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   ABSTRACT     Aberrant signaling through the fi broblast growth factor 19 (FGF19)/fi broblast 

growth factor receptor 4 (FGFR 4) signaling complex has been shown to cause hepa-

tocellular carcinoma (HCC) in mice and has been implicated to play a similar role in humans. We have 

developed BLU9931, a potent and irreversible small-molecule inhibitor of FGFR4, as a targeted ther-

apy to treat patients with HCC whose tumors have an activated FGFR4 signaling pathway. BLU9931 

is exquisitely selective for FGFR4 versus other FGFR family members and all other kinases. BLU9931 

shows remarkable antitumor activity in mice bearing an HCC tumor xenograft that overexpresses 

 FGF19  due to amplifi cation as well as a liver tumor xenograft that overexpresses  FGF19  mRNA but 

lacks  FGF19  amplifi cation. Approximately one third of patients with HCC whose tumors express  FGF19  

together with  FGFR4  and its coreceptor klotho β ( KLB ) could potentially respond to treatment with an 

FGFR4 inhibitor. These fi ndings are the fi rst demonstration of a therapeutic strategy that targets a 

subset of patients with HCC. 

  SIGNIFICANCE:  This article documents the discovery of BLU9931, a novel irreversible kinase inhibi-

tor that specifi cally targets FGFR4 while sparing all other FGFR paralogs and demonstrates exquisite 

kinome selectivity. BLU9931 is effi cacious in tumors with an intact FGFR4 signaling pathway that 

includes FGF19, FGFR4, and KLB. BLU9931 is the fi rst FGFR4-selective molecule for the treatment of 

patients with HCC with aberrant FGFR4 signaling.  Cancer Discov; 5(4); 424–37. ©2015 AACR.                   

See related commentary by Packer and Pollock, p. 355.
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 INTRODUCTION 
 Hepatocellular carcinoma (HCC) is a complex and heteroge-

neous tumor type with multiple genetic and epigenetic altera-

tions ( 1 ). Sorafenib, standard of care for patients with advanced 

HCC in many countries, slows the growth of advanced liver 

cancers and increases patient survival by an average of 3 

months ( 2, 3 ). With the minimal survival benefi t provided by 

sorafenib and no second-line or third-line treatment options 

available, there is a pressing need for more effective HCC 

therapies. Recent genomic analyses of HCC ( 4–8 ) have pro-

vided insights into the recurrent genomic aberrations of this 

cancer type. Unfortunately, they have yielded few opportunities 

for novel therapeutic strategies, and for the most part newly 

identifi ed driver genes or pathways have remained technically 

intractable for drug discovery. However, a focal amplifi cation 

on chromosome 11q13.3 has been described in a subset of 

HCCs ( 4–8 ). Only three genes ( 9 ) reside within the peak region 

of amplifi cation,  FGF19 ,  CCND1 , and  ORAOV1 . 

 Fibroblast growth factor 19 (FGF19) is a tightly controlled 

hormone that regulates bile acid synthesis and hepatocyte 

proliferation in the normal liver via activation of its receptor, 

fi broblast growth factor receptor 4 (FGFR4; ref.  10 ). Bile acid 

induces FGF19 expression in the intestine, and the increased 

circulating levels of the hormone result in hepatic repression 

of cholesterol 7α-hydroxylase (CYP7A1), which mediates the 

key regulatory step in hepatic bile acid synthesis. In addition, 

FGF19 has been shown to induce expression of proliferative 

markers, such as EGR1, c-FOS, and AFP ( 11 ). In the subset of 

HCCs harboring  FGF19  amplifi cation, the resulting overex-

pression of  FGF19  in the hepatocyte itself leads to the activa-

tion of this pathway and to a switch from intestine-driven 

endocrine to autocrine hepatocellular signaling control. It has 

been demonstrated that overexpression of  FGF19  in transgenic 

mice produces liver tumors that are sensitive to treatment with 

FGFR4 or FGF19 antagonist antibodies ( 12, 13 ). In addition, 

the genetic knockout of  Fgfr4  prevented transgenic mice with 

exogenous expression of  Fgf19  from developing tumors. These 

studies provide a strong rationale for targeting FGFR4 to treat 

a genetically defi ned subgroup of patients with HCC with an 

activated FGFR4 signaling pathway ( 6 ,  10 ,  12, 13 ). 

 To date, potent and selective FGFR4 inhibitors are not 

available to patients. A number of FGFR inhibitors are cur-

rently in clinical trials to treat cancers with FGFR1, 2, or 3 

aberrations. However, most of these agents are either pan-

FGFR inhibitors with promiscuous kinome activity (see Sup-

plementary Fig. S1), such as LY-2874455 ( 14 ) and ponatinib 

( 15 ), or selective FGFR1–3 inhibitors with moderate to weak 

potency against FGFR4, such as BGJ398 ( 16 ) and AZD4547 

( 17 ). The lack of kinome selectivity invariably results in toxic-

ity related to off-target activity, whereas inhibition of FGFR1 

and 3 causes soft-tissue mineralization and hyperphos-

phatemia. These on-target, dose-limiting toxicities have been 

well described in both animals and patients ( 18 ) and would 

preferably be avoided to achieve potent FGFR4 inhibition. 

 Efforts to discover selective, ATP-competitive, reversible 

inhibitors against FGFR4 have been challenging, given the 
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high sequence similarity among the four FGFR paralogs 

and typical potency bias toward paralogs 1 to 3. However, a 

cysteine located near the ATP-binding site in FGFR4 is unique 

among FGFR family members, and rare among other kinases. 

We therefore postulated that targeting this cysteine could 

provide an effective strategy for the discovery of selective 

FGFR4 inhibitors that spare FGFR1, 2, and 3 as well as other 

kinases. Covalent inhibitors directed against a cysteine have 

been developed for a number of kinases, and two such drugs, 

ibrutinib (targeting BTK) and afatinib (targeting EGFR), were 

recently approved for various cancer indications ( 19, 20 ). 

 This study describes the identifi cation of BLU9931, a highly 

selective, covalent, small-molecule inhibitor of FGFR4 that 

spares the other FGFR paralogs and demonstrates exquisite 

kinome selectivity. BLU9931 exhibits robust and dose-dependent 

inhibition of FGFR4 activity  in vitro  and signifi cant antitumor 

activity—including complete responses—in HCC xenograft 

models with an intact FGFR4 signaling pathway.   

 RESULTS  
 BLU9931 Is a Potent, Paralog-Selective, and 
Irreversible Inhibitor of FGFR4 

 FGFR4 contains two cysteines proximal to its ATP-binding 

pocket ( 19 ). One, Cys478, located at the tip of the P-loop, 

is conserved among all FGFR paralogs, and has been suc-

cessfully targeted by a covalent FGFR pan-inhibitor ( 21 ). A 

second cysteine, Cys552, in the hinge region of FGFR4, is 

unique among the four paralogs ( Fig. 1A ) and thereby pro-

vides a selectivity handle to specifi cally target FGFR4. Nota-

bly, only six other kinases possess a cysteine at the equivalent 

position, all with overall low sequence similarity to FGFR4 

(Supplementary Fig. S2). Thus, we hypothesized that a small-

molecule inhibitor of FGFR4 that covalently binds to Cys552 

would exhibit selectivity for FGFR4 versus other FGFR family 

members and all other kinases.  

