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Figure 2: Effects of cetuximab on intracellular signaling and the expression of apoptosis-related proteins in DiFi
isogenic cell lines. DiFi-Mock1, DiFi-HRG4, DiFi-HRG3, or DiFi-HRG6 cells were cultured overnight in medium containing
10% serum and then incubated for 6 h (A) or 24 h (B) in serum-free medium with or without cetuximab (10 pg/mL), after which cell
lysates were prepared and subjected to immunoblot analysis with antibodies to phosphorylated (p) or total forms of the indicated
proteins (left panels). A band corresponding to the cleaved (cl) form of PARP is indicated. The intensity of the bands corresponding
to phosphorylated forms of EGFR, HER2, HER3, AKT, and ERK (A) or to BIM and survivin (B) was normalized by that of the
corresponding total proteins or f-actin, respectively, and then expressed relative to the corresponding value for control cells not

exposed to cetuximab (right panels).

treatment with patritumab and cetuximab in vivo, we
injected nude mice with DiFi-Mock1 or DiFi-HRG4 cells
to allow the formation of tumor xenografts. Whereas
cetuximab alone markedly inhibited the growth of DiFi-
Mock1 xenografts (Fig. 4A), DiFi-HRG4 xenografts were
resistant to this drug (Fig. 4B). Patritumab alone had little
effect on the growth of tumors formed by either cell line.
However, the combination of cetuximab and patritumab
induced substantial regression of DiFi-HRG4 xenografts
(Fig. 4B). These results thus suggested that heregulin
produced by colorectal cancer tumors harboring wild-type
KRAS induces cetuximab resistance, and that combination
therapy with cetuximab and patritumab overcomes such
resistance in vivo.

DISCUSSION

Resistance to cetuximab is a major problem in
the treatment of colorectal cancer. Although various
mechanisms of cetuximab resistance have been identified
[1-7, 17-20], the optimal treatment strategies for mCRC
patients who show resistance to this drug remain unclear.
We previously showed that tumor-derived heregulin
mediates cetuximab resistance in preclinical models
[8]. High levels of heregulin were also associated with
a poor clinical outcome in mCRC patients treated with
cetuximab-based regimens [8]. Moreover, increased
heregulin levels were observed in such patients after the
development of clinical resistance to cetuximab-based
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Figure 3: Effect of patritumab on heregulin-mediated cetuximab resistance in DiFi-HRG cells in vitro. (A) DiFi-HRG4
cells were incubated for 5 days with cetuximab alone, patritumab alone, or the combination of both drugs at the indicated concentrations,
after which cell viability was assessed. Data are means * SE from three independent experiments. (B, C) DiFi-Mock1 or DiFi-HRG4 cells
were cultured overnight in medium containing 10% serum and then incubated for 48 h in the absence or presence of cetuximab alone
(10 ng/mL), patritumab alone (10 pg/mL), or the combination of both drugs in serum-free medium, after which the number of apoptotic
cells was determined by staining with propidium iodide (PI) and fluorescein isothiocyanate (FITC)-labeled annexin V followed by flow
cytometry. Representative flow cytometric profiles are shown in (B), and quantitative data (means =+ SE of three independent experiments)
are shown in (C). (D, E) DiFi-Mock1 or DiFi-HRG4 cells were cultured overnight in medium containing 10% serum and then incubated
for 6 h (D) or 48 h (E) in the absence or presence of cetuximab alone (10 ug/mL), patritumab alone (10 pg/mL), or the combination of both
drugs in serum-free medium, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to the indicated
proteins (left panels). The intensity of the bands corresponding to phosphorylated forms of EGFR, HER2, HER3, AKT, and ERK (D) or to
BIM and survivin (E) was normalized by that of the corresponding total proteins or B-actin, respectively, and then expressed relative to the
corresponding value for control cells not exposed to drug (right panels).
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Figure 4: Effects of cetuximab, patritumab, and the combination of both drugs on the growth of DiFi-HRG tumor
xenografts in vivo. Nude mice with tumor xenografts established by subcutaneous injection of DiFi-Mockl (A) or DiFi-HRG4 (B)
cells were treated for 4 weeks with vehicle (control), cetuximab (1.0 mg/body), patritumab (1.0 mg/body), or both drugs, as described in
Materials and Methods. Tumor volume was determined at the indicated times after the onset of treatment. Data are means + SE from six
mice per group. *P < 0.05 for comparison of the combination of both drugs with cetuximab alone or patritumab alone (Student’s 7 test).

therapy [8]. Effective treatment options to overcome
cetuximab resistance mediated by heregulin are thus
urgently required.

We have here established heregulin-overexpressing
sublines of DiFi cells (DiFi-HRG cells) and shown that
these cells are resistant to cetuximab both in vitro and in
vivo. Whereas the amount of the transmembrane form of
heregulin was substantially higher in DiFi-HRG4 cells
than in DiFi-HRGS or DiFi-HRG6 cells (Fig. 1A), these
three cell lines appeared to release similar amounts of
the soluble form of heregulin into the culture medium
(Fig. 1B). This difference in the relative abundance
of the transmembrane and soluble forms of heregulin
among DiFi-HRG cell lines might reflect a difference
in the activity of cell surface proteases among the cell
lines. Alternatively, the production of the transmembrane
form of heregulin in DiFi-HRG4 cells might exceed the
capacity of such proteases. To investigate the mechanism
responsible for cetuximab resistance in DiFi-HRG cells,
we examined differences in signal transduction between
these cells and DiFi-Mock1 cells. In DiFi-Mock1 cells,
cetuximab inhibited the phosphorylation of EGFR,
HER2, HER3, AKT, and ERK as well as up-regulated
BIM expression and down-regulated survivin expression,
resulting in the induction of apoptosis. By contrast, in
DiFi-HRG cell lines, whereas cetuximab inhibited EGFR
and ERK phosphorylation, leading to BIM induction, it
did not affect HER2, HER3, or AKT phosphorylation or
survivin expression. Given that down-regulation both of

AKT signaling and of the expression of its downstream
target survivin is required for apoptosis induced by
inhibition of receptor tyrosine kinases [14-16], our data
suggest that sustained AKT-survivin signaling in the
presence of cetuximab is responsible for the resistance of
DiFi-HRG cell lines to this drug. To investigate further
the relation between AKT signaling and the operation of
a heregulin autocrine loop, we examined the effects of
patritumab, a neutralizing monoclonal antibody to HER3,
in DiFi-HRG4 cells. We found that exposure of these cells
to patritumab in combination with cetuximab resulted
in inhibition of EGFR, HER2, HER3, AKT, and ERK
phosphorylation as well as in both up-regulation of BIM
expression and down-regulation of survivin expression,
leading to the induction of apoptosis. These results
indicate that AKT signaling is triggered by heregulin
binding to HER3.

Given that HER3 (a kinase-dead receptor) manifests
impaired kinase activity [21], it requires dimerization with
other HER family members to activate signaling after
ligand binding [22, 23]. HER2 has been implicated as a
dimerization partner of HER3, and heregulin stabilizes the
HER2-HER3 heterodimer [9]. In this context, we examined
the effects of lapatinib, a TKI for EGFR and HER?2, in DiFi-
HRGH4 cells. Inhibition of EGFR and HER2 by lapatinib
resulted in down-regulation of HER3, AKT, and ERK
phosphorylation as well as in the induction of BIM and
suppression of survivin expression in these cells, thereby
triggering apoptosis (Supplementary Fig. S1A, S1B). These
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findings suggest that, in DiFi-HRG cells, HER3 is trans-
phosphorylated by HER2 as a result of heregulin-induced
HER2-HER3 heterodimerization, which in turn leads to the
activation of AKT signaling [24] (Fig. 5A, 5B, 5C). The
heterodimerization partner of HER3 is thus likely switched
from EGFR to HER2 as a result of the overexpression of
heregulin in DiFi-HRG cells. We also found that patritumab
alone inhibited the phosphorylation of HER3 and AKT
as well as down-regulated survivin expression in DiFi-
HRG4 cells but not in DiFi-Mock] cells (Fig. 3D, 3E).
These results suggest that patritumab may prevent ligand-
dependent HER3 phosphorylation by blocking HER2-
HER3 heterodimerization, whereas it has little effect on
ligand-independent HER3 phosphorylation.

