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Abstract 

     Cancer is one of the leading causes of death globally; about 1 in 6 deaths is due to cancer. The 

economic impact of cancer is significant and increasing.  

Molecular-targeted therapies for cancer-based on the identification of oncogenic gene alterations 

and their specific inhibitors is associated with dramatic antitumor effect, reduced side effects, and 

improved patient survival. The molecular-targeted therapies include Herceptin for epidermal growth 

factor receptor 2 amplification and overexpression in breast cancer patients, XALKORI for 

echinoderm microtubule-associated protein-like 4–anaplastic lymphoma kinase fusion oncogene-

positive non–small-cell lung cancer, and Tarceva for EGFR-mutated non–small cell lung cancer.  

The signaling pathway activated by FGFRs and their cognate ligands, i.e., fibroblast growth 

factors (FGF), plays an important role in the course of development from early embryogenesis to the 

formation of various organs. Aberrant activation of FGF/FGFR signaling promotes cellular 

proliferation, migration/invasion, and angiogenesis in a variety of human cancers. Different from 

FGFR1, 2 and 3, a limited number of oncogenic genetic alteration has been identified in FGFR4 and 

its physiological ligand, FGF19. 

In this dissertation, aberrant FGF19-FGFR4 signals and therapeutic efficacy of FGFR inhibitor 

in cancer is investigated. In chapter II, the pharmacological profile of novel FGFR inhibitor, ASP5878, 

was investigated and explored its potential therapeutic efficacy on FGF19-expressing Hepatocellular 

carcinoma (HCC), aggressive cancer with poor prognosis. ASP5878 is a novel inhibitor of fibroblast 

growth factor receptors 1, 2, 3, and 4. It inhibits FGFR4 kinase activity with an IC50 of 3.5 nmol/L. 

ASP5878 potently suppressed the growth of the FGF19–expressing HCC cell lines Hep3B2.1-7, 

HuH-7, and JHH-7. In the Hep3B2.1-7 cell line, ASP5878 inhibited the phosphorylation of FGFR4 

and its downstream signaling molecules as well as induced apoptosis. Oral administration of 

ASP5878 at 3 mg/kg induced sustained tumor regression in a subcutaneous xenograft mouse model 

using Hep3B2.1-7. In HuH-7, an orthotopic xenograft mouse model, ASP5878 induced complete 

tumor regression and dramatically extended the survival of the mice. These results suggest that 

ASP5878 is a potentially effective therapeutic agent for HCC patients with tumors expressing FGF19. 

In Chapter III, a novel oncogenic FGFR4 mutation in gastric cancer and investigated the function 

was investigated. Gastric cancer remains one of the leading causes of cancer death worldwide. 

Despite intensive investigations of treatments over the past three decades, the poor prognosis of 

patients with unresectable advanced or recurrent gastric cancer has not significantly changed, and 

improved therapies are required. The novel mutation, G636C-FGFR4 tyrosine kinase domain 

mutation was found in 1 of 83 primary human gastric tumors. The G636C mutation increased FGFR4 

autophosphorylation, activated FGFR4 downstream signaling molecules, and enhanced anchorage-

independent cell growth when expressed in NIH/3T3 cells. 3D-structural analysis and modeling of 

FGFR4 suggest that G636C destabilizes an auto-inhibitory conformation and stabilizes an active 

conformation, leading to increased kinase activation. Ba/F3 cell lines expressing the G636C-FGFR4 

mutant were significantly more sensitive to ASP5878, a selective FGFR inhibitor, than the control. 

Oral administration of ASP5878 significantly inhibited the growth of tumors in mice engrafted with 
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G636C-FGFR4/3T3 cells. Together, our results demonstrate that mutationally activated FGFR4 acts 

as an oncoprotein. These findings support the therapeutic targeting of FGFR4 in gastric cancer. 

In conclusion, these findings indicated that aberrant FGF19-FGFR4 signals in HCC and gastric 

cancer and that ASP5878 is a potentially effective therapeutic agent for cancer patients with tumors 

expressing FGF19 and G636C-FGFR4 mutations.  
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Chapter I: General Introduction 

Cancer is one of the leading causes of death globally and is responsible for an estimated 18.1 million 

new cases and 9.6 million deaths in 2018 (Bray et al., 2018). About 1 in 6 deaths is due to cancer 

worldwide, making the economic impact of cancer significant and increasing. The total cost of cancer 

care in 2020 is projected to be $173 billion (Mariotto et al., 2011). Cancer arises from the 

transformation of normal cells into tumor cells in a multistage process that generally progresses from 

a pre-cancerous lesion to a malignant tumor. These changes are the result of the interaction between 

a person's genetic factors and external agents. 

There are many types of cancer treatment, including surgery, radiation, chemotherapy, 

immunotherapy, hormone therapy, stem cell transplant, and molecular-targeted therapy/precision 

medicine. Molecular-targeted therapies are based on the identification of oncogenic gene alterations 

and their specific inhibitors. Lee et al. have demonstrated dramatic antitumor effects with reduced 

side effects and improved patient survival compared to conventional therapies (Lee et al., 2018). 

Many molecular-targeted cancer therapies have been approved by the Food and Drug 

Administration (FDA) to treat specific types of cancers including breast, leukemia, colorectal, lung, 

and ovarian cancers (Lee et al., 2018). The development of targeted therapies requires the 

identification of ideal targets, such as oncogene that cancer cells are addicted to their growth and 

survival.   

One approach to identify potential targets is to compare the amounts of individual proteins in 

cancer cells with those in normal cells. Proteins that are present or more abundant in cancer cells but 

not in normal cells could be potential targets, especially if they are known to be involved in cell 

growth or survival. The human epidermal growth factor receptor 2 protein (HER2) is one of the 

examples of the differentially expressed targets. HER2 is expressed at high levels in some cancer cells 

compared to normal cells. Several targeted therapies are directed against HER2, including 

trastuzumab, which is approved to treat certain breast and stomach cancers that overexpress HER2 

(Bang et al., 2010; Romond et al., 2005). 

Another approach to find potential targets is to discover the genes that cause the production of 

mutant (genetically altered) proteins that drive cancer progression. For example, mutated EGFR, one 

of the cell growth signaling related proteins, is present in non–small cell lung cancer (NSCLC). These 

mutated EGFR forms are constitutively active and work as oncogenic driver. Tarceva targets this 

mutant form of the EGFR protein and is approved to treat patients with EGFR-mutated NSCLC (Pao 

et al., 2004). 

Another approach is to identify abnormalities in chromosomes that are present in cancer cells 

but not in normal cells. Chromosome abnormalities result in the creation of a fusion gene as a gene 

that incorporates parts of two different genes, and its translated fusion protein may activate the protein 

constitutively and drive cancer development. Such fusion proteins are potential targets for targeted 

cancer therapies. For example, echinoderm microtubule-associated protein-like 4–anaplastic 

lymphoma kinase (EML4-ALK) fusion is one of the oncogenes in NSCLC. EML4-ALK is a fusion of 

the scaffold protein EML4 and the kinase protein ALK. The EML4-ALK fusion protein constitutively 
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activates ALK kinase by forming a coiled-coil domain in the EML4 region. XALKORI is an FDA 

approved drug for EML4-ALK fusion oncogene-positive NSCLC (Malik et al., 2014).  

The FGF-FGFR signaling pathway plays a key role in the course of development from early 

embryogenesis to the formation of various organogenesis and tissue patterning, angiogenesis, and 

metabolism homeostasis (Belov and Mohammadi, 2013; Ornitz and Itoh, 2015). Eighteen genes 

encoding FGFs and four genes encoding FGFR, which are expressed in various cells. FGF 

superfamily is categorized into six subfamilies based on sequence homology and phylogeny. Those 

are FGF1 subfamily (FGF1 and FGF2), FGF4 subfamily (FGF4, FGF5, and FGF6), FGF7 

subfamily (FGF3, FGF7, FGF10, and FGF22), FGF8 subfamily (FGF8, FGF17, and FGF18), FGF9 

subfamily (FGF9, FGF16, and FGF20) and FGF19 subfamily (FGF19, FGF21 and FGF23) 

(Beenken and Mohammadi, 2009; Belov and Mohammadi, 2013). The first five subfamilies work as 

paracrine factors and regulate embryogenesis, organogenesis, and tissue patterning. On the other 

hands, the FGF19 subfamily regulates metabolic homeostasis and works as hormone-like endocrine 

manner to regulate bile acid, cholesterol, glucose, vitamin D and phosphate homeostasis (Fu et al., 

2004; Kharitonenkov et al., 2005; Razzaque and Lanske, 2007; Tomlinson et al., 2002). Cell-surface 

heparan sulfate proteoglycans (HPSGs) stabilize the FGF ligand–receptor interaction to escape from 

protease-mediated degradation. In the case of FGF19 subfamily, the FGF–FGFR interaction requires 

a cell surface co-receptor, klotho or β-klotho, for high-affinity binding and signaling (Beenken and 

Mohammadi, 2009; Belov and Mohammadi, 2013).  

FGFRs consist of three domains, an extracellular domain with three extracellular 

immunoglobulin-like domains (D1–D3), a transmembrane domain, and an intracellular 

tyrosine kinase domain. The D1 domain works as receptor autoinhibition. The D2 domain has a 

function of a docking site for the extracellular HPSGs. The D2 and D3 domains have an important 

role for ligand binding and specificity. Specificity for the different FGF ligands is provided by 

exclusive alternate splicing processes of the D3 domain (Johnson et al., 1991). Upon FGF binding to 

FGFR, the activation of the FGF-FGFR-HPSG/Klotho complex leads to an FGFR dimerization, 

structural conformational changes, then intermolecular transphosphorylation of kinase domain. The 

two main substrates of FGFR are FGFR substrate 2 (FRS2) and phospholipase C (PLC γ1). 