 We utilized structure-based design principles to develop a 

potent and selective FGFR4 inhibitor starting from known 

FGFR inhibitor templates. Specifi cally, we focused on 

6,6-hetero bicyclic templates as exemplifi ed by PD173074, 

an inhibitor in the pyrido[2,3- d ]pyrimidine heterocyclic core 

class with nanomolar cellular potency against FGFR1–3 

( 22, 23 ). The high potency and good kinome selectivity of 

PD173074 stems from the dimethoxyphenyl substituent 

that occupies a hydrophobic pocket located near the gate-

keeper valine in all FGFR family members ( 23 ). More recent 

FGFR inhibitors, such as BGJ398 and AZD4547, derive 

similar potency and selectivity via the dimethoxyphenyl 

and related pharmacophores ( 16, 17 ). Through design and 

synthesis of a series of analogs using an anilinoquinazoline 

hinge-binding core substituted with the dichlorodimeth-

oxyphenyl pharmacophore, we found that an acrylamide at 

the  ortho -position of the aniline was capable of forming a 

covalent bond with Cys552 in FGFR4. However, this cova-

lent interaction was not suffi cient to provide the desired 

level of selectivity for FGFR4. We hypothesized that a rota-

tion of the phenyl ring would provide the optimal geometry 

for Cys552 to conjugate with the acrylamide and introduce 

a steric clash with the corresponding tyrosine hinge residues 

in FGFR1–3, thereby increasing subfamily selectivity. Ulti-

mately, we found that addition of a 3-methyl substitution 

on the aniline ring gave the optimal combination of FGFR4 

potency and selectivity over FGFR1–3 and resulted in the 

identifi cation of BLU9931 ( Fig. 1B ). 

 A crystal structure of the BLU9931 and FGFR4 

inhibitor:kinase complex was determined. As anticipated, 

BLU9931 binds within the ATP-binding pocket of FGFR4, 

forming a covalent bond with Cys552 ( Fig. 1C ). The  anilino-

quinazoline core of BLU9931 makes a bidentate hydrogen-

bonding interaction with the hinge residue (Ala553) of 

FGFR4, whereas the dichlorodimethoxyphenyl group 

occupies the hydrophobic pocket, providing FGFR-fam-

ily selectivity. Distinctly, the aniline phenyl ring adopts a 

dihedral rotation of approximately 60°, stabilized in part 

by the methyl substituent at the C3 position. As hypothesized, 

this rotation directs the ortho-substituted acrylamide toward 

the Cys552 sulfur, and in a direction that should clash with 

the tyrosine side chains of FGFR1–3 at the same position 

in the kinase hinge. To achieve covalency, the reactive acry-

lamide moiety adopts a trans-amide conformation, which 

positions the terminal carbon proximal to the Cys552 sulfur. 

 Figure 1.      BLU9931  is a selective FGFR4 inhibitor. A, the unique  
cysteine in the FGFR4 hinge region (Cys552, hinge-1 residue) provides an 
opportunity for selective inhibition through covalent modifi cation. The 
corresponding residue in  FGFR1, 2, and 3 is a tyrosine. GK, gatekeeper 
residue. B, chemical structure of BLU9931, N-(2-((6-(2,6-dichloro-3,5-
dimethoxyphenyl)quinazolin-2-yl)amino)-3-methylphenyl)acrylamide. 
C, crystal structure of BLU9931 in complex with FGFR4. Protein carbon 
atoms are colored green and inhibitor carbons orange. The Cys552 sulfur 
is colored yellow and drawn as a covalent adduct with BLU9931. Hydro-
gen bonds from the aminoquinazoline portion of BLU9931 to the FGFR4 
kinase hinge region are depicted with dotted lines.   
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Bond angles and bond distances about the covalent adduct 

are near optimum values, and the quinazoline core super-

imposes well with the pyridopyrimidine core of PD173074, 

suggesting that the covalent engagement requires minimal 

distortion of the optimally bound inhibitor. 

 Mass spectrometry was performed to confi rm that 

BLU9931 covalently modifi ed the FGFR4 kinase. Incuba-

tion of BLU9931 with recombinant FGFR4 resulted in a 

mass shift consistent with the formation of a covalent com-

plex between BLU9931 and FGFR4 protein. This mass shift 

was not observed when a reduced analogue of BLU9931 

was used (Supplementary Fig. S3). To confi rm targeting 

of Cys552 by BLU9931, covalent complexed  samples were 

digested with chymotrypsin and subjected to electrospray 

ionization–tandem mass spectrometry (ESI–MS/MS). This 

digestion resulted in >95% proteolytic coverage producing 22 

peptides containing Cys552, and 14 of these peptides showed 

a mass consistent with BLU9931 adduct formation (data not 

shown), confi rming that the nucleophile of interest, Cys552, 

was successfully targeted. 

 When assessing a covalent inhibitor such as BLU9931, 

potency is expressed by using the ratio ( k  inact / K  I ) of the 

inactivation rate constant ( k  inact ) with respect to the binding 

constant ( K  I ) as the amount of active FGFR4 enzyme changes 

over time. BLU9931 is a potent inhibitor  of FGFR4 [ k  inact / K  I  = 

(0.6) × 10 5  (mol/L) −1 s −1 ] (Supplementary Table S1). We fur-

ther determined that BLU9931 does not elicit general reactiv-

ity toward thiols, such as glutathione, by demonstrating  a 

negligible IC 50  shift of BLU9931 inhibition in FGFR4 enzyme 

activity assays performed in the presence of 1 mmol/L glu-

tathione (data not shown). 

 Consistent with structural predictions, the covalent bond 

formation with Cys552 in FGFR4 afforded BLU9931 exqui-

site potency and paralog selectivity. BLU9931 showed potent 

inhibition of FGFR4 enzyme activity (IC 50  = 3 nmol/L), 

but weak inhibition of FGFR1 (IC 50  = 591 nmol/L), FGFR2 

(IC 50  = 493 nmol/L), and FGFR3 (IC 50  = 150 nmol/L) activity. 

The ability of BLU9931 to form a covalent bond with FGFR4 

affords signifi cant potency, as a noncovalent analogue with a 

reduced acrylamide moiety exhibits much less potent inhibi-

tion of FGFR4 enzyme activity (IC 50  = 938 nmol/L). 

