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Fibroblast growth factor receptor inhibitors (FGFRi) were introduced into clinical trials
on several cancer types and found to be particularly efficacious on urothelial cancer
and cholangiocarcinoma. Although many enrolled patients responded well in clinical
trials, there were some patients who did not respond to FGFRi even though their tu-
mors carried the genomic changes that met the enrollment criteria. As already estab-
lished, fibroblast growth factor receptor (FGFR) and epidermal growth factor receptor
(EGFR) share the downstream signaling pathway of MAPK activation. Accordingly, it
is conceivable that targeted inhibition of FGFR alone could leave the MAPK signaling
unaffected when the signaling through EGFR is relatively strong. To test this hypoth-
esis, we calculated here the FGFR to EGFR mRNA ratio (F/E for short) of biliary tract
and urothelial cancer cell lines utilized in preclinical studies. In six biliary tract cancer
cell lines, two responsive lines had an F/E of 9.5 and 9.0, whereas the F/E of four
nonresponsive lines was 0.1-1.8. In 22 urothelial cancer cell lines, four of the five
responsive lines showed an F/E of 2.8-4.9 (median, 3.6), whereas the F/E range of 17
nonresponsive lines was 0.01-2.7 (median, 0.6) (p = 0.004). We further investigated
our 47 patient-derived colorectal cancer-stem cell spheroid lines. The 18 responsive
lines showed relatively high F/E (median, 16.4), whereas 29 nonresponsive lines had
low F/E (median, 9.2) (p = 0.0006). These results suggest that F/E is another strong
predictor of responses to FGFRi that is as useful as the current genomic criteria based

solely on the FGFR genomic changes.
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1 | INTRODUCTION

The fibroblast growth factor (FGF) family contains 22 ligands,
whereas the FGF receptor (FGFR) has four receptor tyrosine ki-
nase paralogs encoded by separate genes (FGFR1-FGFR4).> As

FGF/FGFR signaling plays crucial roles in tumor cell proliferation,

migration, and survival, they are considered as druggable therapeu-
tic targets.1

Several sets of preclinical data showed significant growth inhibi-
tion by small-molecule FGFR inhibitors (FGFRi) on cancer cell lines
or xenografts that had FGFR gene amplifications.?® Accordingly,

multiple clinical phase | trials of FGFRi were undertaken on patients
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with cancers carrying such genomic alterations.*® However, FGFRi
did not always improve patient survival compared with conventional
treatments®> except for urothelial cancer with FGFR3 mRNA over-
expression.® Even in such a urothelial cancer trial,® approximately
one quarter of enrolled patients with FGFR mRNA overexpression
failed to respond to the drug. In contrast, a small subset of patients
in these clinical trials showed significantly better (i.e., complete or
partial) response to the FGFRi than others, regardless of the FGFR
gene copy numbers or mMRNA expression levels.

Although there are several reports about the effectiveness of
FGFRi for colorectal cancer (CRC) cell lines,” there have been no
clinical trials exclusively focusing on FGFRi for CRC patients. Using
patient-derived CRC tumor-initiating cell or stem cell (SC) spher-
oids (or organoids) and their xenografts, we recently reported that
some spheroid lines (7/25; 28%) responded significantly better to
a pan-FGFRi erdafitinib where growth effect index (GEI, indicating
the relative growth rate to the no-drug control)<0.7 was defined

"8 Moreover, the combination of erdafitinib with an

as “responsive.
epidermal growth factor receptor (EGFR) inhibitor (EGFRI) erlotinib
showed much stronger growth inhibition than either drug alone, as
efficacy was observed in the majority of lines (21/25; 84%), including
56% (14/25) that was insensitive to erdafitinib alone. Consistently,
the in vivo response of xenograft tumors to erdafitinib accurately
reflected the above in vitro experiments. Surprisingly, we found
little correlation between the sensitivity to the FGFRi and genetic/
genomic alterations of CRC-SC spheroids.