In our DiFi-HRG xenograft model, we showed
that combination therapy with patritumab and cetuximab
inhibited tumor growth to the same extent as did cetuximab
alone in the DiFi-Mock] xenograft model. Antagonism
of the heregulin-HER3 interaction by patritumab thus
represents an effective strategy to abrogate cetuximab
resistance induced by heregulin derived from tumor
cells. Given that elevated circulating levels of heregulin
are associated with both de novo and acquired cetuximab
resistance in mCRC patients [8], our model systems
based on stable overexpression of heregulin are clinically
relevant and should prove useful for establishing strategies
to overcome cetuximab resistance mediated by the
heregulin autocrine loop. Indeed, a recent phase I/I1 study
with refractory colorectal cancer patients revealed potential
antitumor activity of the combination of cetuximab and

A DiFi cells treated with B
cetuximab alone

Cetuximab

Cetuximab

DiFi-HRG cells treated with C
cetuximab alone

pertuzumab, a HER2-targeted antibody that blocks ligand-
dependent HER2-HER3 heterodimerization. However,
this drug combination was not tolerable as a result
of overlapping toxicities [25]. Given that the toxicity
profile of patritumab differs from that of pertuzumab
[26], the combination of cetuximab and patritumab
warrants evaluation in the clinical setting. We also found
that the 1C;; value for the antiproliferative effect of the
combination of cetuximab and patritumab in DiFi-HRG4
cells was ~10 times as high as that for cetuximab alone
in DiFi-Mock]1 cells (Fig. 1C, Fig. 3A). The discrepancy
between these in vitro data and our in vivo findings may
suggest that antibody-dependent cellular cytotoxicity [27]
involving NK cell activation plays a role in tumor growth
inhibition by the combination of both agents. Moreover,
combination therapy with these two IgGl antibodies
may resull in an enhanced antitumor activity mediated
by cytotoxic T lymphocytes [28] in the clinical setting.
Given the recent evidence implicating the importance
of interactions between therapeutic antibodies and the
immune system in the efficacy of antibody treatment [20],
further investigation of such mechanisms is warranted.

In conclusion, we have shown that consecutive
activation of HER2-HER3 and AKT by heregulin in an
autocrine-dependent manner confers resistance to cetuximab,
and that patritumab restores cetuximab sensitivity in tumors
with heregulin-induced cetuximab resistance. Further studies
of combination therapy with patritumab and cetuximab are
thus warranted in mCRC patients with heregulin-induced
resistance to EGFR-targeted antibodies.

DiFi-HRG cells treated with
the combination of
cetuximab and patritumab
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Figure 5: Model for intracellular signaling underlying the induction of apoptesis by cetuximab and patritumab in
colorectal cancer cells. (A) DiFi colorectal cancer cells treated with cetuximab alone. (B) DiFi cells that stably overexpress heregulin
(DiFi-HRG cells) are resistant to cetuximab as a result of HER2-HER3 heterodimerization and AKT activation induced by heregulin.
(C) Patritumab abrogates cetuximab resistance mediated by the heregulin autocrine loop in DiFi-HRG cells.
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MATERIALS AND METHODS

Cells and reagents

The DiFi human colorectal cancer cell line was
kindly provided by P. A. Janne (Dana Farber Cancer
Institute). DiFi cells were maintained under a humidified
atmosphere of 5% CO, in air at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM) containing high
glucose and supplemented with Ham’s F-12 and 10% fetal
bovine serum (FBS). Cetuximab was obtained from Merck
Serono, and patritumab was kindly provided by Daiichi-
Sankyo (Tokyo, Japan). Recombinant human heregulin
(NRGI1-B1/HRG1-B1 extracellular domain) was obtained
from R&D Systems.

Establishment of cells stably overexpressing
heregulin

A full-length ¢cDNA encoding human heregulin
(NRG1, GenBank accession no. NM 013956) was
obtained from Origene (Rockville, MD). The amplification
product was verified by sequencing after its cloning into
the pCR-Blunt II-TOPO vector (Invitrogen). The heregulin
cDNA was then excised from pCR-Blunt II-TOPO and
transferred to the pQCXIH retroviral vector (Clontech),
and retroviruses encoding heregulin were produced and
used to infect DiFi cells as described [29]. Cells stably
expressing heregulin were then isolated by selection with
hygromycin (Invivogen) at 500 pg/mL.

Cell growth inhibition assay

Cells were transferred to 96-well flat-bottomed
plates and cultured for 24 h before exposure to various
concentrations of cetuximab or patritumab in medium
containing 1% FBS for 120 h. Cell Counting Kit-8
solution (Dojindo, Kumamoto, Japan) was then added to
each well, and the cells were incubated for 3 h at 37°C
before measurement of absorbance at 490 nm with a
Multiskan Spectrum instrument (Thermo Labsystems).
Absorbance values were expressed as a percentage of
that for nontreated cells, and the IC,, of cetuximab for
inhibition of cell growth was determined.

Heregulin ELISA

The concentration of heregulin in cell culture
supernatants was measured with the use of a sandwich
ELISA (NRG1-B1 DuoSet, R&D Systems) as previously
described [30]. Cells were seeded in six-well plates at a
density of 0.5 x 10¢ cells per well in DMEM supplemented
with 10% FBS. After the cells had achieved confluence,
the medium was replaced with 5 ml of DMEM
supplemented with 0.1% FBS, the cells were incubated
for 48 h, and the culture supernatants were collected for
assay of heregulin.

Immunoblot analysis

Cells were washed twice with ice-cold phosphate-
buffered saline (PBS) and then lysed with 1 x Cell
Lysis Buffer (Cell Signaling Technology) consisting
of 20 mmol/L Tris-HCI (pH 7.5), 150 mmol/L NaCl, 1
mmol/L. EDTA (disodium salt), 1 mmol/L EGTA, 1%
Triton X-100, 2.5 mmolL sodium pyrophosphate,
1 mmol/L B-glycerophosphate, 1 mmol/L. Na,VO,,
leupeptin (1 Lg/mL), and 1 mmol/L phenylmethylsulfonyl
fluoride. The protein concentration of the lysates was
determined with a bicinchoninic acid assay kit (Thermo
Fisher Scientific), and equal amounts of protein were
subjected to SDS-polyacrylamide gel electrophoresis
on a 7.5% gel (Bio-Rad). The separated proteins were
transferred to a nitrocellulose membrane, which was
then incubated with Blocking One solution (Nacalai
Tesque) for 20 min at room temperature before incubation
overnight at 4°C with primary antibodies. Antibodies
to heregulin (NRG1-Bl1), to phosphorylated EGFR
(phospho-Tyr'%®¥), to phosphorylated HER2 (phospho-
Tyr'#%), to phosphorylated HER3 (phospho-Tyr'2¥), to
phosphorylated or total forms of AKT, to phosphorylated
ERK, to PARP, and to BIM were obtained from Cell
Signaling Technology; those to total HER3, to total ERK,
and fo survivin were from Santa Cruz Biotechnology;
those to total EGFR were from Zymed/Invitrogen; those to
total HER2 were from Millipore; and those to B-actin were
from Sigma. The membrane was then washed with PBS
containing 0.05% Tween 20 before incubation for 1 h at
room temperature with horseradish peroxidase—conjugated
secondary antibodies (GE Healthcare). Immune complexes
were finally detected with ECL detection reagents (GE
Healthcare).

Annexin V binding assay

The binding of annexin V to cells was measured
with the use of an Annexin-V-FLUOS Staining Kit
(Roche). Cells were harvested by exposure to trypsin-
EDTA, washed with PBS, and centrifuged at 200 x g for
5 min. The cell pellets were resuspended in 100 pL of
Annexin-V-FLUOS labeling solution, incubated for 10 to
15 min at 15° to 25°C, and then analyzed for fluorescence
with a flow cytometer (FACSCalibur) and Cell Quest
software (Becton Dickinson).