 Kinome-wide selectivity was demonstrated by profi ling 

BLU9931 at a 3 μmol/L concentration across a panel of 

456 kinases and disease-relevant kinase mutants using the 

KINOME scan  methodology ( 24 ). This analysis revealed that 

BLU9931 displayed signifi cant binding to only two of the 

398 wild-type kinases, FGFR4 (99.7% inhibition relative to 

DMSO control;  K  d  = 6 nmol/L) and CSF1R (90.1% inhibi-

tion relative to DMSO control;  K  d  = 2716 nmol/L). The 

kinome-wide selectivity profi le can be described using a 

selectivity score [S(10)] that refl ects the number of kinases 

bound by BLU9931 with a percentage of DMSO control 

<10 over the total number of wild-type kinases ( 24 ). The 

S(10) at 3 μmol/L for BLU9931 is 0.005. Of note, BLU9931 

showed only weak activity against other kinases possess-

ing a cysteine at the same position as Cys552 (9% and 0% 

inhibition at 3 μmol/L relative to DMSO control against 

MAPKAPK2 and TTK, respectively, for kinases available in 

the KINOME scan  panel). Activity was also measured against 

p70S6Kb (IC 50  > 10 μmol/L).   

 BLU9931 Potently and Selectively Inhibits 
FGFR4 Signaling and Inhibits Proliferation in 
HCC Cell Lines with an Activated FGFR4 
Signaling Pathway 

 Next, we sought to demonstrate that BLU9931 potently 

and selectively inhibited FGFR4 signaling in cells using 

FGFR-driven cancer cell lines. MDA-MB-453 cells predomi-

nantly express a mutated form of  FGFR4 ,  FGFR4  Y367C , which 

leads to ligand-independent activation of kinase activity and 

activation of signaling downstream of FGFR4 ( 25 ). We com-

pared BLU9931 activity in this cell line with two pan-FGFR 

inhibitors, BGJ398 and LY-2874455. BGJ398 is a potent and 

selective inhibitor of FGFR1–3 kinases that is approximately 

10-fold less potent versus FGFR4 kinase (Supplementary Fig. 

S1). LY-2874455 potently inhibits all FGFRs and possesses 

poor selectivity across the kinome (Supplementary Fig. S1). 

In MDA-MB-453 cells, BLU9931 and LY-2874455 demon-

strated potent, dose-dependent reduction of phosphoryla-

tion of FGFR4 signaling pathway components, including 

fi broblast growth factor receptor substrate 2 (FRS2), MAPK, 

and AKT. BGJ398 also showed dose-dependent inhibition of 

the FGFR4 signaling cascade in MDA-MB-453 cells, albeit 

with lowered potency ( Fig. 2A ). 

  To determine the selectivity of BLU9931 in cells, we evalu-

ated the effect of the compound on signaling in DMS114 cells. 

In these cells, the pathway downstream of FGFR1 is activated 

through overexpression of  FGFR1  as a consequence of gene 

amplifi cation ( 26 ). In DMS114 cells, BLU9931 showed mini-

mal reduction of phosphorylation in any of the tested pathway 

components downstream of FGFR1. In contrast, LY-2874455 

and BGJ398 demonstrated very potent dose-dependent inhibi-

tion of phosphorylated FGFR (pFGFR), pFRS2, pMAPK, and 

pAKT ( Fig. 2B ). 

 We also sought to test the potency of BLU9931 in an HCC 

model that represents the patient population for which a 

selective FGFR4 inhibitor could be benefi cial. For this pur-

pose, we chose the Hep 3B cell line, in which  FGF19  is ampli-

fi ed. BLU9931 and the two pan-FGFR inhibitors showed 

dose-dependent inhibition of the signaling cascade down-

stream of FGFR4. Similar to what was observed in the MDA-

MB-453 cells, BLU9931 and LY-2874455 exhibited potent 

inhibition of phosphorylation of the FGFR4 pathway com-

ponents, whereas BGJ398 showed less potent inhibition ( Fig. 

2C ). It is notable that in Hep 3B cells, little to no inhibition of 

pAKT was observed with any of the tested compounds. This 

result is notable as treatment with BLU9931 led to induction 

of caspase-3/7 activity, indicative of induction of apoptosis, 

at concentrations of BLU9931 that resulted in inhibition of 

signaling downstream of FGFR4 (Supplementary Fig. S4). 

 It has previously been demonstrated that HCC cell lines that 

overexpress  FGF19  due to genomic amplifi cation are sensitive 

to an FGFR4 inhibitor only when a fully functional receptor/

ligand complex consisting of FGF19, FGFR4, and the corecep-

tor KLB is present ( 27 ). To assess the antiproliferative activity 

of BLU9931 in HCC cell lines, we interrogated a selected panel 

of 11 HCC cell lines with varying levels of expression of  FGF19 , 

 FGFR4 , and  KLB  ( 28 ) ( Table 1 ). Consistent with the previous 

fi nding, HCC cell lines that express a fully functional receptor 

complex as well as ligand were sensitive to BLU9931, with EC 50  
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 Figure 2.      BLU9931 selectively inhibits FGFR4-driven signaling in cells. 
Treatment with BLU9931, BGJ398, or LY-2874455 inhibits signaling 
through FGFR4 in MDA-MB-453 cells (A) and Hep 3B cells (C), whereas 
treatment with BGJ398 and LY-2874455, but not BLU9931, inhibits 
signaling through FGFR1 in DMS114 cells (B). Cells were treated with the 
indicated compounds for 1 hour, and levels of phosphorylated FGFR, FRS2, 
MAPK, and AKT were detected by Western blot analysis. Actin and levels 
of total FGFR1 or FGFR4, MAPK, and AKT are included as loading controls. 
To stimulate signaling through FGFR1 in DMS114 cells and through FGFR4 
in Hep 3B cells, 100 ng/mL FGF2 or 100 ng/mL FGF19 was added for 10 
minutes before cell lysis.   

Table 1. BLU9931 inhibits proliferation of HCC cell lines that express an intact FGFR4 signaling complex

 FGF19   FGFR4   KLB 

EC 50  

BLU9931 

(μmol/L)

EC 50  BGJ398 

(μmol/L)

Cell line

mRNA 

expression 

(FPKM)

DNA copy 

number

mRNA 

expression 

(FPKM)

DNA copy 

number

mRNA 

expression 

(FPKM)

DNA copy 

number Proliferation Proliferation

Hep 3B  13.291  4.727  121.607 1.464  12.170 2.945  0.07  0.11 

HUH-7  20.898  4.167  133.175 2.277  32.138 1.662  0.11  0.16 

JHH-7  44.191  9.453  88.595 1.959  12.897 2.580  0.02  0.03 

PLC/PRF/5 0.027 2.368  64.001 1.824  13.263 2.209 >10 8.17

SK-HEP-1 0.023 2.118  12.047 2.159 0.037 1.371 >10 >10

SNU-182 0.020 2.030  1.993 2.854 0.014 1.958 6.41 6.00

SNU-387 0.024  8.828 0.057 2.212 0.055 1.466 6.92 >10

SNU-398 0.030 2.267  14.046 2.250 0.147 2.357 1.95 0.02

SNU-423 0.000 2.251 0.443 2.382 0.034 2.077 >10 8.31

SNU-449 0.014 1.727  45.177 1.718 0.369 1.734 >10 5.10

SNU-878  12.189  13.563  36.324 2.107  2.438 1.576 5.15 1.22

  NOTE: Highlighted in bold: expression FPKM > 1, copy number ≥ 4, sensitivity to BLU9931 ≤ 1 μmol/L. 

