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Abstract 

Hepatocellular carcinoma (HCC) is disease with a high mortality rate and limited treatment options. Alterations of fibroblast growth 

factor receptor 4 (FGFR4) has been regarded as an oncogenic driver for HCC and a promising target for HCC therapeutics. Herein, 
we report that GNF-7, a multi-targeted kinase inhibitor, and its derivatives including SIJ1263 (IC 50 < 1 nM against FGFR4) are 
highly potent FGFR4 inhibitors and are capable of strongly suppressing proliferation of HCC cells and Ba/F3 cells transformed with 

wtFGFR4 or mtFGFR4. Compared with known FGFR4 inhibitors, both GNF-7 and SIJ1263 possess much higher (up to 100-fold) 
anti-proliferative activities via FGFR signaling blockade and apoptosis on HCC cells. Especially, SIJ1263 is 80-fold more potent 
(GI 50 = 24 nM) on TEL-FGFR4 V550E Ba/F3 cells than BLU9931, which suggests that SIJ1263 would be effective for overriding 
drug resistance. In addition, both substances strongly suppress migration/invasion and colony formation of HCC cells. It is worth 

noting that SIJ1263 is superior to GNF-7 with regards to the fact that activities of SIJ1263 are higher than those of GNF-7 in all 
assays performed in this study. Collectively, this study provides insight into designing highly potent FGFR4 inhibitors capable of 
potentially overcoming drug-resistance for the treatment of HCC patients. 
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Introduction 

Hepatocellular carcinoma (HCC) is one of the diseases with high
mortality 1 . Even though surgical treatments including liver resection and
transplant increase survival for patients with HCC, most HCC patients
have poor post-operative prognosis due to multiple relapses and intrahepatic
Abbreviations: HCC, hepatocellular carcinoma; FGFR, fibroblast growth factor receptor; 
FGF, fibroblast growth factor; KLB, klotho beta; PARP, poly (ADP-ribose) polymerase; EMT, 
epithelial-mesenchymal transition. 
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etastasis. Despite advancements in therapeutic strategies against HCC, 
esponse rates and overall survival rates remain low 

2 , 3 . Since sorafenib, 
 multi-targeted kinase inhibitor, has been approved in 2007 as a 
argeted therapy for HCC patients 4 , other multi-targeted kinase inhibitors 
lenvatinib 5 , regorafenib 6 , and cabozantinib 7 ) and monoclonal antibodies 
nivolumab 8 and ramucirumab 9 ) have been demonstrated to improve the 
verall survival benefit of patients 10 . However, there are still significant 
nmet medical needs 11 in the treatment of HCC patients due to rapid 
mergence of drug resistance and off-target toxicities 12 , 13 . Among the 
arious molecular targets and pathways 14 , 15 involved in the initiation and 
rogression of HCC, FGF19/FGFR4 signaling is significantly associated with 
CC and particularly involved in drug-resistance in HCC 

16-18 . Klotho beta 
KLB) co-receptor is required for FGF19 binding specifically to FGFR4 
nd FGF19/FGFR4/KLB complex abundantly expressed in hepatocytes 
s associated with the progression of HCC 

19 , 20 . Therefore, blockage of 
GFR4/FGF19 signaling has been regarded as an effective strategy against 
CC 

21 . To this end, selective and covalent FGFR4 inhibitors targeting 
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Cys552 located in the hinge region of ATP site have been developed 22 ,

23 . Among irreversible-covalent FGFR4 inhibitors including BLU9931 24 ,
BLU554 25 , 26 , INCB62079, and H3B-6527 27 , both BLU554 and H3B-
6527 have entered clinical trials. FGF401, a reversible-covalent inhibitor,
is also under clinical trials against on HCC 

28-30 . Despite attempts to treat
HCC patients with selective FGFR4 inhibitors, unmet needs for current
HCC therapeutics including drug resistance remain 31 . Considerable efforts
have been devoted to overcoming drug resistance in HCC 

16 , 17 , 32 . In
pursuit of overriding drug resistance that contributes to the progression of
aggressive HCC, multi-targeted strategy such as multi-targeted pan-FGFR
inhibitor would be more effective than single-targeted therapeutics 33 , 34 . It
is of note that FGFR3 has been reported to be associated with higher-grade,
poorly differentiated HCC 

21 , 35 . In addition, the gatekeeper mutation V550E
and molecular brake mutation N535K of FGFR4 are implicated with drug
resistance 36 , which suggests that potent FGFR inhibitors against mutants of
FGFR4 are necessary to override the drug resistance 25 , 29 , 36 . 

We have previously reported GNF-7, a multi-targeted type II kinase
inhibitor, possesses excellent potency against Bcr-Abl T315I gatekeeper
mutant 37 and suppresses potently and selectively AML cells expressing NRAS
mutant 38 , 39 . In addition, it strongly blocks strongly proliferation of cancer
cells harboring BRAF class I/II/III mutations 40 . Type II kinase inhibitors
such as imatinib and GNF-7 bind to ATP-binding pocket of the kinase
with the “DFG-out” inactive conformation. We found that GNF-7 is highly
potent against FGFR1-4 in biochemical kinase assay and possesses potent
anti-proliferative activities against various HCC cells. In contrast to GNF-7,
most pan-FGFR inhibitors such as PD173074, BGJ398, and AZD4547 bind
to the ATP-binding pocket of the “DFG-in” active conformation 41 . These
pan-FGFR inhibitors are potent against FGFR1-3 but have limited activities
against FGFR4 in contrast to GNF-7. It worth recalling that FGFR3 and
FGFR4 are mainly expressed in liver tissue and involved in the mechanism
of tumorigenesis in HCC 

42 . Especially, FGFR3 has been reported to be
associated with higher-grade, poorly differentiated HCC 

21 , 35 . 
Herein, we report FGFR4-inhibitory activities of GNF-7 and its 23

derivatives against TEL-FGFR4, TEL-FGFR4 N535K, TEL-FGFR4 V550E
Ba/F3 and HCC cell lines harboring FGFR4. We found that among the
23 synthetic GNF-7 derivatives, which we have previously reported by us
for other studies 39 , both GNF-7 and SIJ1263 possess excellent enzymatic
activities against FGFR4 and have remarkable anti-proliferative activities
on HCC cells as well as on Ba/F3 cells transformed with wtFGFR4 and
mtFGFR4. In addition, both substances are capable of blocking the FGFR
signaling and suppressing the migration and invasion capacity of HCC cells.