As already established, FGFR and EGFR share the downstream
signaling pathway of MAPK activation. Additionally, some reports
showed that EGFR overexpression played a significant role in the
proliferation of several types of cancer, including biliary, urothelial,
and colorectal.”*® Accordingly, it is conceivable that targeted inhi-
bition of FGFR alone might leave the MAPK signaling unaffected
when the signaling through EGFR is relatively strong. In the present
report, we reevaluated the preclinical data of biliary and urothelial
cancers, followed by our own CRC-SC spheroid data. Based on these
results, we would like to propose a novel parameter, the FGFR to

TABLE 1 Correlation between mRNA expression ratio
sumFGFR/EGFR (F/E) and sensitivity to fibroblast growth factor
receptor (FGFR) inhibitors for six biliary tract cancer cell lines

mRNA expression level

(TPM) FGFR
inhibitor

Cell line sumFGFR EGFR F/E sensitivity
ICC13-7 147.6 15.5 9.5 R

CCLP-1 214.0 23.9 9.0 R
SNU1079 83.4 47.6 1.8 NR
SSP25 51.9 46.5 1.1 NR
GB2 9.6 35.8 0.3 NR
HUCCT1 5.6 59.6 0.1 NR

Note: Rows for responsive cell lines are shaded.

Abbreviations: EGFR, epidermal growth factor receptor; NR,
nonresponsive; R, responsive; TPM, transcripts per million.

EGFR mRNA ratio (F/E), as a biomarker that helps predict cancer che-
mosensitivity to FGFRi.

2 | MATERIALS AND METHODS

Human CRC samples were obtained from patients who underwent
operations at the Department of Surgery, Kyoto University Hospital
from 2014 to 2018. All materials and methods are described in
Supporting Information.

3 | RESULTS AND DISCUSSION

By scrutinizing the published data of FGFRIi clinical trials on biliary
and urothelial cancers,***? we noticed an unresolved issue. Namely,
most of these reports showed waterfall plots where tumors of some
good fractions of enrolled patients responded well, demonstrat-

ing efficacy of the FGFRI. Importantly, however, there were sizable

TABLE 2 Correlation between mRNA expression ratio
sumFGFR/EGFR (F/E) and sensitivity to fibroblast growth factor
receptor (FGFR) inhibitors for 22 urothelial carcinoma cell lines

mRNA expression level

(TPM) FGFR
inhibitor

Cell line sumFGFR EGFR F/E sensitivity
JMSU1 103.5 21.3 4.9 R

RT112 149.0 30.7 4.9 R

RT4 80.5 22.2 3.6 R

UMuUC14 100.6 35.8 2.8 R

)82 42.8 15.6 2.7 NR
SW1710 50.3 26.8 1.9 NR
BC3C 11.0 6.3 1.8 NR
KMBC2 47.6 30.0 1.6 NR
TCCSUP 22.7 17.3 1.3 NR
SW780 259 25.5 1.0 R

UMuUC3 253 25.0 1.0 NR
BFTC905 28.2 28.6 1.0 NR
CAL29 43.6 59.8 0.7 NR
uMuC9 10.8 17.2 0.6 NR
T24 8.1 18.8 0.4 NR
KU1919 14.4 34.8 0.4 NR
HT1197 10.5 36.7 0.3 NR
HT1376 18.6 77.6 0.2 NR
VMCUB1 21.2 98.3 0.2 NR
5637 10.6 50.1 0.2 NR
647V 4.8 39.2 0.1 NR
UBLC1 8.0 779.9 0.0 NR

Note: Rows for responsive cell lines are shaded.