 Shaded rows: cell lines exhibiting EC 50  ≤ 1 μmol/L in the BLU9931 proliferation assay. 

 Data represent average of  N  = 2. 

 Abbreviation: FPKM, fragments per kilobase of exon per million mapped reads.  
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values of <1 μmol/L ( Table 1 ). Notably, the three most sensi-

tive cell lines—Hep 3B, HuH7, and JHH7—all harbor a copy-

number gain of  FGF19 . All other tested HCC lines, with the 

exception of SNU-878, lack expression of one of the required 

genes ( Table 1 ) and were not sensitive to BLU9931. Interest-

ingly, BGJ398 showed a similar pattern of sensitivity across 

the panel of HCC cell lines, with the exception of the SNU-398 

cells that were sensitive to BGJ398 but not to BLU9931. Nota-

bly, the three cell lines that were sensitive to growth inhibition 

by BLU9931 were also sensitive to BGJ398 ( Table 1 ; ref.  27 ).    

 BLU9931 Inhibits Signaling in Hep 3B Cells and 
Demonstrates Prolonged Duration of Action 

 Consistent with effects on proliferation, we also saw mod-

ulation of proximal and distal biomarkers of the FGFR4 

signaling pathway in the  FGF19 -amplifi ed HCC cell line 

Hep 3B. As demonstrated previously, covalent inhibitors 

can produce a persistent and sustained inhibition of their 

targets following a brief exposure to the inhibitor; resynthe-

sis of the target protein in the absence of inhibitor results 

in a return of target-driven activity ( 29, 30 ). In Hep 3B cells, 

brief exposure to BLU9931 led to decreased levels of pFRS2 

and pMAPK, and this level of inhibition was maintained for 

at least 8 hours after removal of the compound ( Fig. 3A ), 

which is in agreement with the FGFR4 half-life in these cells 

(Supplementary Fig. S5). In contrast, BGJ398 inhibited sig-

naling downstream of FGFR4 for 1 to 2 hours in the same 

assay (data not shown). 

  BLU9931 exhibited the same prolonged effect on more 

distal biomarkers of FGF19/FGFR4 signaling in liver cells, 

namely CYP7A1 and early growth response 1 (EGR1). In a 

physiological setting, a decrease in signaling through FGFR4 

leads to an increase of  CYP7A1  mRNA expression due to 

reversal of a negative feedback loop. Consistent with this 

model, we observed an induction of  CYP7A1  expression for at 

least 8 hours following the removal of BLU9931 ( Fig. 3B ). In 

addition, the expression of the proliferative marker EGR1 was 

inhibited for a comparable time period ( Fig. 3C ).   

 BLU9931 Demonstrates Antitumor Activity in 
HCC Xenograft Models 

 Having observed that BLU9931 inhibited proliferation 

of Hep 3B cells  in vitro , we next evaluated the ability of 

BLU9931 to inhibit growth of HCC tumors  in vivo  using 

a Hep 3B xenograft model. The initial pharmacokinetic 

properties of BLU9931 were evaluated in mice following 

intravenous and oral delivery. BLU9931 displayed moder-

ate bioavailability (18%) and a half-life of 2.3 hours when 

administered orally at a dose of 10 mg/kg (Supplementary 

Table S2). We then sought to establish a pharmacokinetic–

pharmacodynamic (PK–PD) relationship between BLU9931 

and the biomarker CYP7A1  in vivo . Hep 3B tumor-bearing 

mice were dosed with 10, 30, or 100 mg/kg of BLU9931 

every 12 hours for a total of 4 doses. Tumor and plasma 

samples were collected 0, 8, 12, 20, and 24 hours after the 

last dose. Signifi cant induction of  CYP7A1  expression was 

 Figure 3.      BLU9931 demonstrates durable pathway 
inhibition.  A,  the duration of pathway inhibition in Hep 3B 
cells was evaluated by monitoring levels of pFRS2 and 
pMAPK following washout of BLU9931. Cells were treated 
for 1 hour with BLU9931 (100 nmol/L). Compound was 
removed and cells were washed in compound-free media. 
Samples were taken at indicated times after compound 
removal. Cell lysates were analyzed by Western blot 
analysis for pFRS2 and pMAPK levels. Signaling returns 
after new synthesis of FGFR4 has taken place, 8 to 24 
hours after compound removal ( n  = 3).  B  and C, Hep 3B cells 
were treated with BLU9931 for 1 hour, and compound was 
removed and replaced with compound-free media. RNA 
was collected at indicated times after compound removal. 
Levels of  CYP7A1  ( B ) and  EGR1  ( C ) were detected by qRT-
PCR. mRNA levels in the treated samples are normalized to 
levels in control-treated samples. Baseline levels of both 
biomarkers remain at inhibited levels for at least 8 hours 
after compound removal ( n  = 3).   
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observed at the 100-mg/kg dose.  CYP7A1  mRNA levels 

decreased signifi cantly between 12 and 20 hours following 

the last dose, coincident with a signifi cant decrease in the 

plasma concentration of BLU9931 ( Fig. 4A ). 

  Consistent with pharmacodynamic observations, oral 

dosing with BLU9931 for 21 days resulted in dose-depend-

ent growth inhibition of Hep 3B tumors ( Fig. 4B ). At 

the 100-mg/kg twice-daily dose, BLU9931 caused tumor 

regression. Furthermore, 2 of the 9 mice in the 100-mg/kg 

treatment group showed no signs of tumor 30 days after 

cessation of treatment (data not shown). The antitumor 

effi cacy of sorafenib, the only approved systemic treat-

ment for HCC, was also evaluated in this study. Sorafenib 

dosed once daily at 30 mg/kg had only a modest effect on 

tumor growth. Hep 3B tumors induced signifi cant loss of 

body weight, as evidenced by the weight loss observed in 

the vehicle-treated mice. The reason for the weight loss is 

unclear, but it was consistently observed in this model in 

our experiments . BLU9931 prevented this weight loss in a 

dose-dependent manner, demonstrating that the highest 

doses of BLU9931 were not only effi cacious but also well 

tolerated ( Fig. 4C ). In contrast, mice treated with sorafenib 

exhibited body weight loss similar to that seen in vehicle-

treated mice, a result that is consistent with the modest 

antitumor effi cacy of the agent at the tested dose. 

 To examine the dependency on FGFR4 signaling in sam-

ples overexpressing  FGF19  but without  FGF19  amplifi cation, 

we examined available cell lines from HCC patient-derived 

xenografts (PDX; ref.  31 ). According to our fi ndings that 

concurrent expression of  FGF19 ,  FGFR4 , and  KLB  is neces-

sary to convey sensitivity to BLU9931 in the HCC cell line 

panel ( Table 1 ), we fi rst confi rmed that the PDX-derived cell 

lines expressed  FGF19  and  FGFR4  at levels similar to those of 

the parental tumors ( Fig. 5A–C ). We also examined expres-

sion levels of  KLB  ( Fig. 5D ). This analysis identifi ed LIXC012 

and LIXC011 as the only two PDX cell lines robustly express-

ing all three genes, in a similar fashion to Hep 3B cells. 

