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Figure 3. Posttransiational modification of PML, PR-WT, PR-B/L-mut, and
PR-B2-mut induced by SUMO1/UbcS. (A) HA-tagged PML and SUMO1/Ubc9
(SUMO) expression vectors were transfected into Hela cells as indicated and
incubated with or without As,O5 (10uM) for 8 hours. immunoblot analysis using an
anti-HA antibody was carried out. Black arrowheads indicate SUMO-modified PML.
(B) Xpress-tagged PR-WT, PR-B/L-mut, or PR-B2-mut was overexpressed in HelLa
cells with or without SUMO1/Ubc9 and incubated with or without As;O3 (10uM) for
8 hours. Black arrowhead indicates SUMO-modified/dimerized PR-WT (lanes 4-6).
Note that the modified bands of PR-B/L-mut and PR-B2-mut were barely detected
(lanes 7-12).

the presence of As,O; (Figure 6Bv,vi,viii). These data strongly
suggest that the L218P mutation in the PML-B2 domain contrib-
utes to the aberrant PML body formation and disrupts responsive-
ness to As,0; treatment.

Cellular localization of endogenous PR-B/L-mut without
As,0; in primary cells from a patient

To show the localization of PR-WT and PR-B/L-mut protein
in primary leukemia cells, IF staining using an anti-PML anti-
body was performed (Figure 7). Primary leukemia cells from
patient 1 obtained at diagnosis and at the terminal stage were used
to detect PR-WT and PR-B/L-mut, respectively. Nearly the same
localization pattern as seen in Figure 5 was confirmed in this assay.
The PML bodies were observed as a granular pattern at diagnosis
(PR-WT), but the pattern was significantly altered to become
diffuse at the terminal stage (PR-B/L-mut). These data strongly
suggest that PR-B/L-mut protein was expressed and functional in
primary leukemia cells, and may contribute to different responsive-
ness to As,0; treatment.

Discussion

In the present study, we have shown acquired missense muta-
tions in PML-RARA that are closely related to resistance to
As,0, treatment. In 2 patients, we detected A216V and L218P sub-

PML-RARAMUTATIONS ARE CRITICAL FOR As,O; RESPONSE 1605

stitutions in the B2 domain of PML. The B2 domain is part of the
RBCC motif, which is thought to be critical for PML homo/
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Figure 4. Protein localization of PML and its fusion proteins in soluble and/or
insoluble fractions with or without As,0;. (A) HA-PML was overexpressed in
Hela cells with or without As;O3 (10M for 2 hours), and the whole-cell lysate
(soluble) and pellets (insoluble fraction) were obtained for immunoblotting. Black and white
arrowheads indicate modified/oligomerized and degraded PML, respectively. (B) The
same assay described in panel A was performed using PR-WT, PR-B/L-mut, and the long
form of PML-RARA (PR-long). White circles indicate PR-WT or PR-B/L-mut and white
squares indicate PR-long protein. Black and white arrowheads indicate modified/
oligomerized and degraded fusion proteins, respectively. Note that neither protein transpor-
tation from the soluble to insoluble fraction (fanes 7 vs 8 and 13 vs 14) nor modified/
aligomerized or degraded proteins after treatment with As,O; (lanes 8 and 14) were
observed with PR-B/L-mut, (C) Protein expression levels in panel B were measured using
BioMax 1D software, and the relative intensity is depicted as a bar graph.
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Figure 5. Analyses of the protein localization of PML, PR-WT, and PR-B/L-mut
using IF staining. (A) HeLa cells were incubated with or without As,Oz (10uM) for
8 hours, and endogenous PML was detected with an anti-PML antibody. PML nuclear
bodies were detected in green. The nuclei were stained with 4,6 diamidino-
2-phenylindole (DAPI; biue). Note that the microgranular pattern of NBs without
As203 (i and iii) was altered to become a macrogranular pattern with As,O; (iv and vi).
(B) Flag-tagged PR-WT was used for the same assay as described in panel A.
Anti-FLAG and anti-PML antibodies were used to detect PR-WT and endogenous
PML, respectively. PML bodies were confirmed in the cytoplasm with a microgranular
pattern without As;O; (i,ii, and iv) and a macrogranular pattern with As,03 (v,vi, and
viii). (C) When using Flag-tagged PR-B/L-mut, localization showed a diffuse pattern
mostly in the cyloplasm with and without As;O;. (D) Flag-tagged PR-WT or
PR-B/L-mut was overexpressed in U937 cells without As,Os, and the same IF
staining was performed. Note that PR-B/L-mut localization was confirmed in the
cytoplasm as a diffuse pattern. Magnification is 800x.
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heterodimerization, oligomerization, and As,0; binding. 232534 Re-
cent studies have indicated that As,O; binds directly to cysteine
residues in zinc fingers in the RBCC domain, especially C77/80 and
C88/91 in the RING domain® and C212 and C213 in the B2 domain.2s
Binding of As;0; in the RBCC domain appears to be critical for
the effect of As,O; on PML-RARA.?*?5 Interestingly, the muta-
tions described herein were located just adjacent to the CC motif
(C212/213) in the B2 domain, which is thought to be critical for
As;0O3 binding (Figure 1D). These findings suggest that substitu-
tions at A216 and L218 may affect proper As,O; binding, resulting
in aberrant responsiveness to As,0Os through aberrant subcellular
localization, insufficient SUMOylation, and/or multimerization.
The in vitro SUMOylation assay indicated that PR-B/L-mut and
PR-B2-mut mostly lack SUMO1-Ubc9-induced SUMOylation and
dimerization/multimerization (Figure 3B), and this was not changed
in the presence of As;O;. It has been suggested that degradation of
the PML-RARA protein with As,0;, followed by SUMOylation
and oligomerization,?*?> may also be inhibited by mutations in
the B2 domain. Furthermore, PR-B/L-mut was localized in both
the soluble and insoluble fractions, and the localization was
not changed in the presence of As;O;. Nearly the same result
was obtained with IF staining, indicating that PR-B/L-mut and
PR-B2-mut were localized in the cytoplasm with a diffuse pattern
that was not altered in the presence of As,O; (Figure 5C).
Furthermore, PR-L-B2-mut2 was localized in the nucleus as a
diffuse pattern with or without As,O; (Figure 6B). These results
strongly suggest that amino acid substitution in the B2 domain is
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Figure 6. Analyses of the protein localization of PR-L and PR-L-B2-mut2 using
IF staining. (A) Flag-tagged PR-L was overexpressed in Hela cells with or with-
out As.O3. Anti-FLAG and PML antibodies were used to detect PR-L and endogenous
PML, respectively. PML bodies were confirmed in the nucleus with a microgranular
pattern without As;0j (i,ii, and iv) and a macrogranular pattern with AszOs (v,vi, and
viii). (B) A similar assay was performed using PR-L-B2-mut2. Note that the
lacalization of PR-L-B2-mut2 was confirmed in the nucleus as a diffuse pattern with or
without As,0s.
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Figure 7. Protein localization of PML and its fusion proteins in primary leu-
kemia cells from patient #1. May-Giemsa (MG) staining (A) and IF staining (B) are
shown. The primary leukemia cells from patient 1 were obtained at diagnosis and at
the terminal stage (shown as 1 and 5, respectively, in Figure 1A) and were used in this
assay. PML nuclear bodies can be observed in the cells at diagnosis (i and iii), but at
the terminal stage, PML and its fusion proteins were observed in the cytoplasm
showing a diffuse pattern (iv and vi).