Tumor growth inhibition assay in vivo

All animal experiments were performed in
accordance with the Recommendations for Handling of
Laboratory Animals for Biomedical Research compiled
by the Committee on Safety and Ethical Handling
Regulations for Laboratory Animal Experiments, Kinki
University. The ethical procedures followed conformed
to the UKCCCR guidelines for the welfare and use of
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animals in cancer research [31]. The study was also
reviewed and approved by the Animal Ethics Committee
of Kinki University (approval no. KAME-22-018). Cells
were injected subcutaneously into the axilla of 5- to
6-week-old female athymic nude mice (BALB/c nu/nu;
CLEA Japan), and treatment was initiated when tumors

in each group of six mice achieved an average volume of

1000 to 1200 mm?, Treatment groups consisted of vehicle
control, cetuximab (1.0 mg/body), patritumab (1.0 mg/
body). and the combination of both agents. Cetuximab and
patritumab were administered by intraperitoneal injection
twice a week for 4 weeks, with control animals receiving
a 0.5% (w/v) aqueous solution of hydroxyl propylmethyl
cellulose as vehicle. Tumor volume was determined from
caliper measurements of tumor length (L) and width (W)
according to the formula L}#?/2. Both tumor size and body
weight were measured twice weekly. For ethical reasons,
animals were removed from the study if the tumor volume
exceeded 2500 mm?.

Statistical analysis

Quantitative data are presented as means + SE
unless indicated otherwise. The significance of differences
was evaluated with the unpaired two-tailed Student’s  test.
A P value of < 0.05 was considered statistically significant.
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Tolerability of Nintedanib (BIBF 1120) in Combination
with Docetaxel: A Phase 1 Study in Japanese Patients with
Previously Treated Non—-Small-Cell Lung Cancer
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Background: This phase I, open-label study evaluated the safety/
tolerability and maximum tolerated dose of second-line nintedanib
combined with docetaxel in Japanese patients with advanced non—
small-cell lung cancer.

Methods: Eligible patients received docetaxel 60 or 75 mg/m?* (day
1) plus nintedanib 100, 150, or 200 mg twice daily (bid; days 2-21) in
21-day cycles. Standard 3 + 3 dose escalations were performed sepa-
rately in patient cohorts with a body surface area (BSA) of less than
1.5 m? (BSA <1.5) and BSA greater than or equal to 1.5, respectively.
Results: Forty-two patients (17 BSA <1.5,25 BSA 21.5) were treated.
The maximum tolerated dose of nintedanib was 150 and 200 mg bid
in patients with BSA less than 1.5 and BSA greater than or equal
to 1.5 (BSA z1.5), respectively, in combination with 75mg/m* of
docetaxel. Dose-limiting toxicities (all grade 3 hepatic enzyme eleva-
tions) occurred in 12 patients (six per cohort). Drug-related adverse
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events included neutropenia (95%), leukopenia (83%), fatigue (76%),
alopecia (71%), decreased appetite (67%), and elevations in alanine
aminotransferase (64%) and aspartate aminotransferase (64%). All
hepatic enzyme elevations were reversible and manageable with dose
reduction or discontinuation. Among 38 evaluable patients, 10 (26%)
had a partial response and 18 (47%) had stable disease.

Conclusion: Continuous treatment with second-line nintedanib com-
bined with docetaxel was manageable and showed promising signs of
efficacy in Japanese patients with advanced non-small-cell lung cancer.

Key Words: Clinical trials, Phase 1, Docetaxel, Japanese, Nintedanib,
Non-small-cell lung cancer, Pharmacokinetics.

(J Thorac Oncol. 2015;10: 346-352)

Few treatment options are available for patients with
advanced non—small-cell lung cancer (NSCLC) who fail
first-line chemotherapy. Currently, the only licensed second-
line therapies for individuals with NSCLC, who do not harbor
identifiable driver oncogenes, such as sensitizing epidermal
growth factor receptor (EGFR) gene mutations or anaplastic
lymphoma kinase (4LK) gene translocations, are docetaxel,
gemcitabine, pemetrexed (for nonsquamous NSCLC), and
erlotinib.! Although these treatments are efficacious, survival
benefits are modest. Hence, there is an urgent need for effec-
tive and well-tolerated second-line options.

Angiogenesis plays an important role in the develop-
ment and differentiation of NSCLC.? Targeting vascular
endothelial growth factor (VEGF) signaling appears to be
particularly important in advanced NSCLC, given the proven
efficacy of the VEGF-targeted monoclonal antibody bevaci-
zumab as first-line therapy in large-scale trials.’* However,
to date no oral tyrosine kinase inhibitors of VEGF receptors
have been approved for the treatment of advanced NSCLC.
Mechanisms that support solid tumor angiogenesis include
VEGF, fibroblast growth factor, and platelet-derived growth
factor signaling pathways.®* Nintedanib (BIBF 1120) is a
potent, oral, small-molecule triple angiokinase inhibitor that
targets VEGF receptors 1 to 3, platelet-derived growth factor
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receptors alpha and beta, and fibroblast growth factor recep-
tors 1 to 3, besides RET and FIt3.° Preclinical experiments
have shown that nintedanib can delay tumor growth and
inhibit angiogenesis in various xenograft models of human
cancer, including NSCLC.? More recently, the global LUME-
Lung 1 phase III trial (Study 1199.13; NCT00805194) for pre-
viously treated advanced NSCLC demonstrated that treatment
with a combination of nintedanib and docetaxel produced a
significant and clinically meaningful improvement in overall
survival compared with docetaxel and placebo in predefined
patients with adenocarcinoma tumor histology."

In a recent Japanese phase I study, the maximum toler-
ated dose (MTD) of nintedanib monotherapy was 200 mg bid,
which is lower than the MTD of 250mg bid for Caucasian
patients.!"'> Although the reason for this difference remains
unclear, analogous differences in the tolerability of chemo-
therapy for advanced NSCLC between Japanese and US
patients have been reported previously, and have been related
to differences in genotypic variants between the two popu-
lations."® In addition, the standard dose of docetaxel 60 mg/
m? commonly employed for Japanese patients with advanced
NSCLC™" is lower than the 75 mg/m? dose used for Western
populations.'™" This phase 1 dose-escalation study (Study
1199.29; NCT00876460) was conducted to define the MTD
of nintedanib combined with docetaxel, and to confirm the
safety/tolerability profile of the combination in Japanese
patients with advanced NSCLC following failure of first-line
platinum-based chemotherapy.

PATIENTS AND METHODS

Study Population

Patients aged 20 to 74 years with histologically or cyto-
logically confirmed, advanced stages IIIB to IV or recurrent
NSCLC (any histology) who had received one platinum-based
chemotherapy regimen (not containing docetaxel) were enrolled.
Patients had an Eastern Cooperative Oncology Group perfor-
mance status of 0 to 1, a life expectancy exceeding 3 months, and
adequate organ function. Exclusion criteria included: active brain
metastases; gastrointestinal disorders that could interfere with the
absorption of the study drug; history of major thrombotic or clin-
ically relevant major bleeding event in the past 6 months; clini-
cally significant hemoptysis in the past 3 months; active multiple
primary neoplasms; or significant cardiovascular disease.

Study Design

This open-label trial utilized a standard 3 + 3 dose-esca-
lation design. Eligible patients received intravenous docetaxel
at a dose of 60 mg/m? or 75 mg/m? on day 1, followed by con-
tinuous, oral nintedanib bid on days 2 to 21 in 21-day cycles.
Nintedanib was started at a dose of 100 mg bid and escalated
up to 200mg bid in S0mg bid intervals. Continuous ninte-
danib monotherapy was permitted in cases where docetaxel
had to be permanently discontinued for reasons other than
progression, and the patient had already received at least four
treatment cycles of combination therapy.

Dose-limiting toxicity (DLT) was defined as nonhema-
tologic toxicity greater than Common Terminology Criteria for
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Adverse Events (CTCAE) grade 3, excluding electrolyte abnor-
malities or isolated elevations of y-glutamyl transpeptidase (y-
GT); grade 3 or higher gastrointestinal toxicity or hypertension
despite optimal supportive care/intervention; grade 4 neutrope-
nia for more than 7 days despite optimal supportive care; grade
4 febrile neutropenia of any duration; grade 2 or higher ala-
nine aminotransferase (ALT) and/or aspartate aminotransferase
(AST) elevations combined with grade 2 or higher bilirubin
elevations; inability to resume nintedanib dosing within 14 days
of stopping treatment due to treatment-related toxicity. DLTs
observed in the first 21 days of treatment were used to deter-
mine MTD, defined as the highest dose at which incidence of
DLTs in cycle 1 was less than or equal to 33.3%.