LIXC011 expressed similar levels of  KLB  as compared with 

LIXC012 and low but detectable levels of  FGF19  and  FGFR4  

( Fig. 5B–D ). 

  In line with our expectations, treatment with BLU9931 

led to robust induction of  CYP7A1  expression only in the 

cell lines that express  FGF19 ,  FGFR4 , and  KLB  (LIXC011, 

LIXC012, and Hep 3B;  Fig. 5E ). Furthermore, induction of 

 CYP7A1  by BLU9931 correlated with sensitivity to the inhibi-

tor in proliferation assays ( Fig. 5F ). Treatment with BLU9931 

led to growth inhibition in LIXC011, LIXC012, and Hep 3B 

cells, at EC 50  of 1.2 μmol/L, 0.14 μmol/L, and 0.04 μmol/L, 

respectively. Notably, and consistent with our hypothesis, 

no PDX-derived cell line without detectable  FGF19  expres-

sion responded to treatment with BLU9931 as measured by 

 CYP7A1  induction or inhibition of proliferation. 

 We next asked whether an HCC model overexpressing 

 FGF19  independent of gene amplification would respond 

to BLU9931  in vivo . We performed a PK–PD study in 

LIXC012 tumor–bearing mice with BLU9931 at doses of 

30, 100, or 300 mg/kg ( Fig. 6A ), as described above for 

the Hep 3B xenograft model. In the 100- and 300-mg/kg 

BLU9931 groups,  CYP7A1  mRNA expression was induced, 

and, as observed with Hep 3B xenografts, it returned to 

baseline 12 to 20 hours following the last dose ( Fig. 6A ). 

Having observed potent inhibition of proliferation with 

BLU9931 in LIXC012 cells  in vitro , we examined whether 

treatment of LIXC012 xenografts would also lead to inhi-

bition of proliferation. Tumor samples were taken 8, 12, 

20, and 24 hours after the last dose and stained for the 

proliferative marker Ki-67. We observed a dose-dependent 

reduction of Ki-67–positive cells following treatment 

with BLU9931 ( Fig. 6B ). Together, these data from the 

 Figure 4.      Treatment with BLU9931 leads to tumor regression in the 
 FGF19 -amplifi ed Hep 3B liver cancer model. A, FGFR4 signaling was 
examined in Hep 3B tumors following twice-daily (bid) treatment with 
BLU9931 at indicated doses for a total of 4 doses. Hep 3B tumors were 
harvested at indicated times following the last dose.  CYP7A1  mRNA 
levels were determined using qRT-PCR (3 mice/group) and are expressed 
relative to levels in tumors from vehicle-treated mice. The concentra-
tion of BLU9931 in plasma is expressed for each time point in ng/mL. 
B,  In vivo  antitumor effi cacy of BLU9931 in Hep 3B tumors. BLU9931 
was administered orally (po), twice daily at the indicated doses (9 mice/
group). Sorafenib was administered orally once daily (qd) at 30 mg/kg (9 
mice/group). Data are plotted as mean ± SEM. C, body weight was moni-
tored during treatment with BLU9931 and sorafenib. Data are expressed 
as a percentage of body weight at the initiation of treatment and are 
plotted as mean ± SEM.   
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 Figure 5.      BLU9931 is active  in vitro  in the 
 FGF19 -overexpressing PDX-derived cell lines. 
 A,  28 PDX tumors were analyzed for  FGF19  copy 
number and expression. Three of the PDXs (11%) 
had focal  FGF19  amplifi cations with copy number 
≥3 and expressed detectable levels of  FGF19 . 
An additional 6 PDXs (21%) had levels of  FGF19  
expression comparable to the  FGF19 -amplifi ed 
samples but nearly diploid  FGF19  copy numbers. 
 B–D,  PDX-derived cell lines were analyzed for 
expression of  FGF19  ( B ),  FGFR4  ( C ), and  KLB  ( D ), 
respectively, by qRT-PCR. E,  CYP7A1  expression 
is induced after 8 hours of BLU9931 (100 nmol/L) 
treatment in cell lines with an intact FGFR4 
signaling pathway.  CYP7A1  mRNA levels were 
determined by qRT-PCR and are expressed as 
mean ( n  = 2) ± SEM.  F,  BLU9931 inhibits prolifera-
tion in PDX-derived cell lines with an intact FGFR4 
signaling pathway. Proliferation was determined 
after 72 to 120 hours of compound treatment and 
measured using CellTiter-Glo ( n  = 3). Data, mean ± 
SEM. RPKM, reads per kilobase of exon per million 
mapped reads.    
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pharmacodynamic analyses suggested that treatment of 

mice bearing LIXC012 tumors with BLU9931 should have 

an antitumor effect. 

  We therefore treated LIXC012 tumor–bearing mice with 

BLU9931 and observed a robust tumor growth inhibition in 

a dose-dependent fashion ( Fig. 6C ). Signifi cant tumor growth 

inhibition was observed at the 100-mg/kg and 300-mg/kg 

twice-daily doses of BLU9931, with stable disease observed 

in mice treated with BLU9931 at 300 mg/kg. Similar to what 

was observed in the Hep 3B model, LIXC012 tumors caused 

signifi cant body-weight loss in the mice. Treatment with 

BLU9931 at effi cacious doses reversed this body-weight loss 

( Fig. 6D ). It is notable that daily treatment with sorafi nib 

at 40 mg/kg also resulted in tumor growth inhibition in 

this model, possibly refl ecting the high vascularity of these 

tumors. However, this antitumor effi cacy was accompanied 

 Figure 6.      Treatment with BLU9931 leads to tumor regression in the  FGF19 -overexpressing PDX-derived xenograft LIXC012. A, FGFR4 signaling was 
examined in LIXC012 tumors following twice-daily treatment with BLU9931 at indicated doses for a total of 4 doses. LIXC012 tumors were harvested 
at indicated times following the last dose.  CYP7A1  mRNA levels were determined using qRT-PCR and are expressed relative to levels in tumors from 
vehicle-treated mice (3 mice/group). The concentration of BLU9931 in plasma is expressed for each time point in ng/mL. Of note, the high level of 
 CYP7A1  message in the 30-mg/kg BLU9931 group harvested 24 hours following the last dose is not consistent with BLU9931 plasma levels or with 
Ki-67 positivity and is likely an aberrant data point. B, BLU9931 inhibits expression of the proliferative marker Ki-67. Representative photomicrographs 
(40× magnifi cation) of LIXC012 tumors collected at indicated times following the last dose. Bar graph, mean ± SD percent cells positive for Ki-67 for 
three independent tumors from each treatment group. C,  in vivo  antitumor effi cacy of BLU9931 in LIXC012 tumors. BLU9931 was administered orally (po), 
twice daily (bid), at the indicated doses (9 mice/group). Sorafenib was administered orally once daily (qd) at 40 mg/kg. Data, mean ± SEM. D, body weight 
was monitored during treatment with BLU9931 and sorafenib. Data are expressed as a percentage of body weight at the initiation of treatment and are 
plotted as mean ± SEM.   
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by severe body weight loss comparable to that observed in the 

vehicle-treated mice.    