critical for the aberrant responsiveness in vitro, and the mutations
may be critical for the resistance to As,O; therapy in vivo.

In patient 6, only 2 of 20 clones (10%) contained a genetic
mutation resulting in an L218P substitution in the B2 domain of
the PML region. The genetic mutation was theoretically present in
20% of bone marrow cells, and the remaining 77% of leukemia
cells (PML-RARA-positive cells [97.1%] in FISH analysis in-
cluded PML-RARA-mutated cells [20%]) harbored wild-type PML-
RARA according to the FISH analysis. Careful evaluation of
whether the mutation contributes to clinical resistance to As,O3
therapy should be performed. Because clinically refractory disease
against As,O; was confirmed after the bone marrow aspiration,
clonal expansion of PML-RARA with the L218P substitution may
have been related to the insufficient responsiveness to As,0Os
therapy. Another question is when the mutated clone appeared in
this patient. One possibility is that the mutated clone was already
present at the early stage of the disease. Genetic analysis using
DNA obtained at the disease onset may be useful for clarifying this.
Unfortunately, DNA obtained at the disease onset and the terminal
stage of this patient was not available, and clarifying these issues is
not currently possible. Further examination of additional patients
and genetic analyses of samples obtained at several time points
during the disease progression are required.

Interestingly, PR-B/L-mut was localized in the cytoplasm
(Figures 5C and 6B), not in the nucleus. As reported previously, an
NLS on the PML C-terminus is critical for transport into the
nucleus.3536 The absence of an NLS motif in the short form of
PML-RARA (bcr3)3237:38 may explain the cytoplasmic localization
of PR-WT and PR-B/L-mut in our study. Furthermore, PR-B/L-
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mut and -B2-mut showed a diffuse pattern (Figures 5C-D, 6B, and
7B). Borden et al® reported that substitution of conserved zinc
finger domains in Bl and/or B2 disrupts PML nuclear body
formation in vivo, and they also suggested that B1/B2 domains
may be involved in the homo/hetero-oligomerization process via
protein-protein interactions. Other studies have indicated that
PML-RARA with mutations in B2 show a diffuse cytoplasmic
pattern, perhaps because the mutated proteins cannot bind to
nuclear body—forming proteins such as Daxx, Sp100, and SUMO-1,
resulting in a failure to accumulate in the nuclear body.?42539.40
Amino acid substitution near the zinc finger motif in the B2 domain
may lead to conformational changes in the PML protein. Further
analyses are needed.

PR-B/L-mut also contains a mutation in the LBD of RARA
(G391E). Previous studies have indicated that the LBD mutation is
closely related to ATRA resistance,** and patient 1 in this study
also showed a clinically refractory response to ATRA in the late
stage of his disease progression and resistance to Am80 in the
terminal stage. The LBD mutation G391E was detected only in the
terminal stage (Figure 2B lanes 4 and 5). Therefore, an APL variant
phenotype with ber3 of the PML-RARA protein may be related to
a poor prognosis,®?373 showing that insufficient ATRA effective-
ness and the LBD mutation are related to a consistent pheno-
type of ATRA resistance.** PR-B/L-mut is localized mainly in
the cytoplasm, and the effectiveness of ATRA may not be
anticipated. The function of PR-WT and PR-B/L-mut as transcrip-
tion factors to control activation and/or repression by recruiting
coregulators, such as p300/CBP, SMRT/N-CoR-TBL1/R1, and
histone deacetylases,?62%4647 should be analyzed to confirm the
responsiveness to ATRA. Conversely, the probability of the effects
of the LBD mutation on As,Os resistance may be relatively low
based on our experiment, because the diffuse localization pattern in
the cytoplasm of PR-B2-mut without an LBD mutation in the
presence or absence of As,O3 showed nearly the same pattern as
PR-B/L-mut (data not shown). Furthermore, a previous study
indicated that ATRA-resistant NB4 clones with mutations in the
PML-RARA LBD domain were fully sensitive to As,0j; treatment.*

Interestingly, leukemia cells from patient 1 contained minor
clones of PR-B2-mut and PR-LBD-mut in addition to the major
clone of PR-B/L-mut at the terminal stage (Figure 2B time points 4
and 5), which is difficult to explain. One possibility is that one
allele of the wild-type PML and RARA genes originally had genetic
mutations in the B2 and LBD domains, and PR-WT, PR-B2-mut,
PR-LBD-mut, and PR-B/L-mut were generated at the early stage of
disease progression. Another explanation is that the PML-RARA
fusion gene with mutations in the B2 and LBD domains translo-
cated again with wild-type PML or RARA genes during the disease
progression. Further analyses are required using several strategies
including allele-specific PCR, FISH, and/or single nucleotide
polymorphism analysis.