FRS2 binds the juxta-membrane domain of FGFR with son-of-sevenless (SOS) and growth factor 

receptor-bound 2 (GRB2), which activate multiple downstream transduction pathways such 

as mitogen-activated-protein-kinase (MAPK) and phosphoinositide-3-kinase (PI3K) -Akt signaling 

pathway. PLCγ1 phosphorylation leads to further activation of the MAPK pathway by RAF 

phosphorylation, p38 MAPK and Jun N-terminal kinase (JNK) pathways, signal transducer and 

activator of transcription (STAT) signaling, and ribosomal protein S6 kinase (Beenken and 

Mohammadi, 2009; Belov and Mohammadi, 2013),(Turner and Grose, 2010).  

Aberrantly activated FGFR signalings have been identified in several ways: amplification, 

fusion, or mutations of FGFR family members (Gallo et al., 2015; Helsten et al., 2016; Tanner and 

Grose, 2016). Oncogenic genetic alterations are identified in FGFR1, 2, 3, and 4 in human cancers. 

For example, FGFR1 amplifications are identified in breast, lung, gastric, and bladder cancers 

(Campbell et al., 2016; Luo et al., 2017; Peifer et al., 2012; Weiss et al., 2010). FGFR2 amplification, 
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mutations, and fusions are identified in breast, liver, uterine, lung, and gastric cancer (Tchaicha et al., 

2014; Turner et al., 2010; Wu et al., 2013). FGFR3 mutations and fusions are identified in bladder 

and lung cancers (2014; Gao et al., 2018; Wu et al., 2013). On the other hand, oncogenic genetic 

alteration of FGFR4 is infrequently identified in cancers. FGFR4-N535K/D and V550E/L, were 

identified as oncogenic mutations in rhabdomyosarcoma (RMS), although other oncogenic alterations 

are unknown (Taylor et al., 2009). FGF19 gene amplification has been identified in several cancers, 

including HCC, head and neck cancer and breast cancer (Lang et al., 2019). Previous studies have 

demonstrated that FGF19 amplification/overexpression could be oncogenic gene alteration in HCC 

(Miura et al., 2012, Hagel et al., 2015; Hierro et al., 2015).   

As no FDA-approved drug that inhibits FGFR4 is available before this study, FGFR4 inhibitor 

is needed to be developed. Astellas has established assay systems including in vitro kinase activity 

assays, kinase selectivity assay, anti-tumor effect evaluation system (in vitro, in vivo), 

pharmacodynamics, pharmacokinetics, and safety assays. Screening of chemical libraries had been 

executed and more potent compounds have been developed through these assay systems based on 

structure-activity-relationships, crystal structure, and 3D modeling. Finally, ASP5878, novel and 

selective FGFR1/2/3/4 inhibitor, was identified as clinical candidate compounds.  

Anti-tumor efficacy and preclinical profile of ASP5878 has been demonstrated in FGF19-

expressing HCC in chapter II. To maximize the potency of ASP5878, other potential indications 

have been explored to identify novel an oncogenic gene alteration in FGF19-FGFR4 signal other 

than RMS. Several novel FGFR4 mutations has been identified in several cancers, including G636C 

in gastric cancer. The mechanism and oncogenicity of G636C-FGFR4 are demonstrated in Chapter 

III. There are huge unmet clinical needs in HCC and gastric cancer and effective therapeutic 

approaches with low side effects are urgently required, such as precision medicine. Identification of 

oncogenic gene alteration and its inhibitor would provide huge benefits for HCC and gastric cancer 

patients.  

 In summary, the objectives of this dissertation are to investigate the mechanism of aberrant 

FGF19-FGFR4 signal in cancer, especially for HCC and gastric cancer, and to demonstrate the 

therapeutic effect of novel FGFR inhibitor, ASP5878, in preclinical models.  
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Chapter II: ASP5878, a Novel Inhibitor of FGFR1, 2, 3, and 4, Inhibits the 

Growth of FGF19-Expressing Hepatocellular Carcinoma. 

  

1. Introduction  

HCC is aggressive cancer with poor prognosis and the third most common cause of cancer-related 

deaths worldwide (Murray et al., 2012). Chronic liver diseases, such as cirrhosis caused by infection 

of hepatitis B (HBV) and/or hepatitis C (HCV), alcohol consumption, and non-alcoholic 

steatohepatitis (NASH), is the important risk factor for the development of HCC. There are several 

treatments for HCC, including surgery, liver transplantation, radiation therapy, chemoembolization, 

radioembolization, heat ablation, immunotherapy, and molecular-target therapy. Surgical resection is 

the most successful treatment for early-stage HCC. However, 70% of patients have a recurrence after 

5 years (Poon, 2011; Spangenberg et al., 2009). Sorafenib, a multi-kinase inhibitor, including Raf, 

VEGFRs, PDGFRs, cKIT, FLT3, and RET, has been approved as a d drug and standard therapy for 

surgically unresectable HCC and has been shown to improve the median survival from 7.9 months in 

patients receiving placebo to 10.7 months in a phase III trial by FDA (Cheng et al., 2009). However, 

side effects make sorafenib treatment difficult to continue, such as anorexia, nausea, vomiting, weight 

loss, and hypertension. More effective therapeutic approaches with low side effects are urgently 

required for unresectable HCC, such as precision medicine. 

The FGF-FGFR signaling pathway plays an key role in the course of development from early 

embryogenesis to the formation of various organogenesis and tissue patterning, angiogenesis and 

metabolism homeostasis (Belov and Mohammadi, 2013; Ornitz and Itoh, 2015). FGF19 subfamily 

that is consist of FGF19, FGF21 and FGF23, regulate metabolism homeostasis and works as 

hormone like endocrine manner to regulate bile acid, cholesterol, glucose, vitamin D and phosphate 

homeostasis (Fu et al., 2004; Kharitonenkov et al., 2005; Razzaque and Lanske, 2007; Tomlinson et 

al., 2002). FGF19 is a physiologic ligand for FGFR4, which is expressed in and secreted from the 

small intestine and gallbladder, but not normal liver, and controls the cholesterol catabolism in the 

liver through FGFR4 and coreceptor, βKlotho (Beenken and Mohammadi, 2009). Furthermore, it has 

been reported that FGF19 is involved in several types of cancers such as HCC and colon cancer (Lin 

and Desnoyers, 2012; Sawey et al., 2011). Especially, FGF19 gene amplification in liver is involved 

in 14% of HCC patients, and overexpression of FGF19 in liver has been observed in about 50% of 

HCC patients (Desnoyers et al., 2008; Hyeon et al., 2013; Kharitonenkov et al., 2005). FGF19 

expression in liver correlates with poorer prognosis, recurrence, and tumor progression in HCC 

patients (Johnson et al., 1991; Miura et al., 2012). FGF19-expressing transgenic mice spontaneously 

develop HCC (Nicholes et al., 2002). The knockout of FGFR4 gene of the FGF19-expressing 

transgenic mice inhibited HCC development. This suggests that FGFR4 is essentially required for 

tumorigenesis in this FGF19-mediated HCC model (French et al., 2012). Furthermore, the cell 

proliferation of HCC cell lines with FGF19 gene amplification is inhibited by the addition of FGF19-

neutralizing antibodies, an RNAi that targets FGFR4, or FGFR4 inhibitors (Kharitonenkov et al., 

2005; Miura et al., 2012), (Hagel et al., 2015; Hierro et al., 2015). 

In chapter II, the preclinical profile of ASP5878, which is a novel FGFR-selective inhibitor, 



11 
 

targeting FGF19-expressing HCC is investigated. In addition, it has been demonstrated that ASP5878 

suppressed the growth of FGF19-expressing HCC cell lines, accompanied by the inhibition of FGFR4 

phosphorylation and its downstream signaling molecules, which led to the induction of apoptosis. 

Furthermore, it has been shown that the oral administration of ASP5878 induced sustained tumor 

regression in FGF19-expressing HCC mouse models. These data indicate that ASP5878 is a 

potentially effective therapeutic agent for HCC patients with tumors expressing FGF19.  
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2. Materials and methods 

2.1 Compounds  

ASP5878 (Astellas Pharma Inc. (Asaumi M, 2013)) and sorafenib were synthesized in-house. 

ASP5878 was dissolved in dimethyl sulfoxide for in vitro experiments or suspended in 0.5% methyl 

cellulose (MC) for in vivo experiments. Sorafenib was suspended in 12.5% Cremophor EL/12.5% 

ethanol for in vivo experiments. 

 

2.2 Kinase assay  

Inhibitory activities of 128 serine/threonine kinases were measured using the Mobility Shift Assay 

Kit (Carna Biosciences). IC50 values were determined for kinases that were inhibited by more than 

50% by 200 nmol/L of ASP5878. 

 

2.3 Cell growth assay 

The human HCC cell lines HuH-7 (JCRB0403; ref.(Nakabayashi et al., 1982) ), HUH-6 Clone 5 

(JCRB0401; ref. (Doi, 1976) ), HLF (JCRB0405; ref. (Dor et al., 1975)), huH-1 (JCRB0199; ref. 

(Huh and Utakoji, 1981)), JHH-1 (JCRB1062; ref. (Homma, 1985) ), JHH-2 (JCRB1028; ref. 

(Homma, 1985)), JHH-5 (JCRB1029; ref. (Homma, 1985)), JHH-6 (JCRB1030; ref. (Homma, 1985)), 

and JHH-7 (JCRB1031; ref. (Homma, 1985)) were obtained from the Health Science Research 

Resources Bank. Hep3B2.1-7 (HB-8064), SNU-423 (CRL-2238; ref. (Park et al., 1995) ), SNU-449 

(CRL-2234; ref. (Park et al., 1995)), SNU-182 (CRL-2235; ref. (Park et al., 1995) ), SNU-387 (CRL-

2237; ref. (Park et al., 1995)), SNU-398 (CRL-2233; ref. (Park et al., 1995)), HepG2 (HB-8065), and 

MDA-MB-453 (HTB-131) were obtained from the American Type Culture Collection. Li-7 

(RCB1941) was obtained from RIKEN Bioresource Center. SNU-739 and SNU-368 were obtained 

from the Korean Cell Line Bank. PLC/PRF/5 was obtained from DS Pharma Biomedical. HCC cell 

lines were cultured according to each manufacturer's guideline. The cell lines in this study were not 

authenticated by any tests in our laboratory but were purchased from the providers of authenticated 

cell lines and stored at early passages in a central cell bank at Astellas Pharma Inc. The experiments 

were conducted using low-passage cultures of these stocks. The cells were seeded in 96-well plates 

and incubated overnight. The cells were treated with ASP5878 for 5 days. Cell viability was measured 

using CellTiter-Glo (Promega). 