 DISCUSSION 
 HCC is a devastating disease with limited treatment 

options. Here, we present data suggesting that a potent and 

selective FGFR4 inhibitor, such as BLU9931, might be an 

effective therapy for the subset of patients with HCC whose 

tumors are driven by aberrant FGFR4 signaling in response to 

autocrine FGF19 stimulation. 

 To achieve the goal of developing a highly selective FGFR4 

inhibitor, we designed a compound that forms a covalent 

bond with Cys552 of FGFR4. This covalent strategy resulted 

in BLU9931, which exhibits ≥50-fold greater inhibition of 

FGFR4 as compared with FGFR1–3. A potential advantage 

of this exquisite FGFR paralog selectivity is the ability to 

circumvent concerns about toxicities due to inhibition of 

FGFR1 and FGFR3. It has been well documented that pan-

FGFR inhibitors suffer dose-limiting toxicities in the clinic 

due to potent inhibition of FGFR1 and FGFR3 resulting in 

hyperphosphatemia ( 18 ). In addition to being paralog-spar-

ing, BLU9931 also has excellent kinome selectivity, exhibiting 

>90% inhibition of binding to only one other kinase, CSF1R, 

when tested at a concentration of 3 μmol/L against a panel 

of 398 kinases. In view of the kinome selectivity of BLU9931, 

it is not surprising that the compound is well tolerated at 

doses that result in tumor stasis and tumor regression in  in 

vivo  tumor xenograft models. Similar tolerability at effi ca-

cious doses might also be achieved in patients with HCC, a 

hypothesis that will be tested in clinical trials with a potent 

and selective FGFR4 inhibitor. 

 Consideration has to be given to potential on-target toxic-

ity due to the role the FGF19–FGFR4 axis plays in regulat-

ing  de novo  bile acid synthesis. It has been demonstrated 

( 32 ) that administration of an antibody against FGF19 to 

cynomologus monkeys leads to dose-related liver toxicities 

accompanied by severe diarrhea and low food consumption. 

A potential cause for the symptoms could be the observed rise 

in  CYP7A1  expression and concomitant increase in bile acid 

and cholic acid derivatives in the monkey feces. There was, 

however, no liver injury detected in any of the dose cohorts. It 

is not clear whether administration of a small-molecule inhib-

itor targeting FGFR4 would lead to similar chronic exposures 

and clinical symptoms as were observed with administration 

of an antibody against FGF19. Owing to the considerably 

shorter plasma half-life of a small molecule as compared 

with an antibody, the dosing regimen of a compound such 

as BLU9931 might be optimized to achieve a level of inhibi-

tion of FGFR4 activity that results in antitumor effi cacy with 

minimal on-target toxicity. 

 Our data have several implications for identifying the 

optimal responder population in the clinic. First, liver can-

cer cells of patients who might benefi t from treatment with 

BLU9931 must constitutively express the ligand FGF19. Such 

overexpression in liver cancer cells can be the consequence of 

a focal amplifi cation of the  FGF19  gene itself (e.g., in Hep 3B 

cells). However, it can also be achieved by other mechanisms, 

as exemplifi ed by LIXC012, a BLU9931-sensitive cell line with 

diploid  FGF19  copy number but high levels of  FGF19  mRNA. 

The underlying genetic or biologic mechanism responsible 

for  FGF19  overexpression in the absence of  FGF19  gene ampli-

fi cation has not yet been elucidated. 

 Second, expression of  FGF19  alone is insuffi cient to result 

in antiproliferative activity of liver cancer cells when treated 

with an FGFR4 selective inhibitor. Evaluation of the anti-

proliferative activity of BLU9931 in a panel of established 

and PDX-derived HCC cell lines demonstrates that sensitive 

liver tumors express all key components of an intact FGFR4 

signaling pathway, including not only FGF19 but also its 

receptor FGFR4 and the coreceptor KLB. Indeed, three of 

four established HCC cell lines expressing high levels of 

 FGF19 ,  FGFR4 , and  KLB  mRNA showed growth inhibition 

by BLU9931 with EC 50  values less than 1 μmol/L. The fourth 

cell line, SNU878, showed robust expression of  FGF19  and 

 FGFR4  and low-level expression of  KLB  and exhibited an 

EC 50  of 5.2 μmol/L in the proliferation assay. It remains 

unclear whether a minimal level of expression of any of 

the signaling complex components is required for response 

to FGFR4 inhibition. In this regard, it is notable that the 

PDX-derived cell line LIXC012, which expresses high levels 

of  FGF19 ,  FGFR4 , and  KLB  mRNA, showed an EC 50  of 0.14 

μmol/L in the proliferation assay, whereas LIXC011 , which 

expresses high levels of  KLB  and low but detectable levels of 

 FGF19  and  FGFR4  mRNA, was almost 10-fold less sensitive, 

exhibiting an EC 50  of 1.2 μmol/L. 

 Third, high-level, focal amplifi cation of 11q13 is not 

necessarily indicative of  FGF19  being a driver oncogene to 

which the tumor cell is addicted, as has been previously 

suggested ( 6 ). For example, one of the tested HCC cell 

lines, SNU387, exhibits  FGF19  copy-number gains >8 but 

is not sensitive to treatment with BLU9931 in the prolifera-

tion assay (EC 50  > 6.9 μmol/L). We speculate that in these 

rare cases,  FGF19  is simply a passenger gene that has been 

coamplifi ed in the context of  CCND1  amplifi cation for 

which such tumors might have been genetically selected. 

This hypothesis is further substantiated by the fact that 

 FGF19  expression levels remain low in this HCC cell line. It 

is notable that expression of  FGFR4  and  KLB  is also low in 

the SNU387 cell line ( Table 1 ). 

 Finally, BLU9931 demonstrates a robust antiprolifera-

tive effect in 83% of cell lines (3 of 4 established HCC lines 

and 2 of 2 PDX-derived lines) with an intact FGFR4 signal-

ing pathway measured by detectable expression of  FGF19 , 

 FGFR4 , and  KLB . A meta-analysis of publicly available HCC 

genomic data ( 4–7 ) and The Cancer Genome Atlas (TCGA) 

provisional HCC data (Supplementary Fig. S6) suggests that 

 FGF19  genomic  amplifi cations are present in about 6% to 

12% of HCC samples. Data from the TCGA analysis and our 

limited HCC cell line panel suggest that most, but not all, 

of these tumors will express  FGF19  together with  FGFR4  and 

 KLB . In addition, approximately one fourth of HCC tumors 

(21% in PDX and 34% in TCGA) overexpress  FGF19  in the 

absence of focal gene amplifi cation, for reasons that remain 

to be elucidated, and most of them also express  FGFR4  

and  KLB  ( Fig. 5A ; Supplementary Fig. S6). As seen in our 
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analysis of the antiproliferative effects of BLU9931 in HCC 

cell lines, most, but not all, liver tumors with a fully func-

tional FGFR4 signaling pathway are sensitive to FGFR4 

inhibition (5 of 6). Thus, a potent and selective FGFR4 

inhibitor with suitable pharmaceutical properties, such as 

BLU9931, might represent an effective treatment for up 

to one third of patients with HCC. Additional preclinical 

studies, particularly in models in which FGF19 expression 

is achieved in the absence of amplifi cation, are required to 

confi rm this estimate. Most importantly, the detection of 

FGF19 expression in liver cancer cells constitutes a valuable 

and practical method for the identifi cation of patients with 

HCC who will likely respond to therapy. 