Mutations in the B2 domain that result in insufficient responsive-
ness to As,Oj; therapy were confirmed in 2 of 15 (13%) patients
with APL treated with As,Os. Recently, As,O3 was introduced as a
consolidation treatment, and the event-free survival at 3 years
was significantly improved compared with conventional consolida-
tion treatment with ATRA and daunorubicin (80% vs 63%).!2
However, almost 5% of patients with APL treated with As,03 show
As;O5 refractory disease.®® Because it is possible that a PML B2 mu-
tation may be partly related to the As,0O; refractory phenotype,
repeated genetic analyses at several time points of the clinical
course may be useful for predicting patients at high risk for a poor
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response to As,Os therapy. Further investigation is required to

From bloodjournal.hematologylibrary.org at TOHOKU UNIVERSITY on March 21, 2012. For personal use only.
BLOOD, 11 AUGUST 2011 - VOLUME 118, NUMBER 6

GOTO et al

confirm the clinical significance.
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Abstract Epidermal growth factor receptor—tyrosine
kinase inhibitors (EGFR~TKIs) show dramatic antitumor
activity in a subset of patients with non-small cell lung
cancer who have an active mutation in the epidermal
growth factor receptor (EGFR) gene. On the other hand,
some lung cancer patients with wild type EGFR also
respond to EGFR-TKIs, suggesting that EGFR-TKIs have
an effect on host cells as well as tumor cells. However, the
effect of EGFR-TKISs on host microenvironments is largely
unknown. A multiple organ metastasis model was previ-
ously established in natural killer cell-depleted severe
combined immunodeficient mice using human lung cancer
cells. This model was used to investigate the therapeutic
efficacy of erlotinib, an EGFR-TKI, on multiple organ

A. G. M. Gabr - T. Kuramoto - S. Kakiuchi -

V. T. Trung - S. Sone

Department of Medical Oncology, Institute of Health
Biosciences, The University of Tokushima Gradate School,
Tokushima, Japan

H. Goto - M. Hanibuchi - M. Suzuki - A. Saijo - S. Sakaguchi -
S. Sone - Y. Nishioka ()

Department of Respiratory Medicine and Rheumatology,
Institute of Health Biosciences, The University of Tokushima
Graduate School, 3-18-15 Kuramoto-cho, Tokushima 770-8503,
Japan

e-mail: yasuhiko@clin.med.tokushima-u.ac.jp

H. Ogawa

Department of Molecular and Environmental Pathology,
Institute of Health Biosciences, The University of Tokushima
Gradate School, Tokushima, Japan

Y. Moriya
Chugai Pharmaceutical Co., Ltd., Tokyo, Japan

metastases induced by human small cell lung cancer cells
(SBC-5 cells) that did not express EGFR. Although erl-
otinib did not have any effect on the proliferation of SBC-
5 cells in vitro, it significantly suppressed bone and lung
metastases in vivo, but not liver metastases. An immuno-
histochemical analysis revealed that, erlotinib significantly
suppressed the number of osteoclasts in bone metastases,
whereas no difference was seen in microvessel density.
Moreover, erlotinib inhibited EGF-induced receptor acti-
vator of nuclear factor kappa-B expression in an osteo-
blastic cell line (MC3T3-E1 cells). These results strongly
suggested that erlotinib prevented bone metastases by
affecting host microenvironments irrespective of its direct
effect on tumor cells.

Keywords Erlotinib - Bone metastasis - Lung cancer -
Host microenvironment

Abbreviations

EGFR-TKI Epidermal growth factor receptor—tyrosine
kinase inhibitor

NSCLC Non-small cell lung cancer

NK Natural killer

SCID Severe combined immunodeficient

SCLC Small cell lung cancer

PTHrP Parathyroid hormone-related protein

EGFR Epidermal growth factor receptor

HUVECs Human umbilical vein endothelial cells

IL Interleukin

Ab Antibody

VEGF Vascular endothelial growth factor

MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium

BMMSCs  Bone marrow mesenchymal stem cells

HGF Hepatocyte growth factor
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Introduction

Lung cancer is the major cause of malignancy-related death
worldwide. The mortality rate is 80-90%, which makes
this disease the leading cause of cancer-related death [1].
The high mortality of this disease is primarily due to the
difficulty of early diagnosis and the highly metastatic
potential. Approximately 70% of lung cancer patients have
already developed metastases to multiple organs by the
time of the diagnosis [2]. There is no curative therapy for
the metastases, and clinical management is palliative in
many cases. Therefore, it is crucial to prevent and treat
lung cancer metastases.

Although the outcome of conventional chemotherapy
for patients with advanced lung cancer is still unsatisfac-
tory, recent studies have enabled the development of
molecular targeting agents such as epidermal growth factor
receptor—tyrosine kinase inhibitors (EGFR-TKIs). Treat-
ment with the reversible EGFR-TKIs (gefitinib and erl-
otinib) results in dramatic antitumor activity in a subset of
patients with non-small cell lung cancer (NSCLC).
Approximately 75% of patients with epidermal growth
factor receptor (EGFR) mutations respond to EGFR-TKIs
[3, 4]. The inhibition of EGFR tyrosine kinase results in the
induction of substantial apoptosis in these tumor cells
because lung cancer cells that have an active mutation in
the EGFR gene become addicted to the EGFR signaling
pathway for their growth. This mechanism allows EGFR~
TKIs to exert anti-tumor activity in NSCLC patients with
an active mutation in the EGFR gene.

However, it is noteworthy that an objective response of
about 10% is also achieved with erlotinib treatment in
NSCLC patients with wild type EGFR [S]. These clinical
observations indicate that EGFR-TKIs might have other
mechanisms of action in addition to their direct effect on
tumor cells. Normanno et al. [6] demonstrated that gefitinib
inhibits the recruitment of osteoclasts in bone lesions, by
affecting the ability of bone marrow stromal cells to induce
osteoclast differentiation and activation. Moreover, Cerniglia
et al. [7] reported that erlotinib treatment of tumor-bearing
mice alters vessel morphology and decreases vessel perme-
ability in tumor xenografts. These observations suggest that
EGFR-TKIs have the potential to modulate and affect host
cells, but their effect on the host microenvironment in dif-
ferent organs with cancer metastases is largely unknown.