 

2.4 Western blotting, ELISA, and pharmacodynamics 

HCC cell lines were lysed with cell lysis buffer containing phosphatase and protease inhibitors, and 

the protein levels of FGF19, FGFR4, βKlotho, and actin (Clone AC-74) were determined by 

immunoblotting. Hep3B2.1-7 cells were treated with ASP5878 for 2 hours, and the protein levels of 

phospho-FRS2 (Tyr436), FRS2, phospho-extracellular signal-regulated kinase (phospo-ERK), ERK, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and actin (Clone AC-74) were detected by 

immunoblotting. Phosphorylated FGFR4 and total FGFR4 were measured by immunoprecipitation 

using FGFR4 antibody (A10) or mouse IgG1 isotype control, followed by immunoblotting using an 

antibody specific for phospho-FGFR (Tyr653/654) and FGFR4 (C16) or sandwich ELISA assay. 
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PARP cleavage and actin (Clone AC-15) were detected by immunoblotting after 48-hour treatment 

with ASP5878. FRS2, phospho-ERK, ERK, and GAPDH levels in Hep3B2.1-7 tumors were 

measured by immunoblotting at 6 hours after single oral administration of ASP5878. The following 

antibodies were purchased: FGFR4 (A10) (sc-136988), FGFR4 (C16) (sc-124), FRS2 (sc-8318), and 

GAPDH (sc-20357) from Santa Cruz Biotechnology; βKlotho (AF5889) and mouse IgG1 isotype 

control (MAB002) from R&D systems; phospho-FGFR (Tyr653/654; #3471), PARP (#9542), ERK 

(#9102), phospho-ERK (Thr202/Tyr204; #9101), and phospho-FRS2 (Tyr436; #3861) from Cell 

Signaling Technology; and actin (Clone AC-15, A5441), actin (Clone AC-74, A5316), and FGF19 

(HPA036082) from Sigma-Aldrich. The following materials were purchased: cell lysis buffer from 

Cell Signaling Technology, phosphatase inhibitor cocktail from Thermo Scientific, protease inhibitor 

cocktail from Roche Diagnostics, and human total FGFR4 ELISA and human phospho-FGFR4 

ELISA kits from R&D systems. 

 

2.5 Xenograft models 

All animal experimental procedures were approved by the Institutional Animal Care and Use 

Committee of Astellas Pharma Inc. In addition, Astellas Pharma Inc., Tsukuba Research Center, has 

accreditation status awarded by The Association for Assessment and Accreditation of Laboratory 

Animal Care International. Four-week-old male nude mice (CAnN.Cg-Foxn1nu/CrlCrlj [nu/nu]) 

were obtained from Charles River Japan. Hep3B2.1-7 cells were subcutaneously inoculated into the 

flank of mice at 3 × 106 cells/0.1 mL (Matrigel:PBS = 1:1)/mouse and allowed to grow. ASP5878 was 

administered as a once-daily oral dose initiated after confirming tumor growth in each experiment. 

Tumor volume was determined using the formula length × width2 × 0.5. Matrigel was purchased from 

Corning Incorporated (Life Sciences). 

 

2.6 Xenograft models (sorafenib switch) 

Hep3B2.1-7 cells were subcutaneously inoculated into the flank of mice at 3 × 106 cells/0.1 mL 

(Matrigel:PBS = 1:1)/mouse and allowed to grow. After confirming tumor growth, mice were divided 

into two groups (n = 10 and 20 for vehicle and sorafenib groups, respectively) on day 0 on the basis 

of tumor volume and body weight. Vehicle (Cremophor EL/ethanol) or sorafenib (10 mg/kg) was 

administered as a once-daily oral dose from days 0 to 13. On day 14, the vehicle group was further 

divided into two groups (five per group), and the sorafenib group was further divided into four groups 

(five per group) on the basis of tumor volume and body weight. Vehicle (Cremophor EL/ethanol or 

0.5% MC), sorafenib (10 mg/kg), or ASP5878 (3 mg/kg) was administered as a once-daily dose from 

days 14 to 52. The other two groups were used for a different research purpose. Tumor volume was 

determined using the formula length × width2 × 0.5. 

 

2.7 HCC orthotopic xenograft model 

HuH-7–expressing luciferase (HuH-7-Luc) cells were obtained by infecting HuH-7 cells with 

lentivirus-expressing luciferase in the presence of blasticidin S (10 μg/mL). HuH-7-Luc cells were 

inoculated into hepatic parenchyma at 3 × 105 cells/0.01 mL (Matrigel 100%)/mouse. One week after 
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inoculation, the mice were divided into three groups (n = 5 per group) on day 0 on the basis of 

bioluminescent imaging. Vehicle (Cremophor EL/ethanol or 0.5% MC), sorafenib (30 mg/kg), or 

ASP5878 (3 mg/kg) was administered as a once-daily oral dose for 91 days. Tumor growth was 

monitored by in vivo bioluminescent imaging of the abdomen after intraperitoneally injecting 

luciferin using IVIS-Lumina2 (PerkinElmer Inc.). During the study period (181 days), the survival of 

mice bearing hepatic tumors was recorded. The condition of the mice was monitored daily. The mice 

were scored as dead if any of the following signs of suffering were observed: cachexia, weakening, 

and difficulty in moving or eating. Mice that were scored as dead were euthanized. 
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3. Results 

3.1 Kinase inhibition profile of ASP5878 

ASP5878 (Figure 1-1A) potently inhibited the tyrosine kinase activities of recombinant FGFR1, 2, 3, 

and 4. IC50 values were 0.47, 0.60, 0.74, and 3.5 nmol/L, respectively (Table 1-1). Kinase selectivity 

was tested against a panel of 128 human kinases. FGFRs, VEGFR2, and FMS were the kinases that 

showed more than 50% inhibition by ASP5878 (200 nmol/L). (Table 1-1). In total, 117 kinases 

showed less than 50% inhibition (Table 1-3). 

 

3.2 FGF19 expression in 20 HCC cell lines and antiproliferative effect of ASP5878. 

Previous reports showed that an FGF19 neutralizing antibody has the potential to be effective 

in FGF19-amplified HCC cell lines. To analyze the antiproliferative sensitivity to ASP5878 and its 

relationship with FGF19 expression in 20 human HCC cell lines (Figure 1- 1B). FGF19 protein 

expression in these cell lines was measured by Western blotting (Figure 1-1C), HuH-7, Hep3B2.1-7, 

and JHH-7 cell lines are sensitive to ASP5878, with IC50 values of 27, 8.5, and 21 nmol/L, 

respectively (Table 1-2). FGF19 protein expression was confirmed in HuH-7, Hep3B2.1-7, and JHH-

7 but not in other cell lines (Figure 1-1C). Furthermore, the expression of FGFR4- and its co-receptor 

βKlotho-protein were observed in HuH-7, Hep3B2.1-7, and JHH-7 (Figure 1-1C). HUH-6 Clone 5, 

SNU-398, Li-7, and HLF were also sensitive to ASP5878 (Figure 1-1B). The growth inhibition rate 

of HLF was 64% and those of other ASP5878-sensitive cell lines were higher than 95% at 1,000 

nmol/L, the highest concentration examined (data not shown). The mechanisms of inhibition are 

under investigation. Thus, ASP5878 inhibited the cell proliferation of HCC cell lines expressing 

FGF19. 

 

3.3 Effect of ASP5878 on FGFR signaling 

To assess how ASP5878 modulate FGFR4 phosphorylation and the downstream signaling pathway, 

phosphorylation status were analyzed in Hep3B2.1-7 cells treated with ASP5878by Western blotting. 

FGFR4 phosphorylation was constitutively observed and inhibited by ASP5878 in a concentration-

dependent manner (Figure 1-1D). In addition, ASP5878 treatment suppressed phosphorylation of 

FRS2 with its mobility shift, and ERK phosphorylation (Figure 1-1E). Furthermore, concentration-

dependent increases in PARP cleavage, an apoptosis marker, were detected at 48 hours after ASP5878 

treatment (Figure 1-1F). The antiproliferative effects of Hep3B2.1-7 (IC50 = 8.5 nmol/L) and 

ASP5878-induced PARP cleavage at 10 nmol/L are comparable and have no gaps (Table 1-2). A 

similar effect were confirmed in other FGF19-expressign HCC cell lines, HuH-7 and JHH-7 (data not 

shown). The suppression of phosphorylation and mobility shift of FRS2 were shown by another 

FGFR inhibitor in several cell lines. These experiments suggest that the FRS2 mobility shift reflects 

the phosphorylation status of FRS2 through FGFR signaling. 

 

3.4 ASP5878 induces shrinkage of FGF19-expressing HCC xenograft model 
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The antitumor efficacy of ASP5878 is evaluated in a Hep3B2.1-7 subcutaneous xenograft mouse 

model. In this model, a once-daily oral administration of ASP5878 induced tumor regression by 9% 

and 88% at 1 and 3 mg/kg, respectively (Figure 1-2A), without affecting the body weight for 14 days 

(Figure 1-2B). To assess the pharmacodynamic effects in vivo, the inhibitory effect of ASP5878 on 

the constitutively activated FGFR downstream signals in Hep3B2.1-7 tumors were evaluated. The 

mobility shift of FRS2 and suppression of ERK phosphorylation in Hep3B2.1-7 tumors were 

observed following the administration of 1 and 3 mg/kg ASP5878 (Figure 1-2C). Because of difficulty 

to detect FGFR4 phosphorylation in Hep3B2.1-7 tumors under xenograft conditions, the effect of 

ASP5878 on FGFR4 phosphorylation were confirmed in an MDA-MB-453 breast cancer xenograft 

model. MDA-MB-453 harbors FGFR4-Y367C mutation, which elicits constitutive FGFR4 

phosphorylation (Roidl et al., 2010). Six hours after the administration of a single dose, ASP5878 

induced the suppression of FGFR4 phosphorylation, mobility shift of FRS2, and suppression of ERK 

phosphorylation (Figure 1-5). This effect was similar to that detected in Hep3B2.1-7 tumors. These 

data indicated that ASP5878 suppresses FGFR4 downstream signaling through the inhibition of 

FGFR4 phosphorylation in Hep3B2.1-7 tumors in vivo. 