After testing nintedanib 100mg bid plus docetaxel
60mg/m* (N100/D60), nintedanib 150 mg bid plus docetaxel
60mg/m* (N150/D60), and nintedanib 200mg bid plus
docetaxel 60mg/m? (N200/D60) without considering body
surface area (BSA), dose escalations were performed sepa-
rately in two patient cohorts with a BSA of less than 1.5 m?
(BSA <1.5) and greater than or equal to 1.5 m? (BSA 2=1.5),
respectively. This protocol amendment was recommended by
the external Efficacy and Safety Review Committee following
early observation of a high incidence of DLTSs in patients with
a BSA of less than 1.5 m?.

The institutional review board reviewed and approved
the protocol and its amendments. The trial was conducted
in compliance with the study protocol, the Declaration of
Helsinki, and Good Clinical Practice guidelines. All patients
provided written informed consent.

Assessments

Adverse events (AEs) were assessed according to
CTCAE version 3.0 throughout the trial and for 28 days after
treatment cessation. All safety analyses were undertaken
in patients who had received 1 dose or more of nintedanib.
Objective tumor response was evaluated according to the
Response Evaluation Criteria in Solid Tumors (RECIST 1.0).
Tumor assessment was performed at screening and every 6
weeks on day 1 (within 7 days) of each odd-numbered treat-
ment cycle (cycles 3, 5, etc.). Hematology and biochemistry
assessments were undertaken at screening and at predefined
intervals during the trial.

To investigate the possible effect of nintedanib on the
pharmacokinetics (PK) of docetaxel, blood samples were
taken predose and 1, 1.5, 2, 3, 4, 7, 24, and 48 hours post-
dose on days 1 to 3 of cycles 1 and 2. Sampling for PK
characterization of nintedanib was carried out on days 2 to
3 of cycle 1, with samples taken predose, 1, 2, 3,4, 6, 7, 10,
and 24 hours after the morning dose. Samples for evaluation
of trough concentrations of nintedanib were taken on days
8 and 15 of the first two cycles, and on days 1 to 3 during
cycle 2, before the morning dose. All PK analyses were car-
ried out using WinNonlin software, applying a noncompart-
mental approach.

Statistical Analysis

The primary end points were the determination of the
MTD of nintedanib in combination with docetaxel at doses
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of 60 or 75 mg/m?, and the assessment of the frequency and
severity of AEs. Secondary end points included PKs of nint-
edanib and docetaxel, best tumor response and progression-
free survival (PFS). Descriptive statistics are presented.

RESULTS

Patients

A total of 43 patients with advanced NSCLC were
enrolled into this study from March 2009 to August 2012.
One patient discontinued due to a non-DLT adverse event
before the first dose of nintedanib was administered and was
excluded from the study. Baseline characteristics, except for
gender and clinical stage, were similar between the two BSA
cohorts (Table 1).

At the time of the database lock (June 11, 2013), all
42 patients had discontinued combination treatment. Reasons
for discontinuation included progressive disease (n = 22), AEs
(n = 14), and withdrawal of consent (n = 3). Three patients
continued to be treated with nintedanib monotherapy after
discontinuation of docetaxel due to drug-related AEs (grade 1
and 2 peripheral neuropathy in two patients, and grade 2 pleu-
ral effusion in one patient). Median (range) number of days of
treatment administered was 126.5 (7-1339).

Maximum Tolerated Dose and
Dose-Limiting Toxicities

The allocation of patients to treatment during the study
is summarized in Figure 1. Of the 42 patients who received
nintedanib treatment, three patients were excluded from the
DLT assessment due to low compliance with study treat-
ment: one excluded patient had a non-DLT adverse event,

TABLE 1. Patient Characteristics at Baseline and Treatment
Allocation
Patients with Patients with
BSA <1.5m*  BSA21.5m?  All Patients
(n=17) (n=25) (n=42)

Age, years

Median (range) 65 (45-72) 62 (47-73) 64 (45-73)
Gender, n (%)

Male 6 (35) 23(92) 29 (69)

Female 11(65) 2(8) 133D
ECOG performance score, i (%)

0 6 (35) 8 (32) 14 (33)

1 11(65) 17 (68) 28 (67)
Clinical stage, n (%)

111B 1(6) 6(24) T17)

v 16 (94) 19(76) 35(83)
Histology, n (%)

Adenocarcinoma 14 (82) 19(76) 33(79)

Squamous cell 3(18) 5(20) 8(19)

carcinoma

Large-cell carcinoma 0 1(4) 1(2)

bid, twice daily: BSA, body surface area; D, docetaxel; DLT, dose-limiting toxicity;
ECOG, Eastern Cooperative Oncology Group: N, nintedanib.
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N100/D60
N=3
(0/3 DLT)

|

N150/D60
N=3 (BSA z1.5)
(0/3 DLT)

l

N200/D60
N=3 (BSA <1.5)
(3/3 DLTs)

N150/D60 N200/D60 N150/D75
N=7° N=7¢ N=7¢
{2/6 DLTs) (2/6 DLTs) (2/6 DLTs)
N150/D75 N200/D75
N=6 N=6
(1/6 DLT) (2/6 DLTs)

FIGURE 1. Patient flow. N100/D60, nintedanib 100 mg bid
plus docetaxel 60 mg/m? N150/D60, nintedanib 150mg bid
plus docetaxel 60 mg/m?%, N150/D75, nintedanib 150 mg bid
plus docetaxel 75 mg/m? N200/D60, nintedanib 200 mg bid
plus docetaxel 60 mg/m?, N200/D75, nintedanib 200mg

bid plus docetaxel 75mg/m? *Protocol amendment by the
Efficacy and Safety Review Committee, which recommended
separate assessments of dose levels for patients with a body
surface area (BSA) <1.5 m? and =1.5 m?. POne patient was
replaced due to low compliance with study drugs admin-
istration with a non-dose-limiting toxicity adverse event
(pneumonia). “One patient was replaced due to insufficient
data to evaluate the duration of grade 4 neutropenia as a
dose-limiting toxicity. ‘One patient was replaced due to early
withdrawal of consent.

the second patient withdrew consent before the completion
of cycle 1, and there were insufficient data to confirm a DLT
occurrence in the third patient. Three patients were enrolled
in the N100/D60 cohort, three patients in the N150/D60
cohort, and three patients in the N200/D60 cohort, without
consideration of their BSA. No DLT was observed for the first
and second cohorts (N100/D60 and N150/D60). At 200mg
bid (N200/D60), all three patients experienced DLTs (ALT,
AST, and y-glutamytranferase increases in two patients, and
ALT and AST increase in one patient) that were fully revers-
ible (Table 2). All three patients who experienced DLTs at
N200/D60 had BSA less than 1.5, whereas the three patients
treated with N150/D60 who did not experience DLTs had
BSA greater than or equal to 1.5. In a previous investiga-
tion of nintedanib monotherapy in Japanese patients,'' all
DLTs at 200 mg bid were observed in patients whose BSAs
were smaller than those of patients without observed DLTs.
The external Efficacy and Safety Review Committee rec-
ommended the protocol amendments for reassessment of

Copyright © 2014 by the International Association for the Study of Lung Cancer
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TABLE 2. Observed Dose-Limiting Toxicities in Treatment Cycle 1 at Each Nintedanib Dose Level Among Evaluable Patients

with BSA <1.5 m? or BSA 21.5 m?

Nintedanib Dose Docetaxel Dose No. of .
Cohert (mg bid) (mg/m?) DLTs/Patients” Nature of DLT
— 100 60 0/3" —
BSA <1.5m? 150 60 2/6 (1) ALT and AST elevation; (2) ALT elevation
75 1/6 (1) ALT and AST elevation
200 60 3/3 (1) ALT, AST, and v-GT elevation; (2) ALT, AST, and -GT elevation;
(3) ALT and AST elevation
BSA >1.5m? 150 60 0/3 —
75 2/6 (1) ALT and y-GT elevation; (2) ALT elevation
200 60 2/6 (1) ALT, AST and v-GT elevation; (2) ALT and v-GT elevation
75 2/6 (1) ALT, AST, and y-GT elevation; (2) ALT elevation

“Patients eligible for evaluation of dose-limiting toxicity.
"BSA in 100 mg bid group: <1.5m% n=1;21.5m* n=2.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; bid, twice daily; BSA, body surface area; DLT, dose-limiting toxicity; v-GT, gamma glutamyltransferase.

the N150/D60 dose in patients with BSA less than 1.5, and
for subsequent dose escalations to be performed separately
for cohorts with BSA less than 1.5 and BSA greater than or
equal to 1.5, respectively.