The establishment of clinically relevant experimental
metastasis models is crucial to understand the pathogenesis
of lung cancer and its relationship to host microenviron-
ment. A reproducible model of multiple organ metastases
by human lung cancer cells was previously established in
natural killer (NK) cell-depleted severe combined immu-
nodeficient (SCID) mice [8, 9]. This model was used to
elucidate the mechanisms of interactions of metastatic lung

@ Springer

cancer cells with host organ microenvironment and the
heterogeneity in organ microenvironments on the metas-
tases of human lung cancer [10-14]. ‘

The present study sought to elucidate the action of
EGFR-TKIs on host microenvironments in organs with
lung cancer metastases. The study investigated the thera-
peutic efficacy of erlotinib, an EGFR-TKI, on multiple
organ metastases induced by SBC-5 human small cell lung
cancer (SCLC) cells that did not express EGFR in NK cell-
depleted SCID mice.

Materials and methods
Cell cultures

The human SCLC cell line, SBC-5 [15] was kindly provided
by Drs. M. Tanimoto and K. Kiura (Okayama University,
Okayama, Japan). The PC-9 human adenocarcinoma cell
line was purchased from the American Type Culture Col-
lection (Manassas, VA). SBC-5 cells were maintained in
Eagle’s MEM (Nissui Pharmaceutical Co., Tokyo, Japan)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, GIBCO, Grand Island, NY), penicillin (100 U/ml),
and streptomycin (50 pg/ml). PC-9 cells were maintained in
RPMI1640 (Nissui Pharmaceutical Co., Tokyo, Japan)
supplemented with 10% heat-inactivated FBS, penicillin
and streptomycin. The MC3T3-E1 murine osteoblastic cell
line subclone 4 was kindly provided by Chugai Pharma-
ceutical Co., Ltd. (Tokyo, Japan). MC3T3-El cells were
maintained as preosteoblasts in «-MEM growth medium
supplemented with 10% FBS, penicillin and streptomycin.
The growth medium was supplemented with L-ascorbic acid
(50 pg/ml) to induce differentiation, and the cells were
cultured for 7 days [16]. All cell lines were incubated at
37°C in a humidified atmosphere of 5% CO, in air.

Reagents

An anti-mouse interleukin (IL)-2 receptor f chain mono-
clonal antibody (Ab), TM-f1 (IgG2b), was kindly provided
by Drs. M. Miyasaka and T. Tanaka (Osaka University,
Osaka, Japan) [17]. Recombinant murine EGF was pur-
chased from Invitrogen (Carlsbad, CA). None of these
materials contained endotoxins, as determined by the lim-
ulus amebocyte assay (Seikagaku Kogyo, Tokyo, Japan:
minimum detection level, 0.1 ng/ml).

In vitro cell proliferation and migration assay
Cell proliferation was determined using the 3-(4,5-

dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium (MTT) dye
reduction method [18]. The human lung cancer cells
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(2 x 10? cells/100 pl) were plated into each well of a
96-well plate, and incubated overnight. Various concen-
trations of erlotinib were added and the cells incubated for
72 h. Fifty microliters of stock MTT solution (2 mg/ml;
Sigma-Aldrich, St. Louis, MO) was added to all wells, and
the cells were then further incubated for 2 h at 37°C. The
media containing MTT solution were removed, and 100 pl
of DMSO (Sigma-Aldrich, St. Louis, MO) was added. The
absorbance was measured with an MTP-32 Microplate
Reader (Corona Electric, Ibaragi, Japan) at test and refer-
ence wavelengths of 550 and 630 nm, respectively. Cell
migration was determined using double chamber method.
RPMI-1640 medium (0.75 ml) containing 10% FBS was
applied to the lower chamber as chemoattractant, and SBC-
5 cells (5 x 10" in 0.5 ml of serum-free RPMI-1640
medium were seeded in inner chamber (8 pum-pore, BD
Labware, Franklin Lakes, NJ) with the presence of 0, 0.01,
0.1 or 1 pM erlotinib, and incubated for 19 h at 37°C. After
incubation, cells remaining on the upper side of the insert
were removed, and the cells that migrated to the lower
surface of the insert were counted in four different random
fields at 100x magnification. Each treatment was per-
formed in triplicate.

Animals

Male, 6 to 8-week-old S EB-17/lcr-scid mice were
obtained from Clea Japan (Osaka, Japan) and maintained
under specific pathogen-free conditions throughout the
experiment. The experimental protocol was reviewed and
approved by the animal care and use committee of The
University of Tokushima, and were performed according to
their guidelines.

Experimental metastasis with SBC-5 cells
and the effect of erlotinib

NK cells were depleted in SCID mice to facilitate the
metastasis of human lung cancer cell lines. TM-1 Ab
(0.3 mg/mouse) was injected i.p. into SCID mice 2 days
before tumor inoculation [8]. Tumor cells were harvested
and washed with Ca®*- and Mg**-free phosphate buffered
saline (Nissui Pharmaceutical Co., Tokyo, Japan). Cell
viability was determined by a trypan blue exclusion test and
only single cell suspensions of >90% viability were used.
SBC-5 cells (1 x 10° cells/0.3 ml/mouse) were inoculated
into the lateral tail vein of unanesthetized SCID mice pre-
treated with TM-f1 Ab on day 0. Oral administration of
erlotinib (10 or 30 mg/kg) was performed once daily from
day 7 to 28. Vehicle was administered to the control group.
Mice were anesthetized and humanely sacrificed on day 29
by cutting the subclavian artery, and all major organs were

removed. Whole body X-ray photographs (Fuji Film,
Tokyo, Japan) of tumor-bearing mice were taken just before
sacrifice and bone metastases were independently evaluated
on X-ray photographs by two authors [9]. The lungs were
fixed in Bouin’s solution (Sigma-Aldrich, St. Louis, MO)
for 24 h. The number of metastatic foci on the lungs, liver
were counted macroscopically.