Materials and Methods 

Chemistry 

General Information 
Unless otherwise described, all commercial reagents and solvents were

purchased from commercial suppliers and used without further purification.
All reactions were performed under a N 2 atmosphere in flame-dried glassware.
Reactions were monitored by using TLC with 0.25 mm E. Merck precoated
silica gel plates (60 F254). Reaction progress was monitored by using
TLC analysis using a UV lamp, ninhydrin, or p -anisaldehyde stain for
detection purposes. All solvents were purified by using standard techniques.
Purification of reaction products was carried out by using silica gel column
chromatography with Kieselgel 60 Art. 9385 (230–400 mesh). Purities of all
compounds were > 95%, and mass spectra and purities of all compounds
was accessed using Waters LC/MS system (Waters QDA Detector, Waters
2998 Photodiode Array Detector, Waters SFO System Fluidics Organizer,
Water 2545 Binary Gradient Module, Waters 2767 Sample Manager)
using SunFire TM C 18 column (4.6 × 50 mm, 5 μm particle size): solvent
gradient = 90% A at 0 min, 0% A at 5 min. Solvent A = 0.10% TFA
n H 2 O; Solvent B = 0.10% TFA in MeOH; flow rate: 0.8 mL/min. 1 H
nd 13 C NMR spectra were obtained using Bruker 400 MHz FT-NMR (400

Hz for 1 H, and 100 MHz for 13 C) spectrometer and Bruker 300 MHz FT-
MR (300 MHz for 1 H, and 75.5 MHz for 13 C). Standard abbreviations are

sed for denoting the signal multiplicities. The synthesis of all compounds is
escribed in our previous report 39 . 

olecular Docking Study 

Co-crystal structures of the wtFGFR4 (PDB code: 4QRC) were retrieved
rom the Protein Data Bank. The retrieved protein-ligand structures
ere loaded into Maestro software (Schrödinger Release 2020-4). Protein 
reparation Wizard was used for addition of all hydrogens, assignment of
ond orders, deletion of all water molecules, and filling of missing residue and

oops. Restrained energy minimization was applied using the OPLS3e force
eld. Docking study of GNF-7 and SIJ1263 on wtFGFR4 kinase domain was
arried out using GLIDE module. GNF-7 and SIJ1263 were prepared using
he LigPrep module. A docking grid defining FGFR4 kinase domain was
enerated mainly considering the binding pocket of the wtFGFR4 inhibitors.

ell culture and reagents 

AN3-CA and J82 cells were obtained from ATCC (Manassas, VA,
SA). KMS-11 cells were purchased from JCRB. HEP3B, HUH7, HEPG2,
DA-MB-453 and SK-HEP1 cells were purchased from KCLB (Seoul, 

orea). HEP3B, AN3-CA, MDA-MB-453 and SK-HEP1 cells were cultured 
n DMEM (#LM001-05, Welgene). HUH7, HEPG2, J82 and KMS-11 
ells were cultured in RPMI1640 (#LM011-01, Welgene). The culture 
edia were supplemented with 10% fetal bovine serum (#S001-01, 
elgene), antibiotic-antimycotic solution (#LS203-01, Welgene) containing 

0,000U/mL penicillin. The cells were maintained in a humidified 
tmosphere containing 5% CO 2 at 37 °C. 

iochemical in vitro kinase assay 

The biochemical inhibitory kinase activity on FGFR1-4 protein kinase 
ere performed at Reaction Biology Corp. Compounds were tested with ATP

10 μM) in a 10-dose IC 50 mode with 3-fold serial dilution. 

inome profiling 

Kinome-wide profiling was conducted by Reaction Biology Corp. 
IJ1263 (0.1 μM) was tested against 317 recombinant human kinases. 

ell proliferation assay 

Cells (5 × 10 3 ) were plated in 96-well tissue culture plates. Each
ompound was added to each well at 10 dose points of 3-fold serial dilution.
fter 72 h, the cellular viability was determined by CellTiter-Glo reagent

# G7572, Promega). Cell proliferation was assessed by measuring the
uminescence using a 96-well plate reader (ENVISION). GI 50 values were
alculated using GraphPad Prism 8.0 software. 

T-PCR 

Total RNAs were isolated from HUH7, HEP3B, HEPG2, SK- 
EP1, SNU475 and SNU398 cells using TRIzol reagent (#15596026, 

nvitrogen) according to the manufacturer’s instruction. cDNA 

as synthesized from total RNAs (2 μg) using M-MLV reverse
ranscriptase (#M170B, Promega). cDNA was amplified using the 
ollowing primers: hFGFR4 5’- GGCCTCCAGTCCGGTGACAAGC- 
’(Forward) hFGFR4 5’- CCACAGCGTTCTCTACCAGG-3’(Reverse) 
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Table 1 

In vitro biochemical IC 50 values of GNF-7 

against FGFRs 

Kinases Status 

IC 50 (μM) a 

GNF-7 PD173074 

FGFR1 WT 0.011 0.005 

V561M 7.538 4.650 

FGFR2 WT 0.020 0.004 

N549H 0.007 0.005 

FGFR3 WT 0.010 0.007 

K650E 0.140 N.D. b 

G697C 0.008 0.008 

K650M 0.025 0.291 

FGFR4 WT 0.004 0.097 

a Radiometric biochemical kinase assay 

results. 
b Not Determined. 
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hGAPDH 5’- GGATTTGGTCGTATTGGG-3’(Forward) hGAPDH 5’-
GGAAGATGGTGATGGGATT-3’(Reverse) 

Cell lysis and western blotting 

Cells were extracted and lysed using RIPA buffer, containing 50 mM
HEPES (pH 7.4), 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 2.5 mM
NaF, 5 mM Na 3 VO 4 , and protease inhibitor cocktail solution (#11-878-5-
001, Roche). Protein concentrations were determined by the bradford assay.
Proteins were separated using SDS-PAGE electrophoresis and transferred
to the NC membrane. Membranes were blocked with 5% skim milk in
TBS-T buffer. Polyclonal rabbit antibodies against FGFR4, pFGFR, pERK,
pFRS2a, and pPLC γ , were purchased from Cell Signaling Technologies, and
polyclonal anti- β-actin rabbit antibodies were purchased from Santa Cruz
Biotechnology. Membranes were incubated in primary antibody solution
overnight at 4 °C and then in secondary antibody solution for 1 h. Proteins
were detected using ECL reagents. ImageJ software program was used for the
quantification of western blot analysis. 