Abbreviations: EGFR, epidermal growth factor receptor; NR,
nonresponsive; R, responsive; TPM, transcripts per million.
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TABLE 3 Correlation between mRNA expression ratio sumFGFR/EGFR (F/E) and sensitivity to fibroblast growth factor receptor (FGFR)
inhibitor erdafitinib and/or epidermal growth factor receptor (EGFR) inhibitor erlotinib for 47 patient-derived RAS/RAF WT colorectal
cancer-stem cell (CRC-SC) spheroid lines

mRNA expression level

(TPM) Drug sensitivity (GEI)
Erdafitinib/erlotinib

Spheroid line sumFGFR EGFR F/E Erdafitinib Erlotinib combination
HC137T° 168.7 0.2 866.1 R (0.54) (0.99) NR R (0.54)
HC6T 210.0 1.0 207.1 R (0.34) (0.75) NR R (0.26)
HC97T 193.9 2.3 82.7 R (0.35) (0.88) NR R (0.32)
HC129T 265.2 7.2 36.8 (0.90) NR (1.24) NR (0.74) NR
HC67T 259.4 7.6 34.3 R (0.59) (1.17) NR R (0.50)
HC185T° 286.4 8.9 323 (0.75) NR (0.82) NR R (0.64)
HC22T 354.4 11.4 31.0 (0.80) NR (0.90) NR R (0.59)
HC40T 138.7 54 25.8 (0.95) NR (0.93) NR (0.86) NR
HC9T 96.7 3.8 251 R (0.48) (0.73) NR R (0.21)
HC24T® 245.5 12.6 19.5 R (0.68) (0.74) NR R (0.56)
HC128T* 87.9 5.0 17.6 R (0.48) (0.81) NR R (0.32)
HC179T* 196.0 11.7 16.8 R (0.62) (0.72) NR R (0.48)
HC90T? 197.4 12.0 16.4 R (0.54) (1.112) NR R (0.46)
HC80T 191.2 11.7 16.4 R (0.50) (0.99) NR R (0.32)
HC172T¢ 153.2 9.8 15.6 R (0.66) (0.90) NR R (0.60)
HC93T 127.6 8.6 14.9 R (0.52) (1.22) NR R (0.28)
HC20T 137.2 9.2 14.8 R (0.46) (0.72) NR R (0.44)
HC16T 143.5 10.2 14.0 (0.7¢) NR (1.13) NR R (0.58)
HC7T 107.9 8.0 13.5 (0.89) NR R (0.44) R (0.30)
HC10T 126.4 101 12.6 (0.82) NR R (0.67) R (0.31)
HC102T° 136.4 111 12.3 (0.73) NR R (0.70) R (0.42)
HC46T 143.6 11.7 12.2 R (0.39) (0.79) NR R (0.17)
HC146T 99.0 8.5 11.7 (0.81) NR (0.83) NR R (0.37)
HC28T 78.6 7.0 11.3 R (0.67) (1.07) NR R (0.26)
HC193T* 258.2 24.5 10.5 (0.74) NR (0.89) NR R (0.35)
HCAT 149.6 14.4 10.4 (0.80) NR (0.88) NR R (0.46)
HC106T 110.0 10.9 10.1 (1.01) NR (1.13) NR (1.15) NR
HC195T* 201.7 20.8 9.7 (0.73) NR (0.92) NR R (0.57)
HC178T* 147.7 15.7 9.4 (0.81) NR (0.72) NR (0.51)
HC94T? 136.2 14.7 9.2 (0.82) NR (0.77) NR R (0.57)
HC120T 227.8 249 9.2 (0.92) NR (0.82) NR (0.71) NR
HC91T* 76.0 9.0 8.4 R (0.63) R (0.69) R (0.30)
HC183T* 73.3 8.9 8.2 R (0.39) (0.87) NR R (0.23)
HC117T 69.7 8.8 7.9 (1.02) NR R (0.63) R (0.20)
HC72T? 130.8 18.1 7.2 R (0.51) (0.99) NR R (0.47)
HC73T 123.7 171 7.2 (0.86) NR R (0.66) R (0.40)
HC127T* 160.2 22.3 7.2 (0.90) NR (0.75) NR R (0.42)
HC21T 122.2 171 71 (0.77) NR (0.85) NR R (0.35)
HC8T 73.2 10.3 71 (0.96) NR (0.71) NR R (0.32)
HC149T* 201.4 29.2 6.9 (0.95) NR (0.73) NR R (0.50)
HC74T 91.2 13.7 6.7 (0.99) NR (0.92) NR R (0.68)