Immunohistochemistry

The hind limbs of the mice were taken and fixed in 10%
formalin. The bone specimens were decalcified in 10%
EDTA solution for 1 week and then embedded in paraffin.
The paraffin-embedded tissue samples were cut into 3-um
sections and picked up on slides. Tartrate-resistant acid
phosphatase (TRAP) staining was performed using a Sigma
Diagnostics Acid Phosphatase Kit (Sigma Diagnostics, St.
Louis, MO) for the detection of osteoclasts. The number of
TRAP-positive osteoclasts at the tumor-bone interface in
each slide was counted under a microscope in five random
fields at 200x magnification. Formalin fixed, paraffin
embedded sections were stained with anti-mouse CD31 Ab
(Santa Cruz Biotechnology, Santa Cruz, CA). CD31 posi-
tive microvessels were counted from five independent fields
at 200x magnification of each section. The sections were
also stained with H&E for routine histologic examination.

Western blot analysis

The cells were seeded at 1 x 10° cells/dish in corre-
sponding differentiation conditions to assess the effects of
exogenous stimuli on the activation of the EGFR in
MC3T3-E1 cells. Differentiated cells were cultured for
24 h in medium containing 1% FBS, and subsequeritly
treated with recombinant EGF for 10 min in the absence or
presence of various concentrations of erlotinib. Cells were
lysed in M-PER (Pierce, Rockford, IL) containing phos-
phatase inhibitor cocktail and proteinase inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN), and the protein
concentration was determined using a protein assay kit
(Bio-Rad, Hercules, CA). Aliquots of 400 pg of total
protein were immunoprecipitated with the anti-mouse
EGFR Ab (Cell signaling, Danvers, MA), and the immune
complexes were recovered with Protein G-Sepharose beads
(GE Healthcare, Buckinghamshire, UK). Proteins were
separated by SDS-PAGE (Invitrogen, Carlsbad CA) and
then transferred to PVDF membranes (Atto, Tokyo, Japan).
Washed membranes were incubated with Blocking One
(Nacalai Tesque, Kyoto, Japan) for 1 h at room temperature,
then incubated 1 h at room temperature with anti-phospho-
tyrosine Ab (1:1,000 dilution, cell signaling) or anti-EGFR
Ab (1:2,00 dilution, cell signaling). The membranes were
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incubated for 30 min at room temperature with species-
specific horseradish peroxidase conjugated secondary
antibodies, and the immunoreactive bands were visualized
using an enhanced chemiluminescent substrate (Pierce,
Rockford, IL).

Reverse transcription polymerase chain reaction

MC3T3-El cells were seeded at 1 x 10° cells/well in
6-well plates in the corresponding differentiation conditions.
The differentiated cells were treated with recombinant EGF
in the absence or presence of indicated dose of erlotinib for
48 h. Total cellular RNA was isolated by using RNeasy Mini
kit (Qiagen, Valencia, CA) according to the manufacturer’s
protocols. RNA (0.5-2.0 pg) was reverse transcribed using a
TagMan® RNA-to-CT" " 2-Step kit (Applied biosystems,
Foster City, CA). Messenger The expression of receptor
activator of nuclear factor kappa-B ligand (RANKL),
osteoprotegerin (OPG) and EGFR mRNA were measured by
real-time polymerase chain reaction (PCR) using Assay on
Demand Tagman Gene expression primers and probes
(Applied biosystems). PCR reaction conditions were those
recommended by the manufacturer. Fluorescence signals
were monitored after each PCR cycle with an ABI Prism
7700 sequence detection system (Applied Biosystems). Cr
values (cycle number where fluorescence exceeded a fixed
threshold) were obtained for each target probe and normal-
ized with the corresponding Cr values for the internal con-
trol (mouse B2 microglobulin). The RNA levels were
expressed as relative units.

Statistical analysis

The Mann—Whitney U test was used to evaluate the dif-
ferences in the numbers of metastases into multiple organs
(bone, liver, and lung) between the erlotinib-treated groups
and the control (vehicle treated group), and to evaluate the
differences in immunohistochemistry. The differences in in
vitro experiments were analyzed by Student’s 7 test (two-
tailed). A P value of <0.05 was considered to be significant
in all experiments.

Results

Erlotinib did not affect the proliferation and migration
of human SCLC, SBC-5 cells in vitro

We have previously reported that SBC-5 cells do not
express EGFR [12]. In this study, we first examined the
effect of erlotinib on in vitro proliferation and migration of
SBC-5 cells. As shown in Fig. 1a, clinically relevant doses

@ Springer
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Fig. 1 Effect of erlotinib on the proliferation and migration of human
SCLC, SBC-5 cells in vitro. a SBC-5 cells (1 x 10° cells/well; open
circles) or PC-9 cells (1 x 10% cells/well; closed circles) were plated
into each well of a 96-well plate and incubated overnight. Various
concentrations of erlotinib were added and the cells were incubated
for 72 h. Cell growth was determined by MTT assay as described in
“Materials and methods” section. Bars show SDs of the means of
triplicate cultures. Data are representative of five independent
experiments. b Cell migration of SBC-5 cells was assessed as
described in “Materials and methods™ section. Bars show SDs of the
means of triplicate cultures. Data are representative of two indepen-
dent experiments

(3 uM or less) of erlotinib [19] had no effect on the pro-
liferation of SBC-5 cells. On the contrary, erlotinib sig-
nificantly inhibited the proliferation of PC-9 cells, which
harbor a deletion mutation on exon 19 of the EGFR gene,
in a dose-dependent fashion (Fig. la), consistent with a
previous report [20]. Cell migration of SBC-5 cells was
also not affected by erlotinib treatment (Fig. 1b).

Treatment with erlotinib inhibited bone and lung
metastases by SBC-5 cells in NK cell-depleted SCID
mice

A multiple organ metastasis model with SBC-5 cells
was established in SCID mice depleted of NK cells [9].
Intravenously inoculated SBC-5 cells (1 x 10%mouse)
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developed metastatic colonies in the lungs, liver, and bones
(osteolytic metastasis) of NK cell-depleted SCID mice.
This model was used to assess the therapeutic efficacy of
erlotinib. Oral administration of erlotinib (30 mg/kg) from
day 7 to 28 significantly inhibited the formation of osteo-
lytic bone metastases (Fig. 2). Interestingly, treatment with
erlotinib also inhibited distant metastases in the lungs,
although it had no effect on liver metastases (Table 1).
Erlotinib treatment was well tolerated and no obvious
adverse events, such as body weight loss, were observed
even in the 30 mg/kg group (data not shown). These in
vivo results suggested that erlotinib prevented distant
metastases by affecting the host microenvironments
because erlotinib had no direct effect on the proliferation of
SBC-5 cells in vitro.