Cell cycle arrest 

Cells were cultured on 60 mm plates at 1 × 10 5 cells. Cells were treated
with GNF-7 for 18 h and fixed using 70% ethanol. Before analyzing the cells
using flow cytometry, cells were suspended in 300 μL phosphate-buffered
saline solution containing 50 μg/mL propidium iodide. 

Apoptosis assay 

Cells (1 × 10 5 ) were prepared and incubated for 24 h. According to the
manufacturer’s instruction (Thermo Fisher Scientific), cells were harvested
and stained using Alexa Fluor 488 conjugated annexin V (# A13201) and
propidium iodide (# P3560). Cells were analyzed using flow cytometry. 

Migration assay 

Cells were grown in a 6-well plate until 100% confluency on a single
layer and scraped with a SPLScarTM Scratcher. The cell layer was washed
with media. Media containing concentrations of compounds were added.
Cell migration to the scraped area was monitored, and the images of the cells
were captured using a microscope. 

Invasion assay 

The invasion assay was conducted using a CHEMICON QCM 24-
well infiltration analysis kit (ECM 554, Chemicon International). Cancer
cells were seeded in 8 μm ECMatrix TM -coated transwell chambers at a
concentration of 5.0 × 10 4 cells/chamber after 12 h of serum starvation.
Cells were incubated at 5% CO 2 , 37 °C after treating compounds. Invaded
cells were stained with 0.005% crystal violet dissolved in phosphate-buffered
saline. 

Soft agar growth transformation assay 

Anchorage-independent growth was evaluated in soft agar for colony
formation. Equal volumes of agar (1%) and Dulbecco’s modified Eagle
medium were mixed at 40 °C, and 0.5% basic agar was produced on a 6-
well plate. Cells were suspended in 2 × Dulbecco’s modified Eagle medium
and 0.7% agar. Next, the cell suspension was added to each well at a final
concentration of 5 × 10 3 cells/well. The upper agar was then covered with
the culture medium. Plates were incubated for 3 weeks at 5% CO 2 and 37
°C. Cells were then stained with iodonitrotetrazolium chloride (#I10406,
Sigma Aldrich) dissolved in phosphate-buffered saline, and the images were
acquired. 
tatistical analysis 

Statistical analysis was performed using GraphPad Prism 8.0. The data 
ere presented as the mean ± S.D. Student’s t-test was used to evaluate 

he significance between two experimental condition, and p < 0.001 was 
tatistically significant. 

esults and Discussion 

nzymatic activities of GNF-7 against FGFR1-4 and their mutants 

We performed biochemical kinase assays for GNF-7 against FGFR1-4 
nd their mutants based on our previous report 37 that GNF-7 possesses anti- 
roliferative activity on Ba/F3 cells transformed with FGFR3. The results 
how that activities of GNF-7 against wtFGFR1-3, FGFR2 N549H, and 
GFR3 G697C are comparable (IC 50 = 7 to 20 nM) to those of PD173074.
t is worth noting that GNF-7 is much more potent against wtFGFR4 
IC 50 = 4 nM) and FGFR3 K650M 

43 (IC 50 = 25 nM) than PD173074.
ollectively, GNF-7 turned out to be potent against pan-FGFR including 
tFGFR4 (IC 50 = 4 nM) while PD173074, a pan-FGFR inhibitor, possesses 
 mild activity (IC 50 = 97 nM) against wtFGFR4 ( Table 1 ). 

nti-proliferative activities of GNF-7 on FGFR driven cancer cells 

Given that GNF-7 is potent against FGFRs including FGFR4, we 
urther investigated anti-proliferative activities of GNF-7 against FGFRs- 
riven cancer and FGFR4-overexpressed HCC cells ( Table 2 ). Seven FGFRs- 
riven cancer cell lines were treated with GNF-7, PD173074, BLU9931, and 
GJ398 for 72 h, viable cells were determined using the CellTiter-Glo (CTG) 
ssay. Known FGFR inhibitors such as PD173074, BLU9931, and BGJ398 
ere also evaluated as reference compounds. Both PD173074 and BGJ398 
ind to the ATP-binding pocket of the “DFG-in” active conformation and 
LU9931 is an irreversible FGFR4 inhibitor that covalently binds to a unique 
ys552 in FGFR4. Our results show that GNF-7 is capable of suppressing 

trongly proliferation FGFRs-driven cancer cell lines with GI 50 values ranging 
5 nM to 443 nM. All seven cancer cell lines tested are more sensitive to
NF-7 in dose-dependent manner than to PD173074 and BGJ398. The 

ellular activity of GNF-7 on J82 cells harboring FGFR3 K652E is over 
0-fold higher than three references (BLU9931, PD173074, and BGJ398). 
otably, anti-proliferative activities of GNF-7 on three HCC cell lines 

HEP3B, HUH7, and HEPG2) harboring activated FGFR4 are 3 to 50 times 
igher than three references. It is worthwhile to note that GNF-7 is over



Neoplasia Vol. 24, No. xxx 2022 Anti-cancer effects of 3,4-dihydropyrimido[4,5- d ]pyrimidin-2(1 H )-one derivatives on hepatocellular carcinoma 
harboring FGFR4 activation Y. Nam et al. 37 

Table 2 

Anti-proliferative activities of GNF-7 against FGFR driven cancer cell lines 

Cell 

lines 

FGFR 

Family Status 

Tissue 

origin 

GI 50 (μM) a 

GNF-7 BLU9931 PD173074 BGJ398 

AN3-CA FGFR2 N549K/K310R endometrium 0.017 ± 0.00 9.200 ± 0.45 0.973 ± 2.55 0.057 ± 0.01 