(Continues)
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TABLE 3 (Continued)

mRNA expression level

(TPM) Drug sensitivity (GEI)
Erdafitinib/erlotinib

Spheroid line sumFGFR EGFR F/E Erdafitinib Erlotinib combination

HC108T 83.2 14.8 5.6 (0.80) NR R (0.57) R (0.31)

HC35T° 49.2 11.3 4.3 (0.90) NR (0.99) NR (0.98) NR
HC142T 71.9 18.7 3.8 (1.00) NR (1.08) NR R (0.35)
HC122T? 75.6 19.9 3.8 (1.02) NR (0.78) NR (0.76) NR
HC11T 95.8 27.6 3.5 (0.85) NR (0.78) NR R (0.41)

HC83T? 66.5 19.3 3.5 (0.76) NR R (0.51) (0.37)

Note: Shaded rows indicate spheroid lines responsive to erdafitinib alone.

Abbreviations: GEI, growth effect index; NR, nonresponsive (GEI20.7); R, responsive (GEI<0.7).

“New data in addition to those of 25 CRC-SC lines published in our previous report.
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FIGURE 1 (A) Mann-Whitney U-test of sumFGFR/EGFR (F/E) regarding fibroblast growth factor receptor inhibitor (FGFRi) sensitivity
in 47 colorectal cancer-stem cell (CRC-SC) spheroid lines. (B) Mann-Whitney U-test of EGFR/sumFGFR (E/F) regarding FGFRi sensitivity

in 47 CRC-SC spheroid lines. Note that this is just to visualize high F/E samples more easily in a reciprocal plot. (C) Receiver operating
characteristic (ROC) curve analysis of F/E regarding FGFRIi sensitivity in 47 CRC-SC spheroid lines. Horizontal bar shows the median. AUC,
area under the ROC curve; Cl, confidence interval; R, responsive; NR, nonresponsive

subsets in which tumors did not respond to the FGFRi despite the
patients’ tumors carrying the genomic changes that met the enroll-
ment criteria.

As already established, FGFR and EGFR share the downstream
signaling pathway of MAPK activation as well as other pathways,?
suggesting that targeted inhibition of FGFR alone might leave the
MAPK signaling unaffected when the input through EGFR is rel-
atively strong. To test such a possibility, we obtained data of
FGFR1-4 and EGFR mRNA sequencing (Table S1) and genomic al-
terations such as gene mutations (Table S2) and fusions (Table S3)
from the Broad Institute Cancer Cell Line Encyclopedia (https://
portals.broadinstitute.org/ccle) of biliary tract and urothelial cancer
cell lines for which FGFRi chemosensitivity had been published in
preclinical studies.’**> Based on these mMRNA expression data, we
calculated the FGFR to EGFR mRNA ratio (F/E). We first summed up
the expression levels of FGFR1-4 mRNAs by adding the transcripts
per million of FGFR paralogs (sumFGFR). This is because human
FGFR has four paralogs, FGFR1-4, and the particular paralog(s) that
play the key role in tumorigenesis is different depending on the
cancer type® as well as the individual case even in the same can-

cer typel® (Figure S1). To take EGFR expression into consideration,

we then divided this number with that of EGFR: F/E. We found no
statistically significant associations between the FGFRi sensitivity
and expression levels of the other ERBB family genes, ERBB2-4,
and therefore excluded their expression levels from the F/E ratio
(Figure S2 and Table S4).

In six biliary tract cancer cell lines tested,*® two responsive cell
lines had an F/E ratio of 9.5 and 9.0, whereas four nonresponsive
ones had substantially lower ratios of 0.1-1.8 (Table 1). Not surpris-
ingly, the two responsive cell lines had relatively high levels (148 and
214) of FGFR expression compared with four nonresponsive ones
(5.6-83). The EGFR expression of the FGFRi-responsive lines was
relatively low (16 and 24), whereas that in the nonresponsive lines
was at least twice as high (36-60). Accordingly, F/E helped to classify
the cell lines’ sensitivity to FGFRi more clearly than the FGFR mRNA
levels alone.