Vehicle

Effect of erlotinib on tumor angiogenesis

Guillamo et al. [21] reported that EGFR~TKI (gefitinib)
inhibits angiogenesis in a mouse experimental glioma
model. Moreover, Riedel et al. [22] reported that addition
of conditioned medium from EGFR antisense-treated
tumor cells decreases endothelial cell migration and pro-
liferation. These findings suggested that the prevention of
SBC-5-induced metastasis formation by erlotinib could be
due to the inhibition of angiogenesis. However, immuno-
histochemical staining with CD31 revealed no significant
difference in the microvessel density in the lung, bone, and
liver (Fig. 3). The effect of erlotinib on the proliferation of
human umbilical vein endothelial cells (HUVECs) was
also evaluated in vitro. Up to 3 uM of erlotinib did not

Erlotinib (30 mg/kg)

Fig. 2 Therapeutic efficacy of erlotinib against osteolytic bone
metastases produced by human SCLC, SBC-5 cells. SBC-5 cells
(1 x 10° cells/mouse) were inoculated into the tail vein of NK cell-
depleted SCID mice. Oral administration of erlotinib was performed

as described in “Materials and methods” section. Mice were
sacrificed and bone metastases were determined radiographically on
day 29. The representative pictures of vehicle- and erlotinib-treated
mice are shown. The arrows indicate osteolytic bone metastases

Table 1 Effect of erlotinib on multiple organ metastasis produced by SBC-5 cells

Treatment Bone Liver Lung
Number of metastasis Weight (g) Number of metastasis Weight (g) "~ Number of metastasis
Inc. Med. Range Med. Range Inc. Med. Range Med.  Range Inc. Med. Range
Experiment 1
Vehicle 6/6 6 5-7 1.6 1.3-19  6/6 39 25-80 0.3 0.3-0.4 6/6 38 30-55
10 mg/kg 5/5 5 3-6 14 1.0-17 5/5 23 12-35 0.3 0.2-0.5 5/5 20 8-30
30 mgkg  5/5 3% 2-5 2.0 1.8-34 5/5 26 2-38 0.3 0.3-04 5/5 15% 6-35
Experiment 2
Vehicle 6/6 7-11 1.8 1.6-24  6/6 60 20-150 0.2 0.24-041  6/6 14 5-20
10 mg/kg  6/6 8 5-11 1.6 1.3-18  6/6 31 10-50 0.24 0.29-04 6/6 10 9-11
30 mg/kg  6/6 4% 2-6 1.5 1.8-33  6/6 24 1240 0.21 0.3-04 6/6 7* 2-11

SBC-5 cells (1 x 10° cells/mouse) were inoculated i.v. into NK cell-depleted SCID mice on day 0. Erlotinib (or vehicle) was given orally from
day 7 to 28 after tumor cell inoculation. The metastatic profile was evaluated on day 29. Mann-Whitney U test was used to determine the

significance of differences
Inc. incidence, Med. median

* Statistically significant difference compared with vehicle-treated group (P < 0.05)
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Fig. 3 Effect of erlotinib on tumor angiogenesis. SBC-5 cells
(1 x 10° cells/mouse) were inoculated into the tail vein of NK cell-
depleted SCID mice. Oral administration of erlotinib was performed
as described in “Materials and methods™ section. Each organ was
collected on day 29, paraffin embedded, and sections were subjected

affect the proliferation of HUVECs irrespective of the
stimulation with recombinant human vascular endothelial
growth factor (VEGF) (data not shown).

Erlotinib reduced the number of osteoclast in bone
metastasis lesion

A previous study demonstrated the importance of osteo-
clasts in bone metastasis development by SBC-5 cells [9,
10]. Immunohistochemical staining (TRAP staining) was
performed to evaluate the number of osteoclasts in meta-
static bone lesions. Figure 4 demonstrates that erlotinib
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Control Erlotinib

to immunohistochemical staining of CD31. a Representative pictures
of immunohistochemical staining are shown (magnification, x200).
b CD31 positive microvessels were counted from five independent
fields of each section. Bars show SEM of the means for five mice per
group

treatment significantly reduced the number of osteoclasts
(TRAP positive cells) in metastatic bone lesions.

Erlotinib inhibited EGF-induced RANKL expression
in osteoblastic cell line MC3T3-E1 cells

RANKL is one of the key molecules responsible for the
formation of osteolytic bone metastasis in various types of
cancer [23]. RANKL expressed by osteoblasts activates
osteoclasts by binding to its receptor (RANK). The fact that
the number of osteoclasts in bone metastasis lesions
decreased after erlotinib treatment suggested that erlotinib
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Fig. 4 The effect of erlotinib on osteoclast recruitment in metastatic
bone lesion. SBC-5 cells (1 x 10° cells/mouse) were inoculated into
the tail vein of NK cell-depleted SCID mice. Oral administration of
erlotinib was performed as described in “Materials and methods”
section. Metastatic bone lesions were collected on day 29, and
sections were subjected to TRAP staining to evaluate osteoclast
recruitment. a Representative pictures of TRAP staining of bone are
shown (magnification, x200). TRAP positive cells were stained in
purple. b The number of osteoclasts (TRAP positive cells) was
counted from five independent fields of each section. Bars show the
SEM of the means for five mice per group. *P < 0.01

suppresses osteoclast differentiation and activation by
inhibiting the RANK-RANKL axis. The expression of
EGEFR in the osteoblastic cell line MC3T3-El cells was
evaluated, since EGFR is reported to be expressed in
osteoblasts but not in osteoclasts [16]. Figure 5a shows that
MC3T3-El cells did express EGFR, and its phosphoryla-
tion was induced by EGF treatment. The inhibition of
EGFR phosphorylation by erlotinib was also confirmed.
EGF induced RANKL expression in MC3T3-E1 cells, and
the expression was significantly suppressed by erlotinib in
a dose dependent manner (Fig. 5b). Interestingly, the
expression of OPG, the decoy receptor for RANKL, was
not affected by either EGF or erlotinib treatment (Fig. 5c¢).