As shown in Table 2, of 12 patients with BSA less than
1.5 treated in the N150/D60 or the nintedanib 150mg bid
plus docetaxel 75 mg/m? (N150/D75) cohorts, three patients
experienced DLTs (liver enzyme elevations that were revers-
ible with dose reduction or discontinuation); two in the
N150/D60 cohort and one in the N150/D75 cohort. Of 12
patients with BSA greater than or equal to 1.5 treated in the
N200/D60 and the nintedanib 200mg bid plus docetaxel
75mg/m? (N200/D75) cohorts, respectively, two of six
patients in each cohort experienced DLTs (reversible liver
enzyme elevations). In eight of 12 patients who developed
DLTs, nintedanib was reintroduced with dose reduction fol-
lowing rapid recovery of liver enzyme levels; one patient
required a second dose reduction (Fig. 2). The MTD of ninte-
danib was thus 150 and 200 mg bid combined with 75 mg/m?
of docetaxel in the BSA less than 1.5 and BSA greater than
or equal to 1.5 cohorts, respectively.

A ALT tevels
600

(62}

o

(=]
1

400
300 1
2001 |1}

100 4}/

Plasma concentration of ALT (1U/L)

FIGURE 2. Change in alanine aminotrans-
ferase (ALT) values in all eight patients with

Safety Profile of Nintedanib

Of the 42 patients who received combination treatment,
the most frequent drug-related AEs (all CTCAE grades) were
neutropenia, leukopenia, fatigue, alopecia, decreased appetite,
ALT/AST elevations, diarrhea, and y-GT elevations (Table 3).
The only grade 4 AEs were neutropenia (n = 37) and leukope-
nia (n = 9). Liver enzyme elevations were asymptomatic, and
manageable with dose reduction or discontinuation. Among
drug-related AEs commonly observed with other VEGF-
targeted tyrosine kinase inhibitors, grade 1 or 2 rash was
observed in 17 patients, grade 2 proteinuria in one patient,
and grade 1 bleeding in seven patients; hypertension, perfora-
tion, and thromboembolism were not observed in this study.

Two patients died during the study period. One of
these deaths occurred in a male patient (53 years of age;
BSA = 1.92 m?), who was previously treated concurrently
with radiation to the mediastinum and systemic chemo-
therapy (vinorelbine plus cisplatin) until 19 months before
beginning the present study treatment (N200/D60) for meta-
static disease in mediastinal lymph nodes and an abdominal
para-aortic lymph node. He responded to the study treatment

B Nintedanib treatment days

Nintedanib dose (BSA)
— 200 mg bid (21.5 m?)
-—-- 200 mg bid (<1.5 m?)
150 mg bid (1.5 m?)
150 mg bid (<1.5 m?)

B 200 mg bid days
& 150 mg bid days
% 100 mg bid days

dose reduction on nintedanib by dose- 0 "
limiting toxicity (DLT) during first treatment
course and nintedanib treatment days. BSA,
body surface area.

Baseline 11

21 31 41 51 Q 250 500 750 1000
Time (days) Time (days)

ALT, alanine aminotransferase; bid, twice daily; DLT, dose-limiting toxicity
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TABLE 3. Frequency of Patients with Drug-Related AEs (=20% Incidence) Across all Dose Groups in all Treatment Courses by
Body Surface Area

Patients with BSA <1.5m? (n = 17) Patients with BSA 21.5 m? (n = 25) All patients (n = 42)

CTCAE All CTCAE CTCAE Al CTCAE CTCAE Al CTCAE
n (%) grade 3—4 grades erade 3—4 grades grade 3—4 grades
Hematologic
Neutropenia 17 (100) 17 (100) 23(92) 23(92) 40 (95) 40 (95)
Leukopenia 10 (59) 14 (82) 17 (68) 21 (84) 27 (64) 35(83)
Anemia 0 4 (24) 0 6 (24) 0 10 24
Nonhematologic
Fatigue 0 15(88) 0 17 (68) 0 32 (76)
Alopecia 0 12(71) 0 18(72) 0 30(7hH)
Decreased appetite 1(6) 13(76) 0 15 (60) 1(2) 28 (67)
Diarrhea 0 6(35) 1 (4) 16 (64) 1(2) 22(52)
Dysgeusia 0 6 (35) 0 11 (44) 0 17 (40)
Rash 0 8(47) 0 9 (36) 0 17 (40)
Nausea 0 7 (41) 0 8(32) 0 15 (36)
Vomiting 0 9(53) 0 5(20) 0 14 (33)
Stomatitis 0 4(23) 0 8(32) 0 12 (29)
Peripheral sensory 1(6) 3(18) 0 7 (28) 1(2) 10 (24)
neuropathy
Edema 0 5029 0 4(16) 0 921
Laboratory abnormalities
ALT increased 6 (35) 13(76) 6 (24) 14 (56) 12(29) 27 (64)
AST increased 5(29) 13(76) 2(8) 14 (56) 77 27 (64)
v-GT increased 3(18) 10 (59) 4(16) 12 (48) 7(17) 22 (52)
ALP increased 1 {6) 9(53) 0 9 (36) 1(2) 18 (43)

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BSA, body surface area; CTCAE, Common Terminology Criteria for Adverse Events;

v-GT, gamma glutamyltransferase.

(partial response), and the combination treatment was contin-
ued until cycle 27. Notable on-treatment AEs were grade 3
to 4 neutropenia and grade 1 fatigue, with no AEs of bleed-
ing observed before the fatal event. On day 12 of cycle 27,
the patient died with bleeding suggestive of hemoptysis. The
second death occurred in a woman (69 years; BSA = 1.29 m?)
who had progressed after first-line platinum-based chemo-
therapy, and received a total of three cycles of N150/D75 in
the present study. On the planned day 1 of cycle 4, a grade
1 AST clevation was observed, docetaxel administration was
postponed, and nintedanib treatment was interrupted. Eight
days after nintedanib interruption, the study treatment was
postponed again because of a grade 1 AST eclevation despite
no abnormalities in any other vital signs. Fourteen days after
nintedanib interruption, the patient died. Based on the details
available, the most probable reason for death for both patients
was underlying advanced progressive lung cancer. However,

the information was not sufficient to clarify the reasons for |

their events.

Pharmacokinetics

Despite interpatient variability, nintedanib AUC and
C,,,. increased in an almost dose-proportional manner follow-
ing single-dose administration (Supplemental Table S1, SDC
1, http://links.Iww.com/JTO/A737). Plasma concentrations of
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nintedanib reached maximum levels 2 to 3 hours postadminis-
tration and then declined, with a half-life of 8 to 9 hours.

PK analysis revealed no apparent interactions between
nintedanib and docetaxel. The AUC and C___for nintedanib
(non-dose-normalized) in this study were similar to those
observed in a previous Japanese phase I study of single-agent
nintedanib." Similarly, coadministration of nintedanib did not
affect docetaxel PKs (Supplemental Table S2, SDC 1, http://
links.lww.com/JTO/A737; Supplemental Figure S1, SDC 2,
http://links.lww.com/ITO/A738).

Dose-normalized PK parameters (C,, sorm AUCy 12 n0mms
and AUC, ..,..,) were compared among patients with BSA
less than 1.5 and BSA greater than or equal to 1.5 patients.
Although geometric mean values of nintedanib C . ..
AUC, 5 orms and AUC, o o, Were slightly higher in patients
with BSA less than 1.5 than in patients with BSA greater than
or equal to 1.5, the wide overlap of individual patient values
indicated no significant differences in nintedanib exposure
between the two patient cohorts (Figure 3).