 

3.5 Survival prolongation of ASP5878 in FGF19-expressing HCC orthotopic xenograft model 

To further assess the therapeutic efficacy of ASP5878 in another HCC model, an imageable FGF19-

expressing HCC orthotopic xenograft model was established. HuH-7-Luc cells were directly 

inoculated into the livers of mice, and the implanted cells were monitored by bioluminescent imaging 

of the upper abdominal area (Figure 1-3A). The bioluminescent emissions of vehicle-treated control 

mice increased during the subsequent 24 days. Moreover, sorafenib was evaluated as standard therapy 

for surgically unresectable HCC, as a comparator in this model. Although sorafenib dosing had a 

slight effect that reduced the emission, ASP5878 reduced the emission to approximately one-fourth 

of the baseline treatment levels by 3 mg/kg administered as a once-daily oral dose for 24 days. The 

mean bioluminescent emission in the ASP5878-treated group was lower than that in the vehicle-

treated group. These results indicate that the ASP5878-treated mice exhibited a lower tumor burden 

than vehicle- and sorafenib-treated mice. The emission of ASP5878-treated mice reached background 

levels on day 31. Continuous ASP5878 treatment sustained the emissions at the background level, 

and no increase was observed by the end of the dosing at day 90 (Figure 1-3A and 1-3B). These data 

indicate that ASP5878 treatment induced sustained tumor regression without tumor regrowth. To 

confirm whether ASP5878 treatment regressed the tumor completely, tumor recurrence was 

monitored after the cessation of ASP5878 treatment from day 91. No bioluminescent emissions 

increase was observed 90 days after the cessation of administration from day 91 today 181, when the 

measurement was quitted (Figure 1-3B). These data indicate that ASP5878 induced complete tumor 

regression at 90 days. Disease-related mortality was also measured (Figure 1-3C). All the vehicle-

treated control mice died by day 52, and all the sorafenib-treated mice died by day 90. In contrast, no 

mice treated with 3 mg/kg ASP5878 died during the 90-day experimental period. The effects on 

survival were accompanied by changes in the bioluminescent emissions, with vehicle-treated mice 
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showing increased emission, whereas mice treated with 3 mg/kg ASP5878 showing reduced 

emissions. 

 

3.6 Antitumor activity of ASP5878 in the Hep3B2.1-7 xenograft model after sorafenib 

treatment 

Sorafenib is the first line standard therapy for unresectable HCC. the anti-tumor effect of ASP5878 

after sorafenib treatment was evaluated. According to previous reports, a dose of 10 mg/kg/day 

sorafenib was orally administered (Cheng et al., 2009; Strumberg et al., 2005). In the experiments, 

sorafenib administration for 14 days caused 40% tumor growth inhibition in the Hep3B2.1-7 

xenograft model. Even after continuous sorafenib treatment, the Hep3B2.1-7 tumor gradually 

enlarged, and 47% tumor growth inhibition was observed by day 31. In contrast, the switch from 

sorafenib to ASP5878 on day 14 induced 83% tumor regression on day 52 relative to the tumor size 

observed on day 14 (Figure 1-4). This indicates the therapeutic potential of ASP5878 for FGF19-

overexpressing HCC patients who previously received sorafenib treatment. 
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4. Discussion 

Recent clinical success in molecular-targeted therapies for cancer based on the identification of 

oncogenic gene alterations and their specific inhibitors is associated with dramatic antitumor effect, 

reduced side effects, and improved patient survival. The molecular-targeted therapies include 

Herceptin for HER2/neu receptor amplification and overexpression in breast cancer patients (Hudis, 

2007), XALKORI for echinoderm microtubule-associated protein-like 4–anaplastic lymphoma 

kinase fusion oncogene-positive non–small-cell lung cancer (Malik et al., 2014), and Tarceva 

for EGFR-mutated non–small cell lung cancer (Pao et al., 2004). Although there have been no driver 

oncogene-targeted therapies for HCC, recent data suggest that amplified or overexpressed FGF19 is 

a “driver oncogene” in HCC and that blockage of the FGF19–FGFR4 axis could be a novel 

therapeutic approach for FGF19-overexpressing HCC (French et al., 2012; Guagnano et al., 2012; 

Miura et al., 2012; Sawey et al., 2011). 

There have been reports on the importance of FGF signaling in the development of various types 

of cancer, and this explains the interest in the development of FGFR- or FGF-selective inhibitors 

(Liang et al., 2013). The most clinically advanced agents targeting HCC are mainly broad-spectrum 

kinase inhibitors with VEGFR2 inhibitory activity (Sandhu et al., 2014). The inhibitory activity of 

such kinase inhibitors on FGFR4 kinase activity is less effective than the inhibitory activity on 

VEGFR2 (Sandhu et al., 2014). On the other hand, FGFR-selective inhibitors (NPV-BGJ398, 

AZD4547, and JNJ-42756493) are being developed for the treatment of lung/breast cancer 

with FGFR1 gene amplification, gastric cancer with FGFR2 gene amplification, cholangiocarcinoma 

with FGFR2 fusion, and urothelial cancer with FGFR3 gene alterations but not for HCC (Arkenau H, 

2014; Bahleda R, 2014; Sandhu et al., 2014). Recently, two FGFR4-specific kinase inhibitors, 

BLU9931 and FGF401, have been reported and tested in clinical trials including HCC patients (Hagel 

et al., 2015; Hierro et al., 2015). 

 ASP5878 was identified as an FGFR tyrosine kinase inhibitor with potent FGFR4 inhibitory 

activity. In this study, the preclinical profile of ASP5878 in the FGF19-overexpressing HCC models 

was demonstrated. ASP5878 is a potent inhibitor of FGFR tyrosine kinases 1, 2, 3, and 4 and is 

selective against a number of other kinases. Previous studies have shown that cell growth is inhibited 

by the suppression of FGFR4 expression in FGF19-amplified HCC cell lines with an FGFR4 RNAi 

or FGFR4-neutralizing antibody and FGFR-selective inhibitors (French et al., 2012; Guagnano et al., 

2012; Hagel et al., 2015; Hierro et al., 2015; Miura et al., 2012; Sawey et al., 2011). Of the 20 HCC 

cell lines, abnormal FGF19 protein expression was observed in HuH-7, Hep3B2.1-7, and JHH-7 cell 

lines. The proliferation of these cell lines was sensitive to ASP5878 and effectively inhibited by 

ASP5878. Furthermore, ASP5878 treatment potently inhibited cellular FGFR4, FRS2, and ERK 

activation and induced apoptosis in these HCC cell lines. Although the expression of FGFR4 and 

βKlotho was also observed in HuH-7, Hep3B2.1-7, and JHH-7 cell lines, some other HCC cell lines 

such as HepG2 and JHH-5 expressing FGFR4 and βKlotho without abnormal FGF19 expression 

showed low sensitivity to ASP5878. Thus, using ASP5878, we confirmed that FGF19 overexpression 

is an oncogenic driver of HCC and a response marker for FGFR4 inhibition in HCC. 

Immunohistochemical analysis in previous studies demonstrated that FGF19 expression is associated 



19 
 

with recurrence and poor prognosis in HCC patients, and serum FGF19 levels in HCC patients are 

higher than those in healthy individuals (Hyeon et al., 2013; Miura et al., 2012). These data indicate 

that the immunohistochemical staining of tumor FGF19 or measurement of serum FGF19 could be a 

stratification method for FGF19-overexpressing HCC patients. In addition to FGF19-overexpressing 

HCC, HUH-6 Clone 5, HLF, SNU-398, and Li-7 were sensitive to ASP5878; however, FGF19 

expression was not observed. ASP5878 sensitivity of these cell lines could be based on the genetic 

alteration of other FGF-signaling genes and not the FGF19–FGFR4 axis. For instance, the 

amplification of FGF3/FGF4 genes and FGF21 overexpression has recently been observed in an 

HCC patient (Arao et al., 2013; Yang et al., 2013). A subpopulation of HCC patients with FGFR1 

overexpression was thought to be addicted to FGFR1 (Gu et al., 2015). FGFR2 and FGFR3 

overexpression contributed to advanced HCC tumorigenesis (Harimoto et al., 2010; Paur et al., 2015; 

Qiu et al., 2005). For instance, the SNU398 cell line was found to be sensitive to ASP5878 and NPV-

BGJ398 but not to the FGFR4-selective inhibitor BLU9931 (Hagel et al., 2015) . FGFR1, 2, and 3, 

but not FGFR4, could be oncogenic drivers in the SNU398 cell line. We are presently conducting 

further studies to validate those hypotheses. 

Once-daily oral administration of ASP5878 resulted in tumor regression in the Hep3B2.1-7 

xenograft model. The antitumor effect was accompanied by the inhibition of FGFR4 and its 

downstream signaling in Hep3B2.1-7 xenograft tumors. These aspects were supported by the results 

that oral administration of 3 mg/kg ASP5878 inhibited phospho-FGFR4 and activated FRS2 and ERK 

in the MDA-MB-453 xenograft model. In the Hep3B2.1-7 xenograft model, the tumor volume 

decreased after treatment with ASP5878 and was almost at an undetectable level at the end of 3 mg/kg 

ASP5878 treatment following sorafenib treatment. Sorafenib is the standard first-line systemic drug 

for advanced HCC, which can extend the duration of survival to 10.7 months in comparison with 7.9 

months in the placebo arm (Cheng et al., 2009) . In my experiments, sorafenib induced slight 

retardation of tumor growth in the HuH-7 orthotopic xenograft and Hep3B2.1-7 xenograft models. 