 In summary, BLU9931 represents a fi rst-in-class, paralog-

selective, irreversible FGFR4 inhibitor that demonstrates 

remarkable antitumor activity in FGF19-expressing HCC 

xenograft models with an intact FGFR4 signaling pathway 

at doses that are well tolerated. Thus, BLU9931 might be an 

effective therapy for the subset of patients with HCC whose 

tumors are driven by autocrine signaling through FGFR4. 

Based on the data presented here, we believe that a potent 

and selective FGFR4 inhibitor, such as BLU9931, is worthy 

of clinical investigation with the hope to help as many as one 

third of patients with HCC.   

 METHODS  
  BLU9931  

 Synthesis of BLU9931 is recently described as “compound 25” on 

pages 43 to 44 of the patent application WO2014011900. Detailed 

structure-activity relationship studies leading to the discovery of 

BLU9931 will be described in a future publication.   

  FGFR4 Crystallization and Structure Determination  
 A construct comprising residues 450 to 751 of human FGFR4 

absent a small fl exible loop (residues 570–578) and bearing a C-ter-

minal histidine tag was expressed in Sf21 insect cells and purifi ed 

following a previously published protocol for FGFR2 ( 33 ). Crystals 

with BLU9931 were obtained by hanging drop methods against a res-

ervoir containing 0.10 mol/L Bis–Tris, pH 4.5, 0.20 mol/L Li-sulfate 

and 16% (w/v) PEG 3350 at 4°C. Well-diffracting crystals grew to full 

size over 4 days. 

 A complete diffraction dataset to 1.7 Å was collected at the 

European Synchrotron Radiation Facility (ESRF; Grenoble, France), 

beamline ID14.4 with crystals frozen to 100 K. Crystals belonged to 

space group P2 1  with unit cell dimensions  a  = 39.1,  b  = 58.1,  c  = 58.7, 

α = γ = 90°, and β = 94.4°. Molecular replacement was accomplished 

using 2FGI (FGFR2) as a search model. Iterative rounds of manual 

rebuilding (COOT; ref.  34 ) and refi nement (REFMAC5; ref.  35 ) were 

performed, yielding difference (F observed  − F calculated ) electron density 

maps with clear, positive density for the inhibitor, terminating at 

Cys552. The inhibitor was built into the model covalently bound to 

Cys552 and further refi nement was performed, resulting in a fi nal 

model  with crystallographic  R  value of 0.194 ( R  free  = 0.242).   

  FGFR1–4 Biochemical Assays  
 FGFR kinase inhibition assays were performed at  K  M  for ATP. 

Picomolar to low nanomolar concentrations of FGFR proteins 

(Carna Bioscience) were incubated in 1× Kinase Reaction Buffer 

(KRB) with 1 μmol/L of CSKtide and 50 to 250 of μmol/L ATP 

(Sigma-Aldrich) at 25°C for 90 minutes in the presence or absence 

of a dosed concentration series of inhibitor. All reactions were 

terminated by the addition of Stop buffer, and plates were read 

on a Caliper EZReader2. IC 50  values were fi t with a four-parameter 

log[Inhibitor] versus response model with fl oating Hill Slope.   

  Kinetics of Inhibition Assays for  K I , k inact ,  and  
k inact /K I   Estimation  

 On-mechanism inhibition constants were collected using the 

Omnia assay technology (Life Technologies), where 22 dose inhibi-

tor titrations were added to a 384-well Nonbinding surface (NBS™) 

assay plate  (Corning) containing a substrate mixture of 10 μmol/L 

Y10-sox peptide (Life Technologies) and 1 mmol/L ATP prepared in 

1× KRB. Reactions were initiated with the addition of recombinant 

FGFR4 protein (Crelux) and fluorescence intensity readings were 

collected (λ ex  360 nm/λ em  485 nm) every 74 seconds at room tem-

perature. At the conclusion of each assay, raw fl uorescence intensity 

data representing steady-state kinase activity progress curves were 

fi t for  k  obs  using the model for a fi rst-order exponential.  k  obs  versus 

inhibitor dose curves were then fi t for  K  I  and  k  inact  using a model for 

irreversible inhibition with autoinactivation. GraphPad Prism was 

used for all curve fi tting.   

  Intact Protein Mass-Shift Assay  
 FGFR4 protein (Crelux) was diluted in 1× PBS, pH 7.5 (Life 

Technologies) to contain 35 pmoles per sample and incubated for 

1 hour with 350 pmoles of inhibitor. Intact protein  mass shift was 

assessed by mass spectrometry performed on a Shimadzu Biotech 

Axima TOF 2  (Shimadzu Instruments) matrix-assisted-laser desorp-

tion/ionization time-of-fl ight (MALDI-TOF) instrument. Proteins 

were analyzed in positive ion linear mode, and the instrument was set 

to a mass range of 50,000  m / z , with apomyoglobin as the standard. 

Each sample was diluted with trifl uoroacetic acid  before C4 Zip Tip 

desalting and deposition directly onto the MALDI target plate using 

sinapinic acid as the desorption matrix.   

  Proteolytic Digests of MALDI Reactions for ESI–MS-MS  
 MALDI samples described above were dissolved and denatured in 

ProteaseMAX Surfactant (Promega), reduced with dithiothreitol  and 

alkylated with Iodoacetamide. digestions Eighteen-hour digestions 

(37°C) were initiated by the addition of chymotrypsin (Roche Diag-

nostics). Samples were injected onto a 5-μm particle trap column, 

and peptides were eluted and sprayed from a 3-μm particle emitter 

with a 60-minute linear formic acid:water/formic acid:acetonitrile 

gradient on a Waters Nano Acquity ultra performance liquid chro-

matography system. Data acquisition was performed on a Q Exactive 

mass spectrometer (Thermo Scientifi c). Raw data fi les were processed 

with Proteome Discoverer (version 1.3) before searching with Mascot 

Server (version 2.4), and search results were loaded into Scaffold 

Viewer (Proteome Software, Inc.).   

  Kinase Selectivity Profi ling  
 BLU9931 and BGJ398 were screened at a single concentration of 

3 μmol/L and LY-2874455 was screened at a single concentration 

of 1 μmol/L using the KINOME scan  Assay Platform (DiscoveRx; 

ref.  24 ).   