KMS-11 FGFR3 Y373C myeloma 0.015 ± 0.00 0.541 ± 0.01 0.064 ± 0.02 0.143 ± 0.10 

J82 FGFR3 K652E urinary bladder 0.050 ± 0.01 5.871 ± 0.58 0.975 ± 0.45 2.843 ± 1.57 

HEP3B FGFR4 overexpression HCC 0.373 ± 0.15 4.221 ± 1.03 2.503 ± 0.49 1.369 ± 0.14 

HUH7 FGFR4 overexpression HCC 0.060 ± 0.01 0.715 ± 0.10 0.598 ± 0.24 0.157 ± 0.12 

HEPG2 FGFR4 overexpression HCC 0.366 ± 0.07 > 10 > 10 5.367 ± 1.10 

MDA-MB-453 FGFR4 overexpression breast cancer 0.443 ± 0.07 2.148 ± 0.38 > 10 2.643 ± 0.28 

a All cancer cells were treated with inhibitors for 72 h in a dose dependent manner. Average GI 50 values with S.D. (n = 3, duplicate) 

are shown. 
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12-fold more potent on three HCC cells overexpressed with FGFR4 than
BLU9931, a potent and selective FGFR4 inhibitor. 

Structure-Activity Relationships 

We performed SAR studies with respect to growth-inhibitory capability.
In order to determine the growth-inhibitory activities of GNF-7 and its
derivatives against FGFR4 and their mutants, we utilized three Ba/F3 cell
lines transformed with the TEL-FGFR4, TEL-FGFR4 N535K (molecular
brake mutant) and TEL-FGFR4 V550E (gatekeeper mutant). In order to
carry out the SAR studies, we first focused on the exploration of the R 1

substituent as depicted in Table 3 . The R 1 substituent, phenyl group of 1
Table 3 

Anti-proliferative activities of GNF-7 and its deriv

TEL-FGFR4 V550E Ba/F3 cell lines 
auses 18-fold decreased activity against TEL-FGFR4 V550E compared to 
hat of GNF-7 while activities of 1 on both TEL-FGFR4 and TEL-FGFR4
535K are comparable to those of GNF-7. Installation of the ethylpiperazine

roup ( 2, 3 ) adopted in the pan-FGFR inhibitor BGJ398 41 brings about
lightly increased activities on both TEL-FGFR4 and TEL-FGFR4 N535K 

ompared with 1 and GNF-7. Among ten R 1 substituents investigated, the R 1 

ubstituent bearing acetylpiperazine group of 4 results in the highest activities
n TEL-FGFR4 (GI 50 = 0.015 μM), TEL-FGFR4 N535K (GI 50 = 0.036
M), and TEL-FGFR4 V550E (GI 50 = 0.247 μM). Introduction of the
arbonylated ethylpiperazine group ( 5 ) gives rise to 3 to 8-fold less activities
GI 50 s = 0.135 to 1.563 μM) relative to 2 and 3 , respectively. The pyrazole
erivatives ( 6 and 7 ) result in comparable activities to those of GNF-7.
atives on TEL-FGFR4, TEL-FGFR4 N535K and 

( continued on next page ) 
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Table 3 ( continued ) 

a Radiometric biochemical kinase assay results. 
b All cells were treated with inhibitors for 72 h in a dose-dependent manner. Average GI 50 values with 

S.D. (n = 3, duplicate). 
c Not Determined. 
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Aliphatic groups ( 8 and 9 ) and hydrogen ( 10 ) cause substantially decreased
activities compared to GNF-7. Collectively, it was found that the R 1 group
of 4 in the optimization of R 1 substituent causes the highest anti-proliferative
activities on the three Ba/F3 cells. 

As shown in Table 4 , we next investigated the effect of R 2 groups on the
anti-proliferative activity. Among R 2 groups explored, only ethyl group ( 11 )
is comparable to the methyl group (GNF-7) in terms of anti-proliferative
activities against TEL-FGFR4 (GI 50 = 0.020 μM), TEL-FGFR4 N535K
(GI 50 = 0.066 μM), and TEL-FGFR4 V550E (GI 50 = 0.328 μM) Ba/F3
cell lines. Much bigger R 2 groups such as cyclopropyl ( 12 ), cyclohexyl ( 13 ),
benzyl ( 14 ), and phenyl ( 15 ) compared with the methyl group (GNF-7)
results in 3 to 50-fold decreased anti-proliferative activities (GI 50 s = 0.084
to 12.39 μM). In particular, cyclohexyl group ( 13 ) causes almost no activity
on TEL-FGFR4 V550E (GI 50 = 12.39 μM) Ba/F3 cells. It was found that
methyl group is the optimal R 2 substituent in terms of cellular potency. 

Next, we focused on the optimization studies for R 3 group as described in
Table 4 . In order to assess effect of CF 3 group in GNF-7, the activities of 16
lacking the CF 3 group were evaluated. Derivative 16 exhibited 55 to 133-fold
diminished anti-proliferative activities compared to GNF-7, which indicates
hat the CF 3 group is essential for anti-proliferative activities on Ba/F3 cells 
ransformed with wtFGFR4 and mtFGFR4. Additional functional groups 
ere introduced at the meta and para position in the phenyl group bearing

he CF 3 group in GNF-7. The both substituents (4-piperidinol in 17 and 4-
ethylimidazole in 18 ) at meta -position result in largely comparable activities 

elative to GNF-7 and anti-proliferative activity of 18 on TEL-FGFR4 
550E cells is 2-fold higher than that of GNF-7. 

The effects of additional substituents at para position of the tail phenyl 
ing in GNF-7 tail were also investigated. The results show that both 
ethylpiperazine ( 19 ) and methylpiperazinylmethylene ( 20 ) substituents 

ause decreased anti-proliferative activities on Ba/F3 cells transformed with 
tFGFR4 and FGFR4 N535K compared with those of GNF-7. However, 

he 3-(dimethylamino)pyrrolidinnylmethylene substituent ( 21 ) results in 
lightly enhanced anti-proliferative activities against TEL-FGFR4, TEL- 
GFR4 N353K and TEL-FGFR4 V550E Ba/F3 cells (GI 50 = 0.028 μM, 
.062 μM, and 0.233 μM, respectively) relative to those of GNF-7. On the
asis of this results, the tail group of 21 was selected for further optimization.