On the other hand, oral administration of 3 mg/kg ASP5878 induced tumor regression and 

downstream signals declined to background levels in the Hep3B2.1-7 xenograft model. Furthermore, 

the survival was enhanced in association with the potent antitumor effect of ASP5878 in the HuH-7 

orthotopic xenograft model. Importantly, no tumor regrowth was observed among the two different 

models during ASP5878 administration. Furthermore, ASP5878 induced complete tumor regression, 

which was sustained for at least 90 days after the cessation of ASP5878 treatment in the HuH-7 

orthotopic xenograft model. These data indicated that ASP5878 treatment of FGF19-expressing HCC 

induced sustained complete regression without recurrence 

Several FGFR inhibitors are being investigated in clinical trials, but ASP5878 has a different 

profile than FGFR inhibitors (Hierro et al., 2015). AZD4547 and NPV-BGJ398 show at least 30-fold 

greater selectivity toward FGFR1–3 than toward FGFR4 (Gavine et al., 2012; Guagnano et al., 2011). 

These inhibitors are categorized as pan-FGFR1, 2, and 3 inhibitors. It has not been demonstrated that 

those two inhibitors showed activity in HCC vivo model. In contrast, ASP5878 has potent FGFR4 

inhibitory activity. It showed remarkable tumor regression and extended survival in an HCC model in 

vivo, without weight loss. Similar efficacy and tolerability may be achieved in HCC patients; this 
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hypothesis is currently being evaluated in clinical trials. BLU9931 showed >50-fold greater inhibition 

of FGFR4 than of FGFR1, 2, and 3 (Hagel et al., 2015). FGF401 has reported to be an FGFR4-

selective inhibitor, but the kinase selectivity profile remains unknown (Hierro et al., 2015). Similar 

to ASP5878, these inhibitors are expected to improve the therapeutic outcome of HCC patients with 

FGF19 overexpression. The advantage of ASP5878 over FGFR4-selective inhibitors is the ability to 

provide therapeutic benefit to a subset of patients with HCC whose tumors are driven by FGFR1, 2, 

or 3. In addition to FGFR4, the overexpression of FGFR1, FGFR2, and FGFR3 contributes to 

advanced HCC tumorigenesis, metastasis, and poor prognosis (Gu et al., 2015; Harimoto et al., 2010; 

Paur et al., 2015). In particular, Paur and colleagues observed that FGFR3 and/or FGFR4 expression 

was elevated in 68% of HCC patients (Paur et al., 2015). Moreover, the amplification 

of FGF3/FGF4 genes and FGF21 overexpression has recently been observed in an HCC patient 

(Arao et al., 2013; Yang et al., 2013). These ligands bind to FGFR1, 2, and/or FGFR3. ASP5878 may 

be beneficial for these HCC subpopulations. In fact, the SNU398 cell line was sensitive to ASP5878 

and BGJ398 but not to BLU9931; SNU398 may be one of the representatives of these HCC subsets. 

JNJ-42756493 was found to inhibit all members of the FGFR family at the low nanomolar IC50 range 

(Verstraete et al., 2015). This type of compound is categorized as a “pan-FGFR1, 2, 3, and 4 inhibitor,” 

including ASP5878. JNJ-42756493 is currently being evaluated in clinical trials. Hyperphosphatemia 

has been observed with other FGFR inhibitors (e.g., AZD4547 and JNJ-42756493) and is likely based 

on the mechanism of action (Arkenau H, 2014; Lin and Desnoyers, 2012). In line with the findings, 

increased serum phosphate was observed in rodents repeatedly administered with ASP5878 

(unpublished data).  

In conclusion, using a panel of HCC cell lines in vitro, it has been shown that FGF19 protein 

expression levels predict the antiproliferative sensitivity to the novel and potent FGFR-selective agent 

ASP5878. ASP5878 induced almost complete tumor regression in association with the 

pharmacodynamic modulation of FGFR downstream signals in a Hep3B2.1-7 xenograft model. 

Furthermore, ASP5878 showed complete and sustained tumor regression and extended survival in a 

HuH-7 orthotopic xenograft model. Our findings demonstrate that ASP5878, a novel FGFR inhibitor 

with potent FGFR4 inhibitory activity, is expected to improve the therapeutic outcomes of HCC 

patients with FGF19 overexpression.  
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Chapter III: Identification of a novel oncogenic mutation of FGFR4 in gastric 

cancer 
  

1. Introduction  

Gastric cancer is an aggressive cancer with poor prognosis and the fifth-most common cause of 

cancer-related death worldwide (Liu and Meltzer, 2017). The number of survivors is low because 

diagnosis is often determined during the late stages when symptoms first appear, which are 

accompanied by metastasis and chemoresistance (Liu and Meltzer, 2017). Earlier treatment would be 

aided by detailed knowledge of the molecular characteristics of gastric cancer and the identification 

of new biomarkers. Most gastric cancers are adenocarcinomas and arise and progress as a result of 

complex genetic and environmental interactions. The Cancer Genome Atlas (TCGA) identifies 

mutations that classify gastric cancer into the following subtypes: EBV-positive, microsatellite 

unstable/instability, genomically stable, and chromosomal instability. The development of 

trastuzumab targeting ERBB2 is a successful example of translational genetic profiling and precision 

medicine applied to gastric cancer (Bang et al., 2010). Such novel findings help uncover molecular 

mechanisms and identify effective therapeutic targets for gastric cancer. 

The FGF-FGFR signaling pathway plays a key role in the course of development from early 

embryogenesis to the formation of various organogenesis and tissue patterning, angiogenesis, and 

metabolism homeostasis (Beenken and Mohammadi, 2009; Hierro et al., 2015). FGFs and FGFRs are 

encoded by 18 and four genes, respectively, which are expressed by diverse cell types (Beenken and 

Mohammadi, 2009; Hierro et al., 2015). Upon ligand binding, FGFRs dimerize, autophosphorylate, 

and recruit adaptor proteins such as FRS2 (Beenken and Mohammadi, 2009; Hierro et al., 2015). 

These activate intracellular signaling pathways involved in cell growth, differentiation, and survival. 

In gastric tissue, FGF10-triggered FGFR2 signaling controls stomach progenitor maintenance, 

morphogenesis and cellular differentiation during early epithelial growth before differentiation 

(Nyeng et al., 2007). Approximately 1.2–9% of patients with gastric cancer 

harbor FGFR2 amplification associated with increased tumor cell proliferation (Hierro et al., 2017). 

Oncogenic gene alterations are present in all FGFR family members in human cancers. For 

example, FGFR1 amplification occurs in breast, lung, gastric, and bladder cancers (Campbell et al., 

2016; Luo et al., 2017; Peifer et al., 2012; Weiss et al., 2010). FGFR2 amplification, mutations, and 

fusions occur in breast, liver, uterine, lung, gastric cancer (Tchaicha et al., 2014; Turner et al., 2010; 

Wu et al., 2013). FGFR3 mutations and fusions occur in bladder and lung cancers (2014; Gao et al., 

2018; Wu et al., 2013). In contrast, FGFR4 is infrequently mutated in cancers. The oncogenic 

mutations of FGFR4, N535K/D and V550E/L, occur in rhabdomyosarcoma (RMS), although other 

oncogenic mutations are unknown (Taylor et al., 2009). The G388C mutation may be involved in 

tumor progression, although it is a polymorphism (Morimoto et al., 2003; Ye et al., 2010). 

This chapter describes the identification of a novel oncogenic mutation of FGFR4 (G636C) in 

gastric cancer. It has been demonstrated that G636C is a driver mutation that leads to enhanced 

sensitivity to a selective FGFR inhibitor. These results provide a rational basis for designing therapies 

that target FGFR4 in gastric cancer. 
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2. Materials and methods 

2.1 Clinical specimens 

RNA specimens (n = 83) purified from primary gastric tumors were obtained from Asterand 

Bioscience. Written informed consent was obtained from all patients. Patient anonymity was ensured, 

and the study was approved by the Institutional Review Committees at Astellas Pharma, Inc. 

(Astellas). Experiments were performed in accordance with Astellas’ guidelines. 

 

2.2 Nucleotide sequencing 

Total RNAs were reverse-transcribed using SuperScript III reverse transcriptase (Thermo Fisher 

Scientific). The tyrosine kinase (TK) domain of FGFR4 was amplified from cDNA templates using 

PCR with the forward primer (5’-CACTGTGGCCGTCAAGATGC-3’) and reverse primer (5’-

TGCTGGTTTTCTTATAGTAGTCAA-3’). Nucleotide sequencing of PCR products was performed 

using Big Dye Terminator chemistry (Applied Biosystems) and the forward primer (5’-

ATGCTCAAAGACAACGCCTCTGAC-3’). Sequences were analyzed using SeqMan Pro software 

(DNASTAR, Lasergene). Experiments were carried out in accordance with Astellas’ guidelines. 

 

2.3 Plasmids and Cell lines  

Human wild-type FGFR4 (wt-R4, NM_213647.1) and G636C-FGFR4 (G636C-R4) were cloned 

into the pMXs-Puro retroviral vector (Cell Biolabs). NIH/3T3 cells and Ba/F3 cells were obtained 

from the ATCC and RIKEN Bioresource Center, respectively. Although the cell lines used in this 

study were not authenticated in our laboratory, they were purchased from providers of authenticated 

cell lines and stored at early passages in a central cell bank at Astellas. Mycoplasma testing was 

performed using PCR. The experiments were conducted using low-passage cultures of these stocks. 

NIH/3T3 cells were cultured in DMEM medium supplemented with 10% heat-inactivated FBS. 

Ba/F3 cells were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated FBS 

and mouse IL-3 (10 ng/mL). Wt-R4- or G636C-R4- or mock-infected NIH/3T3 cells and G636C-

R4-Ba/F3 cells were generated by Astellas. The pMXs-Puro retroviral vector containing the wt-R4 

or G636C-R4 gene or empty vector was transfected into Platinum-E cells using FuGENE HD 

transfection reagent (Roche Diagnostics) to produce virus stocks. NIH/3T3 and Ba/F3 cells were 

then infected with viruses with genomes harbouring each FGFR4 construct or control virus. Stable 

transfectants were obtained and maintained under selection pressure using puromycin at 1.5 µg/mL. 