Discussion

The present study demonstrated that erlotinib significantly
suppressed bone and lung metastases, but not liver metastases,
by SBC-5 cells that did not express EGFR. These findings
suggest the importance of the host microenvironment in the
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Fig. 5 The effect of erlotinib on osteoblastic cell line MC3T3-El
cells. Murine osteoblastic cell line MC3T3-E1 cells were differen-
tiated into the mature state as described in “Materials and methods”
section. a Differentiated cells were treated with EGF (10 ng/ml) for
10 min in the presence or absence of erlotinib. Expression of EGFR
and phosphorylated EGFR (p-EGFR) was detected by western
blotting. b, ¢ Differentiated MC3T3-El cells were treated with EGF
(10 ng/ml) in the presence or absence of various concentrations of
erlotinib for 48 h. The cells were harvested, and the expression of
b RANKL and ¢ OPG was detected by RT-PCR. Bars show the SEM
of the means of triplicate cultures. *P < 0.01

treatment of lung cancer with erlotinib. The formation of
distant metastasis involves several sequential steps, including
tumor growth in the primary site, invasion into blood vessels,
arrest in the capillaries, extravasation, invasion and growth in
target organs [24, 25]. Molecular interactions between cancer
cells and their microenvironments play important roles that
allow the cancer cells to survive at metastatic sites, [24-27].
Therefore, the efficacy of therapeutic agents against cancer
metastases depends on their mechanisms of action on tumor
cells as well as the host microenvironments.

There is accumulating evidence that the EGFR ligand-
EGFR axis plays a role in in bone biology and pathology.
The expression and functionality of EGFR has been clearly

@_ Springer

— 144 -



214

Clin Exp Metastasis (2012) 29:207-216

demonstrated in bone marrow mesenchymal stem cells
(BMMSCs) [6, 28], and osteoblasts themselves differenti-
ate from mesenchymal stem cells [29]. In addition, EGFR
ligands, such as EGF and amphiregulin, stimulate the
proliferation of BMMSCs and osteoblasts [30-32], sug-
gesting that EGFR ligands are mitogens for BMMSCs and
osteoblasts. EGFR signaling also indirectly affects osteo-
clast formation, although osteoclasts do not express func-
tional EGFR [16]. The role of EGFR in osteoclast
formation suggests that the balance of RANKL and OPG
(the decoy receptor for RANKL), which are expressed by
osteoblasts, is associated with differentiation. The current
study showed that the expression of RANKL, not OPG, in
osteoblasts was stimulated by EGF, and this might enhance
osteoclast activation via the RANK/RANKIL axis. This
result is supported by previous study reported by Furugaki
et al. [33]. Using mouse osteolytic bone invasion model,
they showed that the Iung cancer cells induced RANKL
expression of osteoblasts, and erlotinib inhibited the tumor-
induced osteolytic invasion by suppressing osteoclast
activation through inhibiting osteolytic factor production
including RANKL. The importance of the balance of
RANKL and OPG is also supported by Zhu et al. [16].
They demonstrated that EGFR ligands stimulate osteoclast
formation by inhibiting the expression of OPG by osteo-
blasts, although RANKL expression was not affected. This
difference might be due to differences in the experimental
conditions and EGFR ligands. The importance of osteo-
clasts and osteoblasts on the development of bone metas-
tases [16, 34] suggests that EGFR-TKIs prevent bone
~ metastasis formation by inhibiting the activation of osteo-
clasts and osteoblasts in addition to their direct effect on
tumor cells.

Current evidence also suggests the association of EGFR
signaling with primary bone tumor and bone metastasis
formation. EGFR upregulation is observed in osteosarco-
mas and osteosarcoma cell lines [35], bone and soft tissue
tumors [36]. Furthermore, EGFR is overexpressed in a
variety of tumors metastasizing to bone. Prostate cancer is
the best studied example. EGFR expression correlates with
prostate cancer relapse and progression to androgen inde-
pendence [37] and the blockade of EGFR signaling by
PKI166, an EGFR-TKI, inhibits prostate cancer growth in
the bones of nude mice [38]. Gefitinib, an EGFR-TKI,
inhibits the recruitment of osteoclasts in metastatic bone
lesions from breast cancer by affecting the ability of bone
marrow stromal cells to induce osteoclast differentiation
and activation [6]. Moreover, gefitinib administered to
breast cancer patients (phase Il trial) with bone metastasis
significantly attenuates and relieves bone pain [6]. Col-
lectively, EGFR-TKIs might thus have the potential to
regulate the progression of bone metastases by acting on
not only tumor cells but also host microenvironments, thus
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suggesting the importance of targeting the EGFR signaling
blockade in the prevention of bone metastases.

The current study found that erlotinib prevented distant
metastases in the bone and the lungs but not in the liver,
thus suggesting that organ heterogeneity is important in the
pathogenesis of lung cancer metastasis. Organ heteroge-
neity in the therapeutic response is frequently observed
in experimental xenograft models as well as in the clini-
cal setting. Macrophage colony-stimulating factor gene
transduction into human squamous cell lung carcinoma,
RERF-LC-AI cells significantly suppresses experimental
metastases in the liver but not the kidneys [13]. Treatment
with, bevacizumab, an anti-human VEGF Ab, inhibits
distant metastases of human ACC-LC-319/bone2 adeno-
carcinoma cells in the bone and the liver but not the lungs
[14]. These observations imply that the heterogeneity of
organ microenvironments affects the progression of lung
cancer metastases.