  Cell Culture  
 Hep 3B, PLC/PRF/5, SK-HEP-1, SNU-182, SNU-387, SNU-398, 

SNU-423, and SNU-449 cell lines were obtained from the ATCC; 

JHH-7 from the Japanese Collection of Research Bioresources Cell 

Bank; HUH-7 from the RIKEN Bioresource Center Cell Bank; and 

SNU-878 from the Korean Cell Line Bank, and were grown in the 

media recommended by the vendor. MDA-MB-453 and DMS114 
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cells (ATCC) were grown in RPMI-1640 Medium (Life Technologies) 

supplemented with 2 mmol/L  L -glutamine, nonessential amino acids, 

100 U of penicillin/mL, 100 μg of streptomycin/mL, and 10% FBS. 

The cell lines were authenticated either using a panel of 88 SNPs and 

assessing the genotypes by Fluidigm and comparing with the cell 

line genotypes in the Cancer Cell Line Encyclopedia ( 28 ) or by short 

tandem repeat (STR) analysis using up to 22 loci and comparing 

to available published STR profi les. Authentication of the cell lines 

was performed within the last year. LIC0903, LIXC002, LIXC003, 

LIXC004, LIXC006, LIXC011, and LIXC012 (Shanghai ChemPartner 

Co., LTD; ref.  31 ) were grown in RPMI-1640 medium containing 10% 

FBS, 10 μg/mL insulin (Life Technologies), 2 μmol/L hydrocortisone, 

and 2.5 mg/mL glucose.   

  Immunoblotting and Antibodies  
 After treatment of cells, cells were pelleted and lysed in cell 

extraction buffer (Life Technologies), containing 1× protease and 1× 

phosphatase inhibitor cocktail (Sigma). Total protein concentration 

was determined using a standard Bradford assay. Western blotting 

was performed on cell lysates normalized to 50 μg/total protein 

in loading buffer (Life Technologies). Normalized lysates were run 

on SDS–PAGE and transferred to a nitrocellulose membrane (Life 

Technologies). The membrane was incubated overnight at 4°C with 

primary antibodies (1:1,000). Antibodies used in these studies were 

from Cell Signaling Technologies [anti-FGFR4, anti-FGFR1, anti–

phospho-FGFR, anti–c-MYC, anti–phospho-FRS2-α (Tyr196), anti–

phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204), anti-p44/42 

MAPK (ERK1/2) (3A7), anti–phospho-AKT, and anti-AKT], and 

Sigma Aldrich (anti-actin). Membranes were washed, incubated with 

IRDye secondary antibodies (LI-COR), washed again, and imaged on 

an Odyssey Fc (LI-COR).   

  Detection of FGFR4 Pathway Components 
Using qRT-PCR  

 Hep 3B and PDX-derived cells were plated in 6-well poly- D -

lysine–coated plates at 500,000 cells per well and allowed to attach. 

Cells were treated with compound for 1 hour, media were removed, 

and cells were washed with PBS. In addition, cells were washed 

3 times with serum-free media containing 100 ng/mL FGF19 to 

remove all compounds but keep the FGF19 concentration high 

despite the washes. Samples were collected at times indicated, and 

cell pellets were frozen at −20°C. RNA extractions were performed 

according to the Qiagen RNeasy protocol. qRT-PCR was performed 

in a 384-well format using the ViiA7 Real-time PCR system from 

Life Technologies/Applied Biosystems. Each sample was run in 

duplicate using 100 ng of cDNA in 20 μL reaction volume. All 

Taqman reagents were purchased from Life Technologies (see Sup-

plementary Methods).   

  Proliferation Studies  
 Established and PDX-derived HCC cell lines were seeded in 96-well 

plates in respective growth media, allowed to attach overnight, and 

treated with a dilution series of test compounds for two cell-doubling 

times. Cell viability was determined by CellTiter-Glo (Promega), and 

results represented as background-subtracted relative light units 

normalized to a DMSO-treated control. Relative EC 50  values were 

determined at 50% inhibition between the top and bottom plateau of 

the dose–response curve.   

  Detection of Activated Caspase-3/7  
 Hep 3B cells were seeded overnight at 2.5 × 10 4  cells in white 

96-well plates in media containing 5% FBS, then treated for 24 hours 

at indicated compound concentrations, and processed according 

to the manufacturer’s instructions using the Caspase-3/7 Glo assay 

(Promega). Data are expressed relative to DMSO control-treated cells.   

  FGFR4 Turnover Studies  
 Cells were plated at 4 × 10 5  cells per well of a 6-well plate in media 

containing 10% serum and allowed to adhere overnight. Cells were 

treated with 10 μg/mL cycloheximide for indicated times. Samples 

were subjected to gel electrophoresis followed by immunoblotting as 

described above.   

 In Vivo  Studies  
 All procedures relating to animal handling, care, and treatment 

were performed according to the guidelines approved by the Institu-

tional Animal Care and Use Committee (IACUC) of the companies 

performing the study following the guidance of the Association for 

Assessment and Accreditation of Laboratory Animal Care (AAALAC). 

BLU9931 was formulated in 0.5% carboxymethylcellulose/1% Tween 

80 and dosed orally as a suspension twice daily. Sorafenib was dis-

solved in Cremaphor:EtOH (1:1) and diluted with saline or water to 

yield the stock solution. Sorafenib was dosed orally once daily. All 

compound doses are expressed as mg/kg free base. 

 The Hep 3B xenograft studies were performed at Wuxi AppTec 

Co., Ltd. Female Balb/c nude mice were inoculated subcutaneously 

in the right fl ank with Hep 3B tumor cells (10 × 10 6 ) in PBS mixed 

with BD Matrigel (50:50). Treatment was started when the aver-

age tumor size had reached approximately 400 to 600 mm 3  for the 

PK–PD study and approximately 200 mm 3  for the effi cacy study. The 

LIXC012 xenograft studies were performed at Shanghai ChemPartner 

Co., LTD. Female nu/nu mice were inoculated subcutaneously in the 

right fl ank with LIXC012 cells (2 × 10 6 ) in RPMI-1640 medium sup-

plemented with Matrigel (50:50). Treatment was initiated when the 

average tumor volume was 300 to 400 mm 3  for the PK–PD study and 

100 to 200 mm 3  for the effi cacy study. 

 For effi cacy studies, 9 mice were included in each treatment group. 

Body weight was measured daily. Tumor volume was measured 

twice weekly in two dimensions using a caliper, and the volume was 

expressed in mm 3  using the following formula:  V  = 0.5  a  ×  b  2 , where 

 a  and  b  are the long and short diameters of the tumor, respectively. 

Data are presented as mean ± SEM. 

 For PK–PD studies, 3 mice were included in each treatment group. 

Mice received four doses of compound or vehicle. Blood and tumors 

were collected 8, 12, 20, and 24 hours following the last dose. The 

concentration of BLU9931 in plasma was determined by LC/MS-MS. 

A section of each tumor was immediately frozen in liquid nitrogen 

and stored at −80°C. 

 At the termination of the LIXC012 PK–PD study, tumor sec-

tions were fixed in 4% formalin and embedded in paraffin. Ki-67 

protein expression was detected using rabbit monoclonal anti-

body D2H10 (Cell Signaling Technology) at 1:200 dilution and 

visualized using the anti-rabbit EnVision+ HRP System (Dako). 

The percentage of cells positive for Ki-67 was determined by 

manual counting.    
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