G636C-R4-Ba/F3 cells were cultured in RPMI-1640 as described above but without IL-3. 

Experiments were carried out in accordance with institutional guidelines approved by Astellas. 

 

2.4 In vitro anchorage-independent growth assay 

Mock/3T3, wt-R4/3T3 and G636C-R4/3T3 cells (1000 cells per well) were plated in DMEM 

supplemented with 10% heat-inactivated FBS in 96-well Sumilon Celltight spheroid plates 

(Sumitomo Bakelite) and then incubated at 37 °C in an atmosphere containing 5% CO2. The 

number of viable cells was determined using the CellTiter-Glo Luminescent Cell Viability Assay 
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(Promega) on days 1, 4 and 7. Experiments were carried out in accordance with Astellas’ guidelines. 

 

2.5 In vitro growth assay 

G636C-R4/BaF cells (1000 cells per well) were plated in RPMI-1640 supplemented with 10% heat-

inactivated FBS with or without IL-3 (10 ng/mL) in 96-well plates. G636C-R4/3T3 cells (2000 cells 

per well) were plated in DMEM supplemented with 10% heat-inactivated FBS in PrimeSurface96U 

plates (Sumitomo Bakelite). The cells were treated with ASP5878 at 0–10,000 nM (3-fold serial 

dilutions, 10 concentration points) for 4 or 5 days, and the number of viable cells was determined 

using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). The IC50 value of ASP5878 

was calculated using nonlinear regression analysis with the Sigmoid–Emax model, and geometric 

mean IC50 values and 95% confidence intervals (CIs) were calculated from three individual 

experiments. Microsoft Excel (Microsoft) and GraphPad Prism (GraphPad Software) were used for 

data analysis. Experiments were performed in accordance with Astellas’ guidelines. 

 

2.6 Western blotting 

NIH/3T3 cells were lysed with cell lysis buffer containing phosphatase and protease inhibitors, and 

the levels of FGFR4, phospho-FGFR4, phospho-ERK1/2, phospho-AKT and β-actin were 

determined using immunoblotting. The antibodies were as follows: anti-FGFR4 from Santa Cruz 

Biotechnology, Inc. (Dallas, TX); and anti-phospho-FGFR (Tyr653/654), anti-phospho-ERK 

(Thr202/Tyr204), anti-phospho-AKT, anti-β-actin and HRP-conjugated anti-rabbit IgG from Cell 

Signaling Technology (Danvers, MA). All antibodies were diluted 1/2000 for use. Proteins of interest 

were visualized by enhanced chemiluminescence using the Western Lightning Plus-ECL 

(PerkinElmer) and detected with LAS-4000 (GE Healthcare). Cell lysis buffer was purchased from 

Cell Signaling Technology, phosphatase inhibitor cocktail from Thermo Scientific (Rockford, lL) and 

protease inhibitor cocktail from Roche Diagnostics (Mannheim, Germany). Experiments were 

performed in accordance with Astellas’ guidelines. 

 

2.7 Structural Analysis and Modelling 

The amino acid sequence of the kinase domain of wild-type FGFR4 was obtained from the UniProt 

database (UniProt ID: P22455, isoform 1). Substituting G636 with Cys generated the mutant G636C-

FGFR4. The coordinates of the auto-inhibitory conformation of FGFR4 are registered in the protein 

database (PDB) (PDB ID: 4TYE) (Lesca et al., 2014). An X-ray structure of the phosphorylated 

catalytically active form of FGFR4 with ATP or ATP analogues is not available, to our knowledge. 

Therefore, the coordinates of the active conformation of G636C-FGFR4 were modelled according to 

the phosphorylated- and ATP analogue-bound active form of FGFR1 (PDB ID: 3GQI) (Bae et al., 

2009). The coordinates of 3GQI were used as a template for homology modelling of the active form 

of FGFR4 using the modelling software MOE (Chemical Computing Group). Phosphate moieties of 

Y642 and Y643 were added after homology modelling, and energy minimization of the coordinates 

of these residues was performed to relax the coordinates. Further energy minimization including R635 

and G636C was performed, because an Arg residue corresponding to R635 forms hydrogen bonds 
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with a phosphorylated Tyr residue corresponding to Y643 of other FGFR isoforms (Chen et al., 2007; 

Chen et al., 2008; Hierro et al., 2017). 

The coordinates of ASP5878-bound wild-type FGFR4 were modelled according to the coordinates 

of wild-type FGFR4 bound to the FGFR kinase inhibitor BLU9931 (PDB ID: 4XCU) (Blundell et al., 

1987), whose chemical structure is similar to that of ASP5878. Sequentially substituting or removing 

atoms and bonds of BLU9931 in 4XCU from the atoms binding to the back of the binding pocket 

generated the initial coordinates of FGFR4 bound to ASP5878. Repetitive optimization calculations 

of the coordinates were performed using energy minimization, and the atoms of the proteins were 

fixed using MOE. Finally, the coordinates of the residues within 4.5 angstroms from ASP5878 were 

repeatedly optimized until the energies converged. The coordinates of ASP5878-G636C-FGFR4 

were introduced using homology modelling by MOE that were based on the coordinates of wild-type 

ASP5878-FGFR4. During the homology modelling, the coordinates of the atoms were initially 

assigned according to the template structure and finally optimized to minimize the energy level, which 

reflected the effect of the mutated residue on the coordinates near the residue as well as those of the 

binding pocket. To visualise the molecules, hydrogen atoms were added using Protonate3D included 

in MOE. 

 

2.8 Asp5878  

ASP5878 (Astellas Pharma Inc (Asaumi M, 2013)) was synthesized in our laboratory. Experiments 

were performed in accordance with Astellas’ guidelines. ASP5878 was dissolved in dimethyl 

sulfoxide or 0.5% methylcellulose (MC) for in vitro or in vivo experiments, respectively.  

 

2.9 Xenograft model 

The Institutional Animal Care and Use Committee of Astellas approved the experimental protocols 

for using animals. Astellas Pharma Inc., Tsukuba Research Center is accredited by the Association 

for Assessment and Accreditation of Laboratory Animal Care International. Experiments were carried 

out in accordance with Astellas’ guidelines. Four-week-old male nude mice (CAnN.Cg-

Foxn1nu/CrlCrlj [nu/nu]) were obtained from Charles River Japan.  

 

2.10 In vivo xenograft study of the tumourigenicity of cells expressing G636C-FGFR4 

Mock/3T3, wt-R4/3T3 and G636C-R4/3T3 cells were cultured in DMEM supplemented with 10% 

heat-inactivated FBS, and 0.1 ml of 3 × 106 cells mixed with Matrigel/PBS ([Matrigel:PBS = 1:1]) 

was subcutaneously inoculated into the flanks of mice. Tumor volume was calculated as follows: 

V = length × width2 × 0.5. Matrigel was purchased from Corning Incorporated (Life Sciences). 

 

2.11 In vivo xenograft study on the antitumor activity of ASP5878 

G636C-R4/3T3 cells were subcutaneously inoculated into the flanks of mice (5 × 106 cells/0.1 mL 
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[matrigel:PBS = 1:1]/mouse). Seven days after inoculation, mice with tumors were divided such that 

the mean tumor volume was similar among the groups on the first day (day 0) of treatment. ASP5878 

(3 mg/kg) was orally administered once daily for 8 days. Tumor diameters were measured using a 

caliper on days 0, 2, 4, and 7, and tumor volume was determined by calculating the volume of an 

ellipsoid as follows: length × width2 × 0.5. Body weight was measured using a standard balance 

 

2.12 Statistical analysis 

The values for the mouse xenograft model are expressed as the mean ± SEM. Differences between 

groups were analyzed using the Student t test. P < 0.05 was considered statistically significant. 

Microsoft Excel (Microsoft) and GraphPad Prism (GraphPad Software) were used for data analysis. 
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3. Results 

3.1. Identification of FGFR4 TK-domain mutations in human gastric cancer 

Oncogenic mutations of FGFR4 occur in RMS, in which FGFR4 is highly expressed (Taylor et al., 

2009). High FGFR4 expression correlates with tumor progression and survival in patients with gastric 

cancer (Ye et al., 2010). Therefore, It has been hypothesized that FGFR4 plays an important role in 

gastric cancer and that mutations that activate the protein tyrosine kinase activity of FGFR4 promote 

an aggressive phenotype. Accordingly, activating FGFR4 mutations was searched by sequencing  

the tyrosine kinase domain in 83 gastric cancer tissue specimens.  A mutation in one sample (St041) 

at nucleotide position 1906 (NM_213647.1) was identified, which substitutes Gly with Cys at amino 

acid residue 636 (Figure 2- 1). Comparison with other clinical specimens revealed no clinical 

diagnostic features or stage that were unique to St041. This mutation is referenced in the Cancer 

Genome Atlas (TCGA: https://www.cancer.gov/about-nci/organization/ccg/research/structural-

genomics/tcga), the Catalogue Of Somatic Mutations In Cancer 

(COSMIC; http://www.sanger.ac.uk/genetics/CGP/cosmic), dbSNP 

(http://www.ncbi.nlm.nih.gov/SNP) and the Human Gene Mutation Database 

(http://www.hgmd.cf.ac.uk/ac/index.php). G636C mutation was identified in oesophagogastric 

junctional adenocarcinoma and registered in the COSMIC database (COSMIC v89) (Chong et al., 

2013). This report did not include experimental analysis (Chong et al., 2013). Further, no human 

gastric cancer cell lines harbouring the G636C mutation are listed in COSMIC (GRCh38 

CELL_LINES v89). 