Derivatives containing a combination of the optimal R 1 ( 4 and 6 ) and R 3 

 21 ) substituent were evaluated on Ba/F3 cells (TEL-FGFR4, TEL-FGFR4 
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Table 4 

Anti-proliferative activities of GNF-7 derivatives on TEL-FGFR4, TEL-FGFR4 N535K and TEL-FGFR4 

V550E Ba/F3 cell lines 

( continued on next page ) 
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Table 4 ( continued ) 

a Radiometric biochemical kinase assay results. 
b All cells were treated with inhibitors for 72 h in a dose-dependent manner. Average GI 50 values with S.D. 

(n = 3, duplicate). 
c Not Determined. 
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N535K and TEL-FGFR4 V550E) ( Table 5 ). Compared with GNF-7, 22
has comparable anti-proliferative activities on Ba/F3 cells transformed with
TEL-FGFR4 (GI 50 = 0.019 μM) and TEL-FGFR4 N535K (GI 50 = 0.096
μM) while the activity of 22 on TEL-FGFR4 V550E Ba/F3 cells is higher
than that of GNF-7. To our delight, SIJ1263 exhibits significantly enhanced
anti-proliferative activities (TEL-FGFR4 GI 50 = 0.006 μM, TEL-FGFR4
N535K GI 50 = 0.012 μM and TEL-FGFR4 V550E GI 50 = 0.024 μM)
compared to GNF-7. In particular, the anti-proliferative activity of SIJ1263
on TEL-FGFR4 V550E Ba/F3 cell was increased by 21-fold compared with
that of GNF-7. From our investigation on SAR study, we have identified
promising GNF-7 derivatives possessing excellent anti-proliferative activities
on Ba/F3 cells transformed with FGFR4 and its mutant. Furthermore, 8
derivatives with excellent cellular activities (GI 50 < 50 nM) on TEL-FGFR4
Ba/F3 cells were selected to assess their enzymatic activities against FGFR4
in biochemical kinase assay. As a result, 2 has comparable enzymatic activity
(IC 50 = 5.82 nM) to that of GNF-7 (IC 50 = 4.17 nM). In addition,
enzymatic activities of other 7 derivatives ( 3, 4, 6, 7, 11, 22 and SIJ1263
are higher (IC 50 < 1 nM) than that of GNF-7. It is worth noting that the
enzymatic activities of these 7 derivatives are comparable to that of BLU9931,
highly potent FGFR4 inhibitor. In conclusion, the combined SAR results
reveal that SIJ1263 possesses the highest anti-proliferative activity against
TEL-FGFR4, TEL-FGFR4 N535K and TEL-FGFR4 V550E Ba/F3 cells as
well as highest enzymatic activity against wtFGFR4 Ba/F3 cells among the
23 GNF-7 derivatives. 
c

olecular docking studies of GNF-7 and SIJ1263 on wtFGFR4 and 
GFR4 V550E 

Molecular docking studies were carried out to predict the binding modes 
f GNF-7 and SIJ1263 on wtFGFR4 and FGFR4 V550E. The analysis 
f docking studies reveals that GNF-7 and SIJ1263 make a hinge contact 
hrough hydrogen bond with Ala553 of wtFGFR4 and FGFR4 V550E 

nd also forms additional H-bond with Glu520, which is a key feature in
he binding mode manifested by type II kinase inhibitors ( Figure 1 ). Also,
utation of FGFR4 Val550 to Glu550 has little influence on the binding of
NF-7 and SIJ1263 ( Figure 1 . B, D). In particular, SIJ1263 forms additional
ydrogen bond with backbone carbonyl group of Ile609, which contributes 
o activity against wtFGFR4 and FGFR4 V550E ( Figure 1 . B, D). Based
n the docking studies, we concluded that both GNF-7 and SIJ1263 would 
e active on wtFGFR4 and FGFR4 V550E, which is consistent with results 
btained from the biochemical kinase assays and cellular activity against TEL- 
GFR4 and TEL-FGFR4 V550E Ba/F3 cells. 

inome-wide inhibition profiling of SIJ1263 

Among 23 derivatives, SIJ1263 has most potent enzymatic activity and 
ighest cellular activity on TEL-FGFR4 and TEL-FGFR4 V550E Ba/F3 
ells. We performed kinome-wide inhibition profiling of SIJ1263 at 0.1 μM 

oncentration against 317 kinases. Among the 317 kinases, 37 kinases are 



Neoplasia Vol. 24, No. xxx 2022 Anti-cancer effects of 3,4-dihydropyrimido[4,5- d ]pyrimidin-2(1 H )-one derivatives on hepatocellular carcinoma 
harboring FGFR4 activation Y. Nam et al. 41 

Figure 1. Predicted docking models of GNF-7 and SIJ1263 on wtFGFR4 and FGFR4 V550E (PDB: 4QRC) and kinome-wide inhibition profiling of 
SIJ1263. Binding model of GNF-7 on (A) wtFGFR4 and (B) FGFR4 V550E. Binding model of SIJ1263 on (C) wtFGFR4 and (D) FGFR4 V550E. The 
dash lines indicate hydrogen bond interactions. (E) Kinome-wide inhibition profiling of SIJ1263 at 0.1 μM. Kinases showing > 90% inhibition were indicated 
by red circles. Illustration is reproduced courtesy of Cell Signaling Technology, Inc. ( www.cellsignal.com ). (F) List of 37 kinases inhibited > 90% by SIJ1263 
out of 317 kinases. 

http://www.cellsignal.com
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Table 5 

Anti-proliferative activities of GNF-7 derivatives on TEL-FGFR4, TEL-FGFR4 N535K and TEL-FGFR4 

V550E Ba/F3 cell lines 

a Radiometric biochemical kinase assay results. 
b All cells were treated with inhibitors for 72 h in a dose-dependent manner. Average GI 50 values with S.D. 