In urothelial cancer cell lines,***° four of the five responsive lines
showed an F/E ranging from 2.8 to 4.9 (median, 3.6), whereas the
range of 17 nonresponsive lines was from 0.01 to 2.7 (median, 0.6)
(p = 0.004) (Table 2 and Figure S3), and the receiver operating char-
acteristic (ROC) curve analysis showed an area under the ROC curve
(AUC) of 0.94 (95% confidence interval [Cl], 0.83-1.00). The only
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exception to our hypothesis here was SW780 that had the ratio of
1.0, and was responsive to FGFRi. Interestingly, this cell line carried
an FGFR3-BAIAP2L1 gene fusion that had oncogenic activity through
MAPK signaling activation caused by ligand-independent and con-
stitutive dimerization.!” These cancer cell lines also showed a similar
tendency to the biliary tract cancer lines. Namely, the four respon-
sive lines had relatively high FGFR expression (81-149) compared
with 17 nonresponsive lines (5-50). In contrast, the EGFR mRNA
levels of the FGFRi-responsive lines were relatively low (21-36;
median, 25), whereas those in the nonresponsive lines were slightly
higher (6-98; median, 30). Accordingly, F/E reflected their sensitivity
to FGFRIi in a similar manner to the FGFR mRNA levels.

To investigate the applicability of the F/E ratio to CRC treatment
with FGFRi, we looked into our patient-derived CRC-SC spheroid
lines.® We recently reported that seven (28%) of 25 RAS/RAF WT
CRC-SC lines responded to a pan-FGFRi erdafitinib singly in culture,
whereas 21 (84%) responded to erdafitinib in combination with an
EGFRi erlotinib.®2 Moreover, we examined an additional 22 lines to
determine erdafitinib and/or erlotinib sensitivities and F/E ratios,
expanding our list to a total of 47 lines (Table 3). As anticipated, 18
(38%) singly-responsive lines showed relatively high F/E, ranging
from 7.2 to 866 (median, 16.4), whereas the 29 (62%) nonrespon-
sive lines had a ratio range of 3.5-37 (median, 9.2) (p = 0.0006), with
the ROC curve showing an AUC of 0.80 (95% Cl, 0.67-0.93) for F/E
as a predictor of erdafitinib response (Figure 1). Accordingly, we set
the cut-off F/E at 14 that divided responders from nonresponders
more clearly than sumFGFR values. The four exceptional nonre-
sponder cell lines (HC129T, HC185T, HC22T, and HC40T) suffered
little in growth by the inhibitor (GEI of 0.80-0.95, where GEI<0.7
was defined as growth suppression) despite their F/E of 26-37, sub-
stantially higher than the threshold of 14. It is worth noting that
two of these lines, HC129T and HC40T, were nonresponsive even
to the combination of erdafitinib and erlotinib, which might be at-
tributable to higher mRNA expression level of MET in HC129T cells
or to PIK3CA-activating E545K'® and EGFR-activating E114K? mu-
tations in HC4O0T cells. Incidentally, the FGFR1 R820H mutation in
HC129T cells did not appear to contribute to the refractoriness to
erdafitinib because of the very low level of FGFR1 mRNA (Tables S5-
S7). Five exceptions among the singly-responsive lines were HC46T,
HC28T, HC91T, HC183T, and HC72T with F/E ratios of 7-12, which
were lower than the threshold of 14. Just in case, we undertook the
Sashimi plot analysis?® on these lines, and excluded the possibility of
chromosome translocations that affected FGFR activity. The results
indicated no obvious sign of translocations involving the FGFR3/4
genes (Figure S4) such as the one reported for the urothelial can-
cer cell line SW780 that contained an FGFR3-BAIAP2L1 fusion and
was responsive to FGFRi despite its low F/E of 1.0 (Tables 2 and S3).
These results suggest that F/E can also be a useful biomarker for CRC
chemosensitivity where the EGFR expression level fluctuates widely.

Together, these results show that F/E is another strong predictor
of responses to FGFRIi that is as useful as the current genomic crite-

ria that are based solely on the FGFR genomic changes.
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