3.2.  Structural analysis and modelling of FGFR4-G636C 

To investigate whether or not G636C contributes to the activation of FGFR4, multiple x-ray 

crystallographic structures of FGFR4 deposited in the PDB was searched.  G636 is located at a 

critical position that maintains the auto-inhibitory conformation (PDB code 4TYE) (Lesca et al., 

2014) and G636 resides in the activation loop of the FGFR4 TK domain (Figure 2- 2A). Specifically, 

the residues around G636 form a β-hairpin within an A-loop; moreover, only R635 and G636 reside 

on the tip of the turn between the two antiparallel β-strands (Figure 2- 2A). Through analysis of the 

dihedral angles of the backbone atoms around R635 and G636, this structural motif is classified as a 

β-hairpin type I’ conformation, and Gly is the most frequent amino acid residue that forms this 

conformation (Blundell et al., 1987; Gunasekaran et al., 1997; Lesca et al., 2014; Milner-White and 

Poet, 1986). In FGFR4, the backbone atoms at A634 and V637 form hydrogen bonds, and R635 and 

G636 make a sharp turn. The side-chains of L633 and H638 interact via a CH-π bond that may 

stabilize this conformation. 

 In contrast, it was unable to identify X-ray structures of phosphorylated catalytically active 

conformations of FGFR4. Homology modelling of phosphorylated G636C-FGFR4 in a catalytically 

active conformation indicated that C636 is located near the αC helix and engaged in hydrophobic 

interactions with V523 and L526 (Figure 2- 2B). Further, C608 is located within 4.5 angstroms from 

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
http://www.sanger.ac.uk/genetics/CGP/cosmic
http://www.sanger.ac.uk/genetics/CGP/cosmic
http://www.ncbi.nlm.nih.gov/SNP
http://www.ncbi.nlm.nih.gov/SNP
http://www.hgmd.cf.ac.uk/ac/index.php
http://www.hgmd.cf.ac.uk/ac/index.php
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G636C. Because Cys is more hydrophobic than Gly, this result suggests that G636C strengthens this 

interaction in the active conformation. 

3.3. The G636C mutation promotes autophosphorylation of FGFR4 and phosphorylation of AKT 

and ERK 

Base on the result of structural analysis, ,  NIH/3T3 cells was transduced with the wild-type human 

FGFR4 or G636C expression vector or empty vector (wt-R4/3T3, G636C-R4/3T3 and mock/3T3, 

respectively) to examine whether G636C mutation constitutively activate FGFR4. Western blot 

analysis showed that wt-R4/3T3 and G636C-R4/3T3 cells expressed comparable levels of FGFR4. 

Further, the levels of autophosphorylated FGFR4 and phosphorylated AKT and ERK in G636C-

R4/3T3 cells were significantly higher compared with those of wt-R4/3T3 cells (Figure 2- 3A). These 

data indicate that G636C constitutively activates the kinase activity of FGFR4. 

3.4.  Cells expressing the FGFR4 mutant exhibit a malignant phenotype 

Anchorage-independent proliferation analysis was conducted to confirm whether G636C-driven 

constitutive FGFR4 activation is associated with increased cell proliferation. In spheroid cell cultures, 

G636C-R4/3T3 underwent anchorage-independent proliferation at a significantly higher rate 

compared with that of wild-type FGFR4 (Figure 2-3B). Consistent with these findings, subcutaneous 

injection of G636C-R4/3T3 cells into nude mice generated tumors with significantly larger volumes 

compared with those generated by wt-R4/3T3 cells (Figure 2-3C). Furthermore, ectopic expression 

of G636C-FGFR4 conferred IL-3-independent survival and proliferation of Ba/F3 cells, although 

Ba/F3 cell cannot survive without IL-3 (Kong et al., 2017). Together, these data strongly support the 

conclusion that the G636C mutation converted FGFR4 into an oncoprotein. 

3.5. Antiproliferative effect of FGFR inhibitor on the cells expressing FGFR4-G636C 

These results predict the activation of an oncogenic signaling pathway by FGFR4-G636C. To support 

this prediction, G636C-R4/BaF3 and G636C-R4/3T3 cells were treated with the selective FGFR 

inhibitor ASP5878 (Futami et al., 2017; Kikuchi et al., 2017). G636C-R4/BaF3 cells were sensitive 

to ASP5878 (IC50, 34.4 nmol/L [95% CI: 24.6–48.2]) in the absence of IL-3 (Figure 2- 4A(a)). 

Specifically, in the presence of IL-3, the cells were approximately >10–fold less sensitive to ASP5878 

(IC50 values > 370 nmol/L). In addition, G636C-R4/3T3 cells were sensitive to ASP5878 (IC50, 15.6 

nmol/L [95% CI: 13.4–18.1]) (Figure 2- 4A(b)). This effect on cell growth was comparable to those 

of other ASP5878-sensitive cell lines, which are dependent on FGFR4 signaling (Futami et al., 2017; 

Kikuchi et al., 2017). The anti-tumor activity of ASP5878 was evaluated in a mouse subcutaneous 

xenograft model employing G636C-R4/3T3 cells. In this model, once-daily oral administration of 

ASP5878 (3 mg/kg) inhibited tumor growth by 60% (Figure 2- 4B) without body weight loss (data 

not shown). Three-dimensional structural modelling of wild-type and G636C-FGFR4 bound to 

ASP5878 indicated that the G636C mutation had no significant effect on binding ASP5878 compared 

with that of wild-type (Figure 2- 4C). These data indicate that G636C-FGFR4 may serve as a target 
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for FGFR inhibitors now under evaluation in clinical trials (Hagel et al., 2015; Hierro et al., 2015; 

Sandhu et al., 2014).   
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4. Discussion  

Recent success in molecularly-targeted therapies for cancer was made possible, in part, by 

identification of oncogenic gene alterations (Bang et al., 2010; Malik et al., 2014; Pao et al., 2004). 

These discoveries led to the development of specific inhibitors having efficacious anti-tumor 

activities and reduced adverse effects compared to standard cytotoxic drugs. Examples include 

erlotinib and crizotinib, which are specific for mutant EGFRs and ALK/ROS-driven lung cancers, 

respectively (Bang et al., 2010; Malik et al., 2014; Pao et al., 2004). Although the number of therapies 

targeted to driver oncogenes of gastric cancer is limited, a humanized monoclonal antibody against 

HER2 (trastuzumab) was approved by FDA for the treatment of patients with metastatic gastric cancer 

that overexpress HER2 (Bang et al., 2010; Liu and Meltzer, 2017). Moreover, nine selective FGFR 

inhibitors are now in development for the treatment for gastric cancer with FGFR2 amplification 

(Hierro et al., 2017).Here, a novel oncogenic mutation (G636C) of FGFR4 was identified in a primary 

gastric cancer. Computational analysis shows that G636C activated FGFR4 by disrupting the auto-

inhibitory conformation and stabilizing the catalytically active conformation of its A-loop (Figure 

2- 2). Functional analysis showed that NIH/3T3 fibroblasts ectopically expressing G636C-FGFR4 

exhibited a malignant phenotype (Figure 2-3) and that G636C acted as a driver mutation that led to 

enhanced sensitivity to the FGFR inhibitor ASP5878 (Figure 2-4). The sensitivity of G636C-FGFR4-

transformed Ba/F3 cells and NIH/3T3 cells to ASP5878 was comparable to that of other ASP5878-

sensitive cell lines (Hep3B2.1-7, HuH-7, and JHH-7), which are dependent on signaling through the 

FGFR4(Futami et al., 2017; Kikuchi et al., 2017; Turner et al., 2010). Once-daily oral administration 

of ASP5878 significantly inhibited the growth of tumors in mice engrafted with G636C-FGFR4/3T3 

cells (Figure 2-4). 

G636C-FGFR4 was identified in only one of 83 gastric tumor specimens. In the absence of 

studies of larger numbers of gastric tumors from diverse sources, this finding indicates that G636C-

FGFR4 is a minor mutation in gastric cancer. G636C-FGFR4 occurs in oesophagogastric junctional 

adenocarcinoma (Chong et al., 2013). Further, mutations corresponding to G636-FGFR4 include 

D647N-FGFR1 in lung cancer, D650H-FGFR2 in stomach cancer, D650Y-FGFR2 in endometrial 

cancer and D641N-FGFR3 in bladder cancer (Jeske et al., 2017; Kakiuchi et al., 2014; Katoh, 2019; 

Lott et al., 2009). In particular, the tyrosine kinase activity of FGFR3-D641N is increased compared 

with that of the wild-type isoform (Patani et al., 2016). Analysis by COSIC using Hidden Markov 

Models (FATHMM) software predicted that these mutations are pathogenic (FATHMM score >0.95). 

Although further investigation is required to confirm the oncogenicity of these mutations, these 

observations are suggesting that G636C-FGFR4 and its corresponding mutations in other members 

of the FGFR family may serve as common therapeutic targets of pan-FGFR inhibitors across tumor 

type. One of the similar cases, the FDA approved a TRK inhibitor for adult and paediatric patients 

with cancers that harbour oncogenic NTRK fusions involving NTRK1, NTRK2 or NTRK3, which are 

present at low frequencies (commonly <1%) in diverse tumor types (Cocco et al., 2018). 

The FGFR-specific inhibitors NPV-BGJ398, AZD4547 and JNJ-42756493 are under 

development for treating lung and breast cancers with FGFR1 amplification, gastric cancer 
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with FGFR2 amplification, cholangiocarcinomas with an FGFR2 fusion, and urothelial cancers 

with FGFR3 alterations (Sandhu et al., 2014). The FGFR4-specific kinase inhibitors BLU9931 and 

FGF401 are now in clinical trials that include patients with HCC (Hagel et al., 2015; Hierro et al., 

2015). The development of these FGFR inhibitors may provide effective therapies for G636C-

positive gastric cancer. For example, JNJ-42756493, a potent inhibitor of the tyrosine kinase activities 

of the four FGFR family members, may be beneficial for treating gastric cancer 

with FGFR2 amplification and those that harbour the G636C-FGFR4 mutation (Perera et al., 2017). 