(n = 3, duplicate). 
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inhibited more than 90% (S-Score (10) = 0.111) by SIJ1263, which include
several tyrosine kinases (SRC, BTK, FER, LYNB, YES, RET, EPHB3, LYN,
EPHB1, EPHB2, CSK, ABL2, ABL1, FGR, EPHA2, JAK2, PDGFRa, FES,
ERBB4, LCK, ERBB2, FYN, EPHA1, c-Kit, FLT3, PDGFRb, TYK2) and
other kinases (LIMK1, RSK1, MLK1, NEK4, p38a, NEK11) as well as
FGFR1-4 ( Figure 1 . E, F). The kinome-wide selectivity profiling reveals that
SIJ1263 is capable of inhibiting several kinases besides FGFR1-4, indicating
that off-target effects are associated with the anti-proliferation activities of
SIJ1263. 

Anti-proliferative activities of GNF-7 and SIJ1263 on HCC cells 
expressing high level of FGFR4 

Increased FGFR4 mRNA and protein expression has been reported in
various cancers including HCC 

18 , 44 . Based on the results obtained from our
SAR study using Ba/F3 cells transformed with wtFGFR4 and mtFGFR4, we
decided to examine the effects of GNF-7 analogues on HCC cells. To this
end, we first measured FGFR4 protein and mRNA levels in six HCC cells by
RT-PCR and western blot analysis and found that FGFR4 is overexpressed in
HUH7, HEP3B and HEPG2 cells among the six HCC cells ( Figure 2 . A-D).
lso, we investigated whether the levels of FGFR4 in HCC cells are correlated
ith the anti-proliferative activities of GNF-7 on the HCC cells and observed 

hat the three HCC cells (HUH7, HEP3B, and HEPG2) expressing high 
evel of FGFR4 are more sensitive to cell death induced by GNF-7 than other

CC cells (SNU449, SK-HEP1, and SNU398) with lower level of FGFR4 
 Figure 2 . E). 

Next, the anti-proliferative activities of GNF-7 analogues on human HCC 

ell lines, HUH7, HEP3B and HEPG2 were assessed ( Table 6 ). The four
NF-7 derivatives, 2, 3, 4 , and 6 have excellent potencies on HUH7 cells

GI 50 s range from 0.020 to 0.025 μM) and high activities on HEP3B and
EPG2 cells (GI 50 s range from 0.115 to 0.252 μM and 0.342 to 0.440

M). In particular, SIJ1263 possesses excellent anti-proliferative activities 
n HUH7, HEP3B and HEPG2 cells (GI 50 = 0.006 μM, 0.008 μM and
.076 μM respectively). These results show that SIJ1263 is superior to GNF- 
 in terms of anti-proliferative activities on HCC cells, which indicates that 
e successfully identified promising GNF-7 analogue that has very strong 

nti-proliferative activities against FGFR4 overexpressed HCC cells. It is 
orth noting that SIJ1263 is capable of strongly suppressing proliferation 
f HCC cells as well as TEL-FGFR4, TEL-FGFR4 mutant Ba/F3 
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Figure 2. FGFR4 expression levels in 6 HCC cell lines. (A, C) FGFR4 mRNA expression levels and (B, D) protein expression levels. (E) Percent inhibition 
of GNF-7 (0.5 μM) on six HCC cells. The correlations between the expression level of FGFR4 and anti-proliferative activity of GNF-7 on HCC cells. The 
values are represented as the percentage of viable cells compared with DMSO-treated control. 

Table 6 

Anti-proliferative activities of GNF-7 and its derivatives on HUH7, 

HEP3B and HEPG2 cells 

Entry 

HCC cells GI 50 (μM) a 

HUH7 HEP3B HEPG2 

GNF-7 37 , 39 , 40 0.060 ± 0.01 0.373 ± 0.15 0.366 ± 0.07 

sorafenib 9.589 ± 2.06 5.419 ± 1.12 8.564 ± 1.45 

BLU9931 0.715 ± 0.10 4.221 ± 1.03 20.33 ± 6.73 

PD173074 0.598 ± 0.24 2.503 ± 0.49 13.36 ± 3.60 

BGJ398 0.157 ± 0.12 1.369 ± 0.14 5.367 ± 1.10 

1 39 0.066 ± 0.02 0.847 ± 0.18 1.887 ± 0.93 

2 39 0.025 ± 0.02 0.115 ± 0.02 0.342 ± 0.20 

3 39 0.021 ± 0.01 0.139 ± 0.02 0.440 ± 0.12 

4 39 0.021 ± 0.01 0.159 ± 0.11 0.369 ± 0.16 

5 39 0.073 ± 0.06 0.886 ± 0.34 0.748 ± 0.33 

6 39 0.020 ± 0.00 0.252 ± 0.16 0.397 ± 0.22 

7 39 0.056 ± 0.03 0.586 ± 0.17 0.597 ± 0.43 

8 39 1.471 ± 0.75 5.732 ± 4.00 3.778 ± 0.58 

9 39 0.607 ± 0.22 2.737 ± 0.54 3.574 ± 1.85 

10 39 0.531 ± 0.19 2.703 ± 1.12 2.692 ± 0.66 

11 39 0.057 ± 0.01 0.652 ± 0.07 1.313 ± 1.02 

12 39 0.158 ± 0.08 1.066 ± 0.46 0.878 ± 0.26 

13 39 0.093 ± 0.02 1.537 ± 0.92 1.579 ± 0.52 

14 39 0.118 ± 0.02 0.633 ± 0.14 1.272 ± 0.56 

15 39 0.162 ± 0.03 1.508 ± 0.74 15.91 ± 4.07 

16 39 1.390 ± 0.90 8.661 ± 3.51 6.688 ± 7.65 

17 39 0.037 ± 0.01 0.201 ± 0.07 0.743 ± 0.49 

18 39 0.037 ± 0.02 0.153 ± 0.02 0.879 ± 0.42 

19 39 0.070 ± 0.05 0.138 ± 0.02 0.876 ± 0.88 

20 39 0.173 ± 0.20 0.350 ± 0.21 1.324 ± 0.25 

21 39 0.034 ± 0.02 0.120 ± 0.03 0.458 ± 0.42 

22 39 0.021 ± 0.02 0.094 ± 0.02 0.405 ± 0.15 

SIJ1263 ( 23 ) 39 0.006 ± 0.00 0.008 ± 0.00 0.076 ± 0.04 

a All cells were treated with inhibitors for 72 h in a dose dependent 

manner. Average GI 50 values with S.D. (n = 3, duplicate) are shown. 
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ffects of GNF-7 and SIJ1263 on FGFR signaling in HUH7 and 
EP3B cells 