The current experiments did not reveal why erlotinib
failed to inhibit liver metastases, but one plausible expla-
nation is that hepatocyte growth factor (HGF), which is
produced by stromal cells in the liver as well as other
organs, might be responsible for organ heterogeneity in the
therapeutic response observed in this study. HGF acts as a
potent mitogen for endothelial cells and binds to receptors
expressed on endothelial cells, thus stimulating angiogen-
esis [39]. Yano et al. [40] demonstrated that HGF induces
gefitinib resistance of lung adenocarcinoma cells with
EGFR-activating mutations by restoring the phospha-
tidylinositol 3-kinase/Akt signaling pathway via phos-
phorylation of MET. These reports suggest that the
microenvironment in the liver may not be favorable for
EGFR-TKIs to exert antitumor activity. The current in
vivo results also showed that erlotinib had therapeutic
efficacy against lung metastases. Pulmonary vascular
destabilization in the premetastatic phase promotes the
extravasation of breast cancer cells and facilitates lung
metastasis, indicating that vascular normalization might
lead to the suppression of lung metastasis [41]. In addition,
Cerniglia et al. [7] reported that erlotinib treatment with
tumor-bearing mice alters vessel morphology and decrea-
ses vessel permeability in tumor xenografts, resulting in
vascular normalization. Although erlotinib failed to show
an inhibitory effect on tumor angiogenesis in this study,
these findings indicate that EGFR-TKIs might prevent lung
metastases by decreasing vessel permeability and pre-
venting extravasation of tumor cells. Baker et al. [42] have
previously reported that the EGFR expression of host cells
such as endothelial cells is conditioned by tumor micro-
environment. Thus, there is a possibility that EGFR
expression status of SBC-5 cells might also be regulated by
host organ microenvironment, although it is still unclear
that EGFR expression of cancer cells is conditioned by
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tumor microenvironment, Further studies are warranted to
elucidate the mechanism of organ heterogeneity in the
therapeutic response by erlotinib.

In summary, the current study demonstrated that erloti-
nib significantly suppressed bone and lung metastases by
SBC-5 cells which did not express EGFR, while it had no
inhibitory effect on the proliferation of SBC-5 cells in vitro.
Even though the precise mechanisms remain uncertain,
these results strongly suggested that erlotinib prevented
distant metastasis formation by affecting host microenvi-
ronments irrespective of its direct effect on tumor cells.
Erlotinib might therefore be a promising therapeutic can-
didate for the inhibition of distant metastases.
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Axitinib plus gemcitabine versus placebo plus gemcitabine
in patients with advanced pancreatic adenocarcinoma:
a double-blind randomised phase 3 study

Hedy L Kindler, Tatsuya loka, Dirk | Richel, jaafar Bennouna, Richard Létourneau, Takuji Okusaka, Akihiro Funakoshi, Junji Furuse, Young Suk Park,
Shinichi Ohkawa, Gregory M Springett, Harpreet S Wasan, Peter C Trask, Paul Bycott, Alejandro D Ricart, Sinil Kim, Eric Van Cutsem

Summa

Backgmu?{; Axitinib is a potent, selective inhibitor of vascular endothelial growth factor (VEGF) receptors 1, 2, and 3.
A randomised phase 2 trial of gemcitabine with or without axitinib in advanced pancreatic cancer suggested increased
overall survival in axitinib-treated patients. On the basis of these results, we aimed to assess the effect of treatment
with gemcitabine plus axitinib on overall survival in a phase 3 trial.

Methods In this double-blind, placebo-controlled, phase 3 study, eligible patients had metastatic or locally advanced
pancreatic adenocarcinoma, no uncontrolled hypertension or venous thrombosis, and Eastern Cooperative Oncology
Group performance status 0 or 1. Patients, stratified by disease extent (metastatic vs locally advanced), were randomly
assigned (1:1) to receive gemcitabine 1000 mg/m? intravenously on days 1, 8, and 15 every 28 days plus either axitinib or
placebo. Axitinib or placebo were administered orally with food at a starting dose of 5 mg twice a day, which could be
dose-titrated up to 10 mg twice daily if well tolerated. A centralised randomisation procedure was used to assign patients
to each treatment group, with randomised permuted blocks within strata. Patients, investigators, and the trial sponsor
were masked to treatment assignments. The primary endpoint was overall survival. All efficacy analyses were done in all
patients assigned to treatment groups for whom data were available; safety and treatment administration and compliance
assessments were based on treatment received. This study is registered at ClinicalTrials.gov, number NCT00471146.

Findings Between July 27, 2007, and Oct 31, 2008, 632 patients were enrolled and assigned to treatment groups
(316 axitinib, 316 placebo). At an interim analysis in January, 2009, the independent data monitoring committee concluded
that the futility boundary had been crossed. Median overall survival was 8-5 months (95% CI 6-9-9-5) for gemcitabine
plus axitinib (n=314, data missing for two patients) and 8-3 months (6-9-10-3) for gemcitabine plus placebo (n=316;
hazard ratio 1-014, 95% CI 0-786-1-309; one-sided p=0-5436). The most common grade 3 or higher adverse events for
gemcitabine plus axitinib and gemcitabine plus placebo were hypertension (20 [7%] and 5 [29%] events, respectively),
abdominal pain (20 {796] and 17 [6%]), fatigue (27 [9%] and 21 [7%]), and anorexia (19 [6%] and 11 [4%)).

Interpretation The addition of axitinib to gemcitabine does not improve overall survival in advanced pancreatic cancer.
These results add to increasing evidence that targeting of VEGF signalling is an ineffective strategy in this disease.

Funding Pfizer.

Introduction significant, the apparent increase in survival in the com-

The prognosis for patients with advanced pancreatic
adenocarcinoma is poor, and gemcitabine, the standard of
care, offers only slight benefit.* Despite extensive research,
combination regimens with gemcitabine and cytotoxic or
molecularly targeted agents have not significantly improved
outcomes compared with gemcitabine monotherapy.’ The
addition of erlotinib to gemcitabine resulted in a significant
but very small improvement in overall survival.** There is a
pressing need for new treatment options for this disease.
Axitinib is an oral, potent, and selective inhibitor of
vascular endothelial growth factor (VEGF) receptors 1, 2,
and 3.° A randomised phase 2 study® of 103 patients with
locally advanced and metastatic pancreatic adenocarcinoma
showed an improvement in median overall survival (6-9 vs
5-6 months; hazard ratio [HR] 0-71, 95% CI 0-44-1.13)
and a greater 1-year survival (37% vs 24%) for axitinib plus
gemcitabine versus gemcitabine alone. Although not
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bination group provided the rationale for a larger phase 3
study of this regimen. We aimed to assess overall survival
in patients with advanced pancreatic cancer treated with
gemcitabine plus axitinib versus gemcitabine plus placebo.

Methods

Study design and patients

We undertook a phase 3, randomised, double-blind, global,
multicentre, two-group study. Eligible patients were at least
18