FGFRs exist in an equilibrium between active and inactive conformations, and gain-of-

function mutations shift the equilibrium to the active conformation (Chen et al., 2017). Therefore, we 

evaluated potential mechanisms that may explain how G636C increases the kinase activity of FGFR4 

(Figure 2-5) as follows: (1) destabilization of the inactive conformation and (2) stabilization of the 

active conformation, which shift the equilibrium to the active conformation. We first focused on the 

destabilization of the inactive conformation, because we found that G636 forms a two-residue β-

hairpin type-I’ conformation in the auto-inhibitory conformation (Figure 2-2A). Moreover, Gly 

resides at this position in most type-I’ β-hairpin structures (Blundell et al., 1987; Gunasekaran et al., 

1997; Lesca et al., 2014; Milner-White and Poet, 1986), suggesting that FGFR4-G636C likely 

disrupts this β-hairpin structure. Such a conformational change may increase the dynamics of the 

activation loop and increase the probability of exposing Y642 and Y643 to solvent. In the auto-

inhibitory conformation, Y642 and Y643 prevent the insertion of ATP into the binding pocket, leading 

to inhibition of kinase activity (Lesca et al., 2014). Moreover, the phosphorylation of the two tyrosine 

residues is required to activate the FGFR4 kinase (Wang et al., 2008). Therefore, G636C may increase 

the exposure of the two Tyr residues to solvent, increasing the probability that ATP binds the pocket 

and the two tyrosine residues are phosphorylated. 

It has been considered that G636C increases the population of active conformers of FGFR4 via 

stabilization of the active conformation. Because, the active conformation of FGFR4 in the PDB are 

not registered,the 3D structure of phosphorylated G636C-FGFR4 was precited and the interaction 

network surrounding the mutated residue was investigated in Figure 2-2B. The results reveal that 

C636 is most likely positioned near V523, L526 and C608. V523 and L526 reside in the αC helix, 

and C608 in the β-strand contributes to the formation of the β-sheet within a region of the A-loop. 

Analyses of X-ray structures and NMR data of mutated FGFRs indicate that critical common 

mechanisms for the activation of FGFR kinase activity are as follows: “molecular brake”, “DFG-

latch”, “A-loop plug” and “αC tether” (Chen et al., 2017). 

The mechanism of the “αC tether” involves a stabilization of the active conformation through 

interaction between the activation loop and a catalytically critical αC helix. This mechanism was 

demonstrated using variants of FGFR2-D650, which interact with M537 and M540 in the αC helix 

in the active conformation (Chen et al., 2008). The study found that the more hydrophobic residues 

D650A, D650L, D650V and D650I increased FGFR2 kinase activity by 3-fold to 19-fold, whereas 

D650G, which lacks a side-chain that interacts with M537 and M540, decreases kinase activity (Chen 

et al., 2017). Further, analysis of the variants M537 and M540 revealed a correlation between 

hydrophobicity at these positions and kinase activity (Chen et al., 2017). Accordingly, D650 
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contributes to kinase activation by stabilizing the active conformation through formation of a 

hydrophobic interaction with the catalytically important αC helix (Chen et al., 2017). Moreover, D650, 

M537 and M540 of FGFR2 correspond to G636, V523 and L526 of FGFR4, respectively. 

Therefore, the  present modelling of the active form of FGFR4 is consistent with these 

observations, suggesting that the effect of the G636C mutation on kinase activity is explained by the 

“αC tether” mechanism. this model predicts that G636C similarly interacts with V523 and L526 in 

the αC helix, possibly strengthening the hydrophobic interaction compared with that of wild-type 

G636. However, in the FGFR3-D641 variants, equivalent to D650 in FGFR2, D641N and D641G 

increase kinase activity (Patani et al., 2016). This observation suggests that another mechanism 

activates the kinase. Further, our results indicate that FGFR4-C608 resides close to G636C, 

suggesting that G636C forms a disulfide bond with C608 to stabilize the active conformation. Further 

studies are required to reveal the mechanism of the effect of this mutation on the kinase activities of 

FGFRs. Moreover, our findings indicate that FGFR kinase inhibitors such as ASP5878 may serve as 

therapeutic agents for gastric cancer. 
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5. Figures 

 

Figure 2-1. 
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Figure 2-2. 
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Figure 2-3. 
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Figure 2-4. 
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Figure 2-5. 
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General Discussion 

Cancer is one of the leading causes of death globally, but recent researches have demonstrated the 

effectiveness of molecular-targeted therapy based on the identification of oncogenic gene alterations 

and their specific inhibitors. Molecular-targeted therapy is associated with dramatic antitumor effects, 

reduced side effects, and improved patient survival.  

In chapter II, ASP5878, was identified as a novel FGFR inhibitor and investigated its 

pharmacological profile and its potential therapeutic efficacy was demonstrated in FGF19-expressing 

HCC aggressive cancer with poor prognosis. ASP5878 is a novel inhibitor of FGFR1, 2, 3, and 4. It 

inhibits FGFR4 kinase activity with an IC50 of 3.5 nmol/L (Table 1-1). ASP5878 potently suppressed 

the growth of the FGF19–expressing HCC cell lines Hep3B2.1-7, HuH-7, and JHH-7 (Table 1-2, 

Figure 1-1B, 1C). In the Hep3B2.1-7 cell line, ASP5878 inhibited the phosphorylation of FGFR4 and 

its downstream signaling molecules as well as induced apoptosis (Figure 1-1D, E, F). Oral 

administration of ASP5878 at 3 mg/kg induced sustained tumor regression in a subcutaneous 

xenograft mouse model using Hep3B2.1-7 (Figure 1-2A). In HuH-7, an orthotopic xenograft mouse 

model, ASP5878 induced complete tumor regression (Figure 1-3A) and dramatically extended the 

survival of the mice (Figure 1-3B, C). These results suggest that ASP5878 is a potentially effective 

therapeutic agent for HCC patients with tumors expressing FGF19 and that expression of FGF19 in 

liver could be a potential biomarker to identify the FGFR inhibitor responsive HCC patients.  

In chapter III, a novel oncogenic mutation (G636C) of FGFR4 was identified in a primary 

gastric cancer (Figure 2-1). Computational analysis showed that G636C activated FGFR4 by 

disrupting the auto-inhibitory conformation and stabilizing the catalytically active conformation of 

its A-loop (Figure 2-2). Functional analysis showed that NIH/3T3 fibroblasts ectopically expressing 

G636C-FGFR4 exhibited a malignant phenotype (Figure 2-3) and that G636C acted as a driver 

mutation that led to enhanced sensitivity to the FGFR inhibitor ASP5878 (Figure 2-4). The sensitivity 

of G636C-FGFR4-transformed Ba/F3 cells and NIH/3T3 cells to ASP5878 was comparable to that 

of other ASP5878-sensitive cell lines (Hep3B2.1-7, HuH-7, and JHH-7), which are dependent on 

signaling through the FGFR4. Once-daily oral administration of ASP5878 significantly inhibited the 

growth of tumors in mice engrafted with G636C-FGFR4/3T3 cells (Figure 2-4). These results indicate 

that FGFR kinase inhibitors such as ASP5878 may serve as therapeutic agents for G636C-FGFR4 

positive gastric cancer.  

Phase I clinical trial of ASP5878 investigated safety, tolerability, and antitumor effect of single 

and multiple oral doses of ASP5878 in patients with solid tumors. The safety profile of ASP5878 was 

similar to those reported for other FGFR inhibitors including BGJ398, JNJ-42756493, and AZD4547, 

hyperphosphatemia was the most common adverse events. FGFRs are widely expressed in normal 

tissues and have a key role in development and physiology, especially the phosphate and vitamin D 

homeostasis. Preclinical models with highly potent selective FGFR inhibitors have caused 

hyperphosphatemia-mediated tissue calcification owing to blockade of FGF23 release from bone and 

its signal in the kidney (Brown et al., 2005). Increase in serum FGF23, phosphate, and vitamin D 
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levels are potential biomarkers for effective FGFR inhibition. In early clinical trials with FGFR 

inhibitors, development of hyperphosphatemia as a class-specific toxicity may help in the definition 

of an optimal biological dose (Dienstmann et al., 2011). ASP5878 was well tolerated with manageable 

toxicities including hyperphosphatemia, such as prophylactic use of phosphate-binding agents and 

low-phosphate dieting (Yamamoto et al., 2019). FGFR4 selective inhibition is the other approach to 

maximize the therapeutic window by minimizing hyperphosphatemia. It has been hypothesized that 

FGFR1, 2 or 3, but not FGFR4, have a main role to regulate the phosphate and vitamin D homeostasis. 

In fact, hyperphosphatemia was not observed with fisogatinib, FGFR4 selective inhibitor, treatment 

at the dose that patients showed clinical responses in phase I trial. Although other FGFR4-inhibition 

driven on-target adverse effects have been confirmed, including nausea, vomiting, and diarrhea as 

dose limiting toxicity, the authors considered that these events were manageable with antiemetics and 

supportive care (Kim et al., 2019). 

While the present findings in this research provide the potential of FGFR inhibitor to the unmet 

need of current therapies for cancers, further studies on these aspects as mentioned above will allow 

a broader characterization of the therapeutic potential of FGFR inhibitors. I hope that this research 

and future studies open the way of cancer patients. 
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Conclusion 

As summary of this dissertation, important findings in current investigation are; I) Identification 

of ASP5878 as a novel, potent and selective FGFR inhibitors, II) Demonstration of ASP5878’s 

dramatic anti-tumor efficacy for FGF19-expressing HCC, III) Identification of novel FGFR4 

oncogenic mutation, G636C, in gastric cancer and IV) Demonstration of ASP5878’s dramatic anti-

tumor efficacy for G636C-FGFR4 positive tumor. Taken together, these findings show that ASP5878 

may be promising candidates for cancer patients who have aberrant FGF19-FGFR4 signal such as 

FGF19-expression and G636C mutation.   

I am confident that my research contributes to developing FGFR inhibitors for cancer patients 

with aberrant FGF19-FGFR4 signal and advancing our understanding of the disease mechanism. I 

strongly hope that my research will lead to the development of new drugs that will dramatically 

improve the oncology society.  
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