are 

concerned about side effects on other 2-OG oxygenases such as FIH or JMJD family 

histone demethylases. Therefore, a novel HIF activator which does not harbor a 2-OG 

scaffold and have the high specificity for other proteins require. 

    In this thesis, the biochemical and biophysics properties of a novel PHD inhibitor, 

PyrzA, which does not harbor a 2-OG scaffold have been investigated and its derivatives 

with more potent HIF activity have been developed. Their important results are concluded 

as follows: 

    Chapter 2 described the effects of administering PyrzA under normoxic condition. The 

efficacy of PyrzA as a HIF-α transcriptional activity was comparable to that of DMOG 

and cytotoxicity was low using HIF reporter cells. PyrzA not only stabilized HIF-1α and 

HIF-2α proteins in several cells but also upregulated HIF target genes including EPO and 
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CA9 in Hep3B cells. PyrzA also upregulated HIF target genes in kidney or liver of six-

week-old female C57B6 mice. Those results showed PyrzA activated HIF signaling 

cascade in vitro and in vivo. In the future, highly active PyrzA derivatives will be 

synthesized by examining the effects of PyrzA absorption and metabolism. In addition, 

the effects such as brain or heart on other organs need to be examined considering the 

treatment of ischemic diseases. 

    Chapter 2 also described PyrzA inhibited the prolyl hydroxylation of HIF-1α in SK-N-

BE(2)c and HeLa cells. PyrzA mimicked hydroxylation on HIF-α prolyl residues instead 

of 2-OG using docking simulation between PHD2. Those results showed that PyrzA was 

inhibited PHDs non-competitively. PHIs which are targeted by a 2-OG scaffold was 

hardly reported while novel types of HIF activators are required. These results suggest 

that PyrzA binds to PHDs simultaneously with 2-OG analog and that cooperative binding 

of PyrzA and 2-OG analog may synergically inhibit PHDs. In this study, it is important 

to develop PyrzA derivatives with high molecular selectivity and few side effects.  

    Chapter 3 described the selection of potent HIF activity from a total of 22 PyrzA 

derivatives. HIF transcriptional activities and cellular viabilities were evaluated from 22 

PyrzA derivatives which belong to group A: 16 derivatives with replaced phenyl and 

acetyl groups and group B: 6 derivatives with replaced acetyl and methyl groups. 

Lipophilic PyrzA derivatives especially group B were more HIF-α transcriptional activity 

than PyrzA. Finally, 2c, which is approximately 30-fold more potent than PyrzA, and has 

lower cytotoxicity, was found. 2c also stabilized HIF-α proteins and upregulated CA9 and 

EPO at lower concentrations than PyrzA in Hep3B. Since 2c improves cellular absorption, 

the next step is to examine the effects of 2c in vivo. 
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    Chapter 4 described PHDs recombinant proteins in baculovirus produced and PHDs 

enzyme assay was prepared. Recombinant PHD 1 and PHD2 proteins were expressed in 

silkworms and were confirmed using immunoblot analysis. In the future, this study aims 

to identify the inhibition mechanism of PHDs by PyrzA using X-ray crystallographic 

analysis and develop PHD isoform specific inhibitors or HIF-α isoform specific activators. 

Crystallographic analysis data will help us to understand the interaction between PHDs 

and PyrzA as well as to design novel PyrzA derivatives to improve HIF activity or to have 

PHDs or HIF-α isoform specificity using docking simulations. 

    In this way, this thesis clarified the biochemical characterization of PyrzA and 

demonstrated the finding of 2c, which was a more potent PyrzA derivative. The author 

believes that the present study will contribute to understanding under hypoxia condition.  
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