In order to examine the effects of GNF-7 and SIJ1263 on activation
f FGFR and its downstream molecules in a cellular context, we carried
ut western blot analysis using HUH7 and HEP3B cells. As shown in
igure 3 , both GNF-7 and SIJ1263 are capable of inhibiting significantly
hosphorylation of FGFR and its downstream signaling molecules (PLC γ ,
RS2 α, AKT, and ERK1/2) in HUH7 and HEP3B cells in a dose-dependent
anner, which indicates that both GNF-7 and SIJ1263 substantially 

uppress the activation of signaling molecules closely related with HCC cell
urvival 18 , 33 . Moreover, both GNF-7 and SIJ1263 block FGFR signaling 
ore significantly than PD173074, which is in agreement with their anti-

roliferative activities ( Figure 3 . A-D). On the other hand, these compounds
nhibit less strongly phosphorylation of FGFR and its downstream molecules
n SK-HEP1 cells expressing low level of FGFR4 than in HUH7 and

EP3B cells expressing high level of FGFR4 ( Figure 3 . E, F). It is of note
hat SIJ1263 inhibits more strongly phosphorylation of FGFR downstream 

ignaling molecules in HUH7 and HEP3B cell lines compared with GNF-7.
ollectively, both GNF-7 and SIJ1263 are capable of blocking very strongly
GFR signaling, which is in accordance with their potent anti-proliferative
ctivities on HUH7 and HEP3B cells. 

NF-7 and SIJ1263 induce apoptosis and cell cycle arrest in HCC cells 

We next investigated whether apoptosis and cell cycle arrest are involved
n anti-proliferative effects of GNF-7 and SIJ1263 on HCC cells. It was
bserved that both GNF-7 and SIJ1263 induce G0/G1 phase cell cycle arrest
ith decrease in the S phase on HUH7 and HEP3B cells ( Figure 4 . A, B). In

ddition, analysis of the FACS data reveals that both GNF-7 and SIJ1263 are
apable of inducing apoptosis of HUH7 and HEP3B cells ( Figure 4 . D, F).
n the other hand, both GNF-7 and SIJ1263 have little effects on induction

f G0/G1 phase cell cycle arrest and apoptosis in SK-HEP1 cells ( Figure 4 .
, H, I). It is worth noting that SIJ1263 (0.1 or 0.5 μM) induces apoptosis
f the two HCC cells more strongly than GNF-7 (1 or 5 μM) ( Figure 4 . D,
). In addition, both GNF-7 and SIJ1263 result in upregulation of cleaved
ARP and cleaved caspase-3 in HEP3B and HUH7 cells ( Figure 4 . E, G),
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Figure 3. The effects of GNF-7 and SIJ1263 on FGFR signaling. Autophosphorylation of FGFR and its downstream signaling molecules is inhibited by 
GNF-7 and SIJ1263 in (A, B) HUH7 (C, D) HEP3B (E, F) SK-HEP1 cells. Bar graph shows the average and SD. ∗∗∗ p < 0.0001, ∗∗ p < 0.001, ∗ p < 0.01). 
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Figure 4. Cell cycle distribution and apoptosis induction. GNF-7 and SIJ1263 induced apoptosis and cell cycle arrest. Cell cycle distribution in (A) HUH7 
cell line (B) HEP3B (C) SK-HEP1 cells after treatment of GNF-7 or SIJ1263 for 18 h. Treatment of GNF-7 and SIJ1263 induced apoptosis for 24 h in 
(D) HUH7, (F) HEP3B and (H) SK-HEP1 cells. Treatment of GNF-7 and SIJ1263 increased cleaved PARP and cleaved caspase-3 levels in (E) HUH7 (G) 
HEP3B cells, but not in (I) SK-HEP1 cells. Bar graph shows the average and SD. ∗∗∗ p < 0.0001, ∗∗ p < 0.001, ∗ p < 0.01. 



46 Anti-cancer effects of 3,4-dihydropyrimido[4,5- d ]pyrimidin-2(1 H )-one derivatives on hepatocellular carcinoma harboring FGFR4 activationY. Nam 

et al. Neoplasia Vol. 24, No. xxx 2022 

Figure 5. Suppression of cellular migration and invasion by GNF-7 and SIJ1263. Inhibitory effect of GNF-7 and SIJ1263 on the migration of (A) HUH7 
and (B) HEP3B (C) SK-HEP1 cell lines. After a monolayer of cells was grown 100% confluence and scratched to create wound, the cells were treated with 
GNF-7 and SIJ1263. The migration of the cells was observed for 36 h or 24 h. Representative image of cells from three independent experiments in the 
original magnification was 4 × . Migration ratio was calculated using migration area using Image J. Invasion capabilities of (D) HUH7 and (E) HEP3B (F) 
SK-HEP1 cells were measured by GNF-7 and SIJ1263 using cell invasion assay (QCM 

TM Collagen Cell Invasion Assay) (G) Inhibition of migration/invasion 
by GNF-7 and SIJ1263 mediated pGSK3 β inhibition. Bar graph shows the average and SD. ∗∗∗ p < 0.0001, ∗∗ p < 0.001, ∗ p < 0.01. 
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Figure 6. Anchorage-independent growth inhibition of GNF-7 and SIJ1263 in HUH7, HEP3B and SK-HEP1 cell lines. (A) HUH7, (C) HEP3B and (E) 
SK-HEP1 cells seeded in 0.35% agar were incubated for 3 weeks at indicated concentration of GNF-7 and SIJ1263. And colonies were observed (B, D, F) 
average number of colonies per well was counted using Image J software. Bar graph shows the average (n = 3) and SD. ∗∗ p < 0.001, ∗ p < 0.01. 
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indicating that both GNF-7 and SIJ1263 effectively induce cell cycle arrest
and apoptosis in FGFR4 overexpressed HCC cells. 