Efficacy

Four of 42 patients were excluded from the efficacy
evaluation for objective response according to RECIST
because they had no post-treated tumor measurement due
to treatment discontinuation during cycle 1; discontinuation

Copyright © 2014 by the International Association for the Study of Lung Cancer
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N s 8 . 4 g - 2 AUC, ., ... dose-normalized area under
o N i < 4 < the concentration—time curve (0-12 hours);
BSA | BSA BSA | BSA BSA | BSA - max, nore d0S€-normalized peak concentra-
<i5m? z5m? <1.5m? 21.5m? <1.5m? 21.5m? tion; gMean, geometric mean; BSA, body
(n=16)  (n=26) (h=15)  (n=26) h=14)  (n=23) surface area.

was related to DLTs in three patients and early withdrawal
of consent in one patient. Among 38 assessable patients, 10
had a partial response (two patients in the N150/D60 cohort,
five in the N150/D75 cohort, two in the N200/D60 cohort,
and one in the N200/D75 cohort), yielding an overall response
rate of 26.3% (95% confidence interval [CI]: 13.4-43.1%)
(Supplemental Table S3, SDC 1, http://links.lww.com/JTO/
A737). All 10 responders had nonsquamous histology: nine
with adenocarcinoma and one with large-cell carcinoma. A
further 18 patients (47.4%) had stable disease, yielding a dis-
ease control rate of 73.7%. Median PFS was 5.7 months [95%
CI: 4.3-8.3 months].

DISCUSSION

This phase I trial was conducted to determine the MTD of
nintedanib in combination with docetaxel in Japanese patients
with advanced NSCLC who had previously received platinum-
based chemotherapy. The MTD of nintedanib was 150 and
200 mg bid in patients with BSA less than 1.5 and BSA greater
than or equal to 1.5 in combination with 75 mg/m? of docetaxel,
respectively. The protocol was amended so that patients were
divided according to BSA (<1.5 m* and 21.5 m?) due to the
occurrence of an unexpectedly high number of DLT's in patients
with a lower BSA (i.e., <1.5 m?). All DLTs were grade 3 liver
enzyme elevations (ALT, AST, or v-GT), and were completely
reversible with dose reduction or discontinuation. A reduced
dose of nintedanib was successfully reintroduced following
rapid recovery of enzyme levels for eight of 12 patients who
had developed liver enzyme level-related DLTs.

All three patients with BSA less than 1.5 treated with
nintedanib 200 mg experienced DLTs, whereas only four of
12 patients with BSA greater than or equal to 1.5 treated at
the same dose developed DLTs. This is consistent with our
previous phase I study of nintedanib monotherapy, in which
three of four patients with BSA less than 1.5 in the 200 mg bid
cohort developed DLTs (grade 3 hepatic enzyme elevations),
whereas DLTs were not reported in eight patients with BSA
greater than or equal to 1.5 treated at the same dose."

Studies with other small-molecule tyrosine kinase
inhibitors also suggest that dosing according to BSA might

Copyright © 2014 by the International Association for the Study of Lung Cancer
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be meaningful. For example, a low BSA has been associ-
ated with a high incidence of severe toxicities and DLTs in
patients treated with sunitinib.'®'” Furthermore, a reduced
dose of 300 mg/day imatinib in low-BSA patients with chronic
myeloid leukemia showed equivalent efficacy to the standard
dose."™” A large-scale PK analysis of imatinib identified a
weak inverse correlation between trough concentration of
imatinib and BSA.? Based on these observations, larger-scale
investigations are warranted to identify optimal initial dosing
of nintedanib, especially in low-BSA patients.

In addition to liver enzyme elevations, common drug-
related AEs included hematologic toxicities, alopecia, and
gastrointestinal AEs. Many of these toxicities are commonly
observed during docetaxel administration.' These AEs were
reversible and could usually be managed effectively with
supportive therapies (except for alopecia). The mild-to-
moderate gastrointestinal AEs and asymptomatic, reversible
liver enzyme increases are consistent with the established
safety/tolerability profile of nintedanib in NSCLC and other
tumor types.'%!2"25 AEs associated with many other VEGF-
targeted tyrosine kinase inhibitors, such as grade 3—4 skin
toxicities, hypertension, bleeding, perforation, thromboem-
bolism, and proteinuria,®® were either absent or infrequent
in this study.

The PK profile of nintedanib following docetaxel admin-
istration was very similar to that seen in our phase I nintedanib
monotherapy study.'' This suggests that docetaxel has no clini-
cally relevant effect on the PK of nintedanib. Analyses of blood
samples taken on day 1 of cycle 1 with docetaxel alone, and
day 1 of cycle 2 of docetaxel/nintedanib showed that coadmin-
istration of nintedanib did not affect the PK of docetaxel. This
is consistent with findings from a phase I study of nintedanib/
docetaxel in patients with prostate cancer.”® In the present
study, we found no clear differences in PK data from patients
with BSA less than 1.5 and BSA greater than or equal to 1.5.
This could be due to the small sample size, so population-
based PK analyses of nintedanib are needed.

Our study showed that 26% of patients achieved an
objective response to nintedanib/docetaxel, with a median
PFS of 5.7 months. This high level of antitumor activity is
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consistent with data from the global LUME-Lung 1 trial of
nintedanib/docetaxel in NSCLC, where a statistically signifi-
cant improvement in PFS was observed in all patients, and a
significant extension in overall survival was scen in patients
with adenocarcinoma.'

In conclusion, the MTD for continuous daily treatment
with nintedanib plus docetaxel (75 mg/m?) was 150 and 200 mg
bid in patients with BSA less than 1.5 and BSA greater than
or equal to 1.5, respectively. There were no clinically relevant
PK interactions between nintedanib and docetaxel. DLTs were
observed in one-third of enrolled patients, and there were two
fatal events including hemoptysis; therefore, careful obser-
vation of patients receiving nintedanib in combination with
docetaxel is required in future investigations.
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Abstract. Hepatocyte growth factor (HGF) expression is a
poor prognostic factor in various types of cancer. Expression
levels of HGF have been reported to be regulated by shorter
poly(dA) sequences in the promoter region. In the present
study, the poly(dA) mononucleotide tract in various types of
human cancer cell lines was examined and compared with the
HGF expression levels in those cells. Short deoxyadenosine
repeat sequences were detected in five of the 55 cell lines
used in the present study. The H69, IM95, CCK-81, Sui73 and
H28 cells exhibited a truncated poly(dA) sequence in which
the number of poly(dA) repeats was reduced by =5 bp. Two of
the cell lines exhibited high HGF expression, determined by
reverse transcription quantitative polymerase chain reaction
and enzyme-linked immunosorbent assay. The CCK-81, Sui73
and H28 cells with shorter poly(dA) sequences exhibited low
HGF expression. The cause of the suppression of HGF expres-
sion in the CCK-81, Sui73 and H28 cells was clarified by two
approaches, suppression by methylation and single nucleotide
polymorphisms in the HGF gene. Exposure to 5-Aza-dC, an
inhibitor of DNA methyltransferase 1, induced an increased
expression of HGF in the CCK-81 cells, but not in the other
cells. Single-nucleotide polymorphism (SNP) rs72525097 in
intron 1 was detected in the Sui73 and H28 cells. Taken
together, it was found that the defect of poly(dA) in the HGF
promoter was present in various types of cancer, including
lung, stomach, colorectal, pancreas and mesothelioma. The
present study proposes the negative regulation mechanisms by
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methylation and SNP in intron 1 of HGF for HGF expression
in cancer cells with short poly(dA).

Introduction

Hepatocyte growth factor (HGF) is a widely-expressed multi-
functional growth and angiogenic factor (1). The activity of
HGF is mediated by binding to its receptor, a tyrosine kinase
MET, and HGF transduces multiple biological effects in
target cells, including adhesion, motility, growth, survival and
morphogenesis (2).

The HGF level is frequently increased in advanced cancer
patients. HGF is a poor prognostic factor of patients with
various types of cancer, including hepatocellular carcinoma
and breast cancer (3-5). In addition, HGF is reported to be
associated with resistance to molecular target drugs, including
EGFR-specific tyrosine kinase inhibitors, in lung cancer (6,7).
HGEF is secreted by tumor cells, vascular smooth muscle
cells, pericytes and fibroblasts. The HGF gene promoter in
humans and mice has been structurally and functionally
analyzed (8-10). Inflammatory cytokines, including inter-
leukin-1- and interleukin-6-responsive elements, are present in
the human HGF gene (8), which is activated transcriptionally
by these cytokines. However, little is known about genomic
alteration associated with the expression of HGF. Ma et al
reported that high expression of HGF is regulated by a short
deletion in the poly(dA) repeat sequence in the HGF promoter
region in breast cancer cells (11). The present study investi-
gated the association between the expression levels of HGF
in those cells and additional regulation mechanisms of HGF
expression.

Materials and methods

Cells and cell culture. Human non-small cell lung cancer
(NSCLC) PC-6, PC-7, PC-9 and PC-14 cell lines were provided
by Tokyo Medical University (Tokyo,Japan) (12,13). The NSCLC
SBC-3 cell line was provided by Okayama University School
of Medicine (Okayama, Japan) (13). The NSCLC N231, LK-2,
Ma-1 and 11_18 cell lines were provided by the National Cancer
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Research Institute (Tokyo, Japan) (14-17). The NSCLC A549,
H1299, H69, Calu-1, Calu-6, H292, H358, H441, H460, H2087,
H1650, H1838, H1975 and HCC827 cell lines were obtained
from the American Type Culture Collection (Mannassas,
VA, USA). The NSCLC EBC-I cell line was obtained from
the Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan). Human gastric cancer HSC38, HSC43 and
HSC358 cell lines were provided by the National Cancer Center
Research Institute (18,19). Human gastric cancer cell line,
OKAJIMA, was provided by Osaka City University (Osaka,
Japan). Human gastric cancer IM95, MKNI, MKN7 and
MKN74 cell lines were obtained from the Japanese Collection
of Research Bioresources Cell Bank. Human gastric cancer
N87 and SNUI6 cell lines and pancreatic cancer MIAPaCa
cell lines were obtained from the American Type Culture
Collection. Human pancreatic cancer Sui87, Sui68, Sui70 and
Sui73 cell lines were provided by the National Cancer Center
Research Institute (20). Human colon cancer HCC56, SW837,
CCK-81, Colo201, Colo320 and WiDr cell lines and human
hepatocellular cancer HLE, HLLF and Huh7 cell lines were
obtained from the Japanese Collection of Research Bioresources
Cell Bank. Human hepatocellular cancer HepG2, human breast
cancer MDAMB-468 and BT-549 cell lines, the human glioma
U251 cell line, the human prostate PC-3 cancer cell line and
human mesothelioma H28 and MSTO cell lines were obtained
from the American Type Culture Collection. The cell lines were
maintained in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Equitech-Bio, Inc.,
Kerrville, TX, USA). All cell lines were maintained in a 5%
CO,, humidified atmosphere at 37°C.

Sample preparation. Total RNA was extracted from cells using
ISOGEN (Nippon Gene Co., Ltd., Tokyo, Japan), according
to the manufacturer's instructions. The cDNA templates were
synthesized from 1 yg of total RNA using the GeneAmp® RNA
polymerase chain reaction (PCR) kit (Applied Biosystems,
Foster City, CA, USA).

DNA was extracted from cells using the QlAamp DNA
mini kit (Qiagen, Valencia, CA, USA), according to the manu-
facturer's instructions. For the 10 mM stock solution, 5-Aza-
2'-deoxycytidine (5-Aza-dC; Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in dimethylsulfoxide. Aliquots were
prepared and frozen at -80°C. The cells were treated with
5-Aza-dC for 48 h prior to the cells being collected and total
RNA extracted.

Reverse transcription-quantitative PCR (RT-gPCR). The
methods used in the present section have been previously
described (21). Briefly, RT-gPCR was performed by using a
Premix Ex Taq and Smart Cycler system (Takara Bio, Inc.,
Shiga, Japan), according to the manufacturer's instructions.
The primers used for RT-gPCR were purchased from Takara
Bio, Inc. and were as follows: Forward,
5'-GTAAATGGGATTCCAACACGAACAA-3' and reverse,
5“TGTCGTGCAGTAAGAACCCAACTC-3' for HGF,
forward, 5'-GCACCGTCAAGGCTGAGAAC-3' and reverse,
5'-ATGGTGGTGAAGACGCCAGT-3' for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The cDNA was
then used as the template for the qPCR reaction. The PCR
conditions were as follows: one cycle at 95°C for 5 min, followed
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by 40 cycles at 95°C for 10 sec and 60°C for 30 sec. The
threshold cycle (Ct) values were determined using Thermal
Cycler Dice Real Time System (Takara Bio, Inc.). The experi-
ment was independently performed in triplicate using GAPDH
as a reference to normalize the data.

Enzyme-linked immunosorbent assay (ELISA). The cells were
seeded at a density of 2x10° cells per 10-cm dish in medium
supplemented with 10% FBS and were cultured for 24 h. The
medium was then changed to serum-free medium. Following
48 h of incubation, the conditioned medium was collected to
measure HGF production.

HGF concentrations in the cultured medium were
determined using a Human HGF Quantikine ELISA kit

(R&D Systems, Inc., Minneapolis, MN, USA) according to the
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manufacturer's instructions. The absorbance of the samples at
450 nm was measured using VERSAmax (Molecular Devices
Japan KK, Tokyo, Japan). Duplicate examinations of 50 yul of
the cell-conditioned medium were performed.

DNA amplification and fragment sizing. DNA amplification
was performed with Ex Taq polymerase (Takara Bio, Inc.).
The cycling program was one cycle of 98°C for 1 min and
then 30 cycles of 98°C for 10 sec, 60°C for 30 sec and 72°C for
10 sec, followed by one cycle of 72°C for 2 min. PCR fragments
of 88 bp were analyzed using the Agilent 2100 bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). The primers
used for PCR amplification were as follows, forward,
S-GGTAAATGTGTGGTATTTCGT GAG-3' and reverse,
5-GCTGCCTGCTCTGAGCCCAT-3.

Sequencing analysis. DNA sequencing was performed directly
on purified PCR products using the BigDye terminator
v 3.1 sequencing kit (Applied Biosystems). DNA amplification
was performed with Ex Taq polymerase (Takara Bio, Inc.). The
cycling program was one cycle at 98°C for 1 min and then
30 cycles at 98°C for 10 sec, 60°C for 30 sec and 72°C for 1 min,
followed by one cycle at 72°C for 2 min. Following PCR, the
product was purified using the QIAquick PCR purification kit
(Qiagen), and then sequenced using the ABI BigDye 3.1 dye
terminator V3.1 kit (Applied Biosystems) on an ABI Prism®
3100 DNA Analyzer automated sequencer (Applied
Biosystems). The primer and probe sequences used were as
follows: Forward primer,
S“TGTGATTCTTCTCCTCGTGGGGT-3', reverse primer,
5-AGCCTGACCGTGACCCTGAA-3' and sequencing primer,
5-AGCCTGACCGTGACCCTGAA-3, for rs11763015 and
1s78601897; forward primer, S“TGTGATTCTTCTCCTCG
TGGGGT-3' reverseprimer,5-CCAAGAAACAGTCATTGTC
CATAGCCTGTCCC-3' and sequencing primer, 5'-CCTGGGG
ACACCAGACAGAGGCTG-3, for rs3735520 and rs3735521;
forward primer, 5-GCATATTCAGTACTCACGAATTCAA-3,
reverse primer, 5“"TGGGACGGGGCTTGGGTTGGA-3" and
sequencing primer, 5-CCAGGCATCTCCTCCAGAGGGAT
CCG-3', for 1s72525097.

Results

Sequencing of the poly(dA) repeat in the HGF promoter
region. The HGF promoter region contains a poly(dA) repeat at
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Table 1. A list of single nucleotide polymorphisms detected in the 12 cell lines. The poly(dA) length represents the number of
deoxyadenosine repeat sequences in the HGF gene from the results of direct sequencing. HGF production represents the results
of the enzyme-linked immunosorbent assay.

poly(dA) HGF production rs11763015- rs78601897- 1rs3735520- rs3735521- rs72525097

Cell line length (pg/ml) 2142C/A 1903G/A 1652C/T 1268G/C 247(-/T)
H69 24 2443.0 C G C G ;
IM95 17 112976 C/A G T G ;
Sui73 17 36 C G CIT G T
CCK-81 16 10.0 C G C G ;
H28 20 6.2 C G C/IT G T
AS549 27 26.2 C G C G -
PC-9 29 3.1 C G C G ;
H1975 28 144 C G C G ;
HCC827 28 NT C G C/IT G -
H1650 29 NT C G C G -
11_18 29 NT C G C/T G ;
Ma-1 28 NT C G C G -

NT, not tested; HGF, hepatocyte growth factor.
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Figure 1. (A) Schematic representation of the human hepatocyte growth factor promoter. The square (m) and circle (o) show the location of poly(dA) and
single-nucleotide polymorphisms, respectively. (B) Capillary electrophoresis of reverse transcription-polymerase chain reaction products derived from 55 cell
lines. The product from the A549 cell line [normal poly(dA)] was applied for each assay as a control. DNA size standards (100 and 50 bp) are shown on the
left. Truncated fragments were detected in the H69, IM95, CCK-81, Sui73 and H28 cell lines. (C) DNA sequencing of the poly(dA) region in the eight cell
lines. Sequencing analysis revealed the truncated fragment of the poly(dA) sequence in the H69, IM95, CCK-81, Sui73 and H28 cell lines. The dominant peak
represents the true fragment length. The right end peaks likely represent polymerase slippage.