GNF-7 and SIJ1263 suppress migration and invasion of HCC cells 

It has been reported that the FGF19-FGFR4-GSK3 β axis plays a pivotal
role in epithelial-mesenchymal transition (EMT) 45 , 46 . Thus, the effect
of GNF-7 and SIJ1263 on the migration capability of HCC cells was
investigated by using scratch wound healing assay. The wound was almost
completely healed after 36 h with DMSO-treatment and PD173074 (0.1
μM) moderately reduced the wound healing, whereas the wound healing
area was substantially reduced with the treatment of low concentrations of
GNF-7 (0.01 or 0.05 μM) and SIJ1263 (0.002 or 0.005 μM) in HUH7 and
HEP3B cells ( Figure 5 . A, B), indicating that both substances at even low
concentrations are capable of suppressing remarkably migration of HUH7
and HEP3B cells. In addition, both GNF-7 and SIJ1263 at even low
concentrations remarkably attenuate invasion of HUH7 and HEP3B cells
( Figure 5 . D, E), while PD173074 has little effect on invasion capability of
the HCC cells. Both GNF-7 and SIJ1263 at 0.5 or 5 μM concentration
suppress less significantly migration and invasion of SK-HEP1 cells than
those of HUH7 and HEP3B cells ( Figure 5 . C, F). It was observed that GNF-
7 inhibits GSK3 β phosphorylation in HUH7 and HEP3B cells ( Figure 5 .
G), which suggests that both GNF-7 and SIJ1263 are capable of suppressing
migration and invasion of HCC cells by suppressing phosphorylation of
GSK3 β. It is worthwhile to note that SIJ1263 is superior to GNF-7 in terms
of capability to suppress migration and invasion of HCC cells. 

Suppression of anchorage-independent growth by GNF-7 and SIJ1263 

In order to investigate whether GNF-7 and SIJ1263 inhibit tumorigenesis
formation in FGFR4 overexpressed HCC cells, we performed a soft agar
ssay using HUH7 ( Figure 6 . A, B), HEP3B ( Figure 6 . C, D) and SK-HEP1
 Figure 6 . E, F) cells. It was observed that incubation with either GNF-
 (0.01 or 0.05 μM) or SIJ1263 (0.002 or 0.005 μM) for 3 weeks causes
UH7 and HEP3B cells to form in substantially lower colony numbers.
oth GNF-7 and SIJ1263 suppress anchorage independent growth of HCC
ells more significantly than PD173074. In particular, both GNF-7 (0.1 or
.5 μM) and SIJ1263 (0.01 or 0.05 μM) are capable of suppressing almost
ompletely colony-formation of HUH7 and HEP3B cells expressing high 
evel of FGFR4, while GNF-7 and SIJ1263 at 5 μM concentration block
olony formation of SK-HEP1 cells by 11% and 40%, respectively. It is worth
oting that SIJ1263 is superior to GNF-7 in terms of capability to inhibit
nchorage independent growth of HCC cells. 

onclusion 

HCC is disease with a high mortality rate with limited therapeutic options
nd a poor prognosis. Sorafenib has been approved as the standard treatment
ption for patients diagnosed with advanced HCC for a decade, but its use
s limited due to development of drug resistance 10 , 18 , 32 . Recent studies
ave reported FGFR4 as an attractive molecular target for overcoming drug
esistance for HCC and a few FGFR4 inhibitors are undergoing clinical
rials 16 , 33 . As part of our endeavor to expand applicability of GNF-7, we
valuated inhibitory activities of GNF-7 against FGFRs in vitro . These results
howed that GNF-7, a type II multi-targeted kinase inhibitor, is capable
f strongly inhibiting not only FGFR1-3, but also FGFR4. Based on the
ndings, we performed SAR study by assessing anti-proliferative activities 
f 23 derivatives of GNF-7 on HCC cells harboring FGFR4 activation as
ell as on Ba/F3 cells transformed with TEL-FGFR4, TEL-FGFR4 N535K,
EL-FGFR4 V550E. Among 23 derivatives, especially, it is noteworthy that
IJ1263 has extremely potent enzymatic activity (IC 50 < 1 nM) against
GFR4 and possesses excellent anti-proliferative activities on TEL-FGFR4 
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(GI 50 of 0.006 μM), TEL-FGFR4 N535K (GI 50 of 0.012 μM), TEL-
FGFR4 V550E (GI 50 of 0.024 μM) Ba/F3 cells, HUH7 (GI 50 of 0.006
μM), HEP3B (GI 50 of 0.008 μM), and HEPG2 (GI 50 of 0.076 μM) cells.
Analysis of molecular docking studies reveals that SIJ1263, compared with
GNF-7, forms additional hydrogen bond with backbone carbonyl group of
Ile609 contributing to its enhanced activities against wtFGFR4 and FGFR4
V550E. Both GNF-7 and SIJ1263 possess much higher (up to 100-fold)
anti-proliferative activities compared with known FGFR4 inhibitors and
are capable of blocking strongly FGFR signaling and remarkably inducing
G0/G1 arrest and apoptosis in HCC cells. Moreover, both substances
remarkably suppress migration, invasion, and anchorage-independent growth
of HCC cells. It is worth noting that SIJ1263 is superior to GNF-7 with
regards to the fact that activities of SIJ1263 are higher than those of GNF-
7 in all assays performed in this study. Also, it is worthwhile to recall that
SIJ1263 is 80-fold more potent (GI 50 = 24 nM) on TEL-FGFR4 V550E
Ba/F3 cells than BLU9931, a highly selective and potent FGFR4 inhibitor,
which suggests that SIJ1263 would be effective for overriding drug resistance
caused by gatekeeper mutation of FGFR4. 

We believe that the results would provide insights into designing highly
potent FGFR4 inhibitors capable of potentially overcoming drug-resistance
for the treatment of HCC patients. 
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