~800 bp upstream from the translation initiation site (Fig. 1A).  Shorter fragments were detected in the Sui73, CCKS81, IM95,
Based on a previous study (11), the poly(dA) lengths were  H69 and H28 cells, but not in the remaining cell lines (Fig. 1B).
analyzed by fragment sizing in 55 human cancer cell lines.  To confirm the fragment size, the poly(dA) region of eight cell
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Figure 2. (A) Expression of HGF mRNA in human cancer cell lines. cDNA (4 ng RNA/ul; 1 pl) was used for the quantitative polymerase chain reaction.
Relative HGF mRNA in the each cell lines were normalized by glyceraldehyde-3-phosphate dehydrogenase mRNA levels. The experiment was performed
in triplicate. and repeated three times independently. The data are expressed as the mean + standard deviation of triplicate samples. (B) Production of HGF
protein by the eight cell lines. Each cell line was cultured in the medium. HGF concentration in the conditioned medium was determined by enzyme-linked
immunosorbent assay. The experiment was performed in triplicate. HGF, hepatocyte growth factor
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lines was sequenced (Fig. 1C). The number of mononucleotide
repeats in these cell lines matched with the result of the frag-
ment analysis.

HGF expression in human cancer cells. The levels of
HGF expression in 55 cell lines were then examined by
RT-gPCR (Fig. 2A). RT-gPCR analysis revealed a low expres-
sion in the majority of the cell lines. On the other hand, the
H69 and IMO5 cells expressed high levels of HGF mRNA.
The expression of HGF mRNA in the H69 and IM95 cells was
>12.3- and >32 4-fold higher compared with the average of any
cell line other than H69 or IM95, respectively. HGF protein
secretion was examined in the eight cell lines (Fig. 2B). The
HGF protein was highly secreted by H69 and IM95 cells in
the conditioned medium, which was consistent with mRNA
expression.

The pattern of poly(dA) length (Fig 1B) and HGF expres-
sion (Fig. 2A) was compared in 55 cell lines. The expression
level of HGF was low in all the cell lines with a normal
poly(dA) length in the HGF promoter region. By contrast, HGF
expression in the five cell lines with short poly(dA) length in
the HGF promoter region differed in pattern. High expression
of HGF was observed in the H69 and IM935, but not in the
CCK-81, Sui73, and H28 cell lines. These results suggest that
the cell lines with a normal poly(dA) promoter express low
levels of HGF, and all cell lines with a short poly(dA) do not
express high levels of HGF. It was hypothesized that the HGF
expression was suppressed in the CCK-81, Sui73 and H28 cells
with short poly(dA) by other mechanisms.

Effect of 5-Az-dC on HGF expression. The present study
explored the cause of HGF gene suppression in certain cell
lines with shorter poly(dA) sequences. It was hypothesized
that DNA methylation may silence HGF expression in these
cell lines. The change in the HGF mRNA expression in three
cell lines was examined following treatment with 1 or 3 uM
5-Aza-dC for 48 h (Fig. 3). A 2.3- and 2.4-fold increase in
HGF mRNA was observed in CCK-81 cells when treated with
1 and 3 yM 5-Aza-dC, respectively (P<0.01). No significant
change was observed in the Sui73 and H28 cells. These results
suggest that DNA methylation may contribute to the silencing
of the HGF gene in the CCK-81 cells.

Genotyping of SNPs in the HGF gene. All increased expression
of HGF in the Sui73 and H28 cells was due to DNA methyla-
tion. Next, it was examined whether a specific polymorphism
is observed in these cells. The HGF genotypes were analyzed
upstream of the transcript start (-2200 bp) to intronl (+300 bp)
of 12 cell lines with short poly(dA) (H69, IM95, CCK-81,
Sui73, and H28 cells) or normal poly(dA) (A549, PC-9, H1975,
HCC827, H1650, 11_18, and Ma-1 cells) by direct sequencing
(Table T). The -1903G and -1268G SNPs were detected in all
12 cell lines. The -2142C/A SNP was detected in only the
IMO5 cell line with short poly(dA). The -1652C/T SNP was
detected in four cell lines with shorter and normal poly(dA).
The +247T SNP in intron 1 was detected in only the Sui73 and
H28 cells with a short poly(dA). These results suggest that
insertion of a single T nucleotide at position 247 may be asso-
ciated with the expression of HGF in the Sui73 and H28 cells
with a short poly(dA).
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Discussion

HGF has been identified as a natural ligand of the MET
receptor and belongs to the plasminogen family (1). In cancer
cells, activation of the MET receptor increases invasion and
metastasis, and allows the survival of cancer cells in the blood-
stream in the absence of anchorage (2).

In the present study, the deletion mutation on the HGF
promoter region was detected in lung, colon, stomach,
pancreatic and mesothelial cancer cell lines. The cell lines
with short poly(dA) express high levels of HGF, whereas
all the cell lines with normal poly(dA) do not. This result is
consistent with a previous study (11) and short poly(dA) in the
HGF promoter region has been detected in various types of
cancer cell lines and breast cancer. H69 [poly(dA), 24 bp] and
IMB9S5 [poly(dA), 17 bp] highly express HGF. When comparing
these two cell lines, IM95 exhibits a higher HGF expression
compared with H69 (2.6- and 4.6-fold higher at the mRNA
and protein levels, respectively). This is also consistent with
the study by Ma er al, suggesting that the cells with shorter
poly(dA) exhibit higher HGF (11).

By contrast, certain cell lines exhibited a short poly(dA) and
low HGF expression. We considered that the low HGF expres-
sion in these cell lines may be explained by the methylation
or polymorphisms of the HGF promoter. There has been no
previous paper reporting epigenetic regulation of HGF expres-
sion. Recently, DNA methylation analysis of HGF promoters
was reported. Analysis of bisulfite DNA from BNL IME
ATR.1 cells indicated that HGF has 35% of CpGs methylated
at two sites (22). This finding is considered to be important for
elucidating the detailed mechanisms of epigenetic regulation
of HGF expression, in order to develop epigenetic therapy for
HGF-related cancers.

An increase (by 2.4-fold) in HGF expression was induced
by 5Aza-dC in Sui73 and H28 cell lines, suggesting that other
mechanisms such as acetylation and transcription factors may
influence the full expression of HGF.

T insertion in intron 1 (247T) was detected in two cell lines
with short poly(dA). It is well-known that polymorphisms in
the promoter, but not in introns, influence the transcription
of a gene. However, Onouchi et al reported that an SNP in
intron 1 of 1,4,5-trisphosphate 3-kinase C influenced the
transcription of this gene (23). Yamada er al reported that
polymorphism in intron 1 of transcription factor EGR3 regu-
lates transcription of this gene (24). Subsequently, it was
hypothesized that 247(-/T) may influence the transcriptional
levels of HGF in these cell lines, although functional analysis
is necessary in future studies. Another SNP was detected in
4/12 cell lines (-1652C/T); however, the influence of this SNP
on HGF expression remains unknown.

HGF is an important mediator of epithelial-mesenchymal
transition (EMT) (25). Fibroblastic changes in the cells were
often observed during EMT induced by HGF and other
ligands. The association between SNPs in HGF and EMT may
be investigated in future studies.

In conclusion, the present study found that the dele-
tion polymorphism of poly(dA) in the HGF promoter was
present in various cancer cell lines, including lung, stomach,
colorectal and pancreatic cancer, and mesothelioma cell
lines. Future experiments with functional analysis of
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intron 1 polymorphisms may provide a novel negative regula-
tory mechanism of HGF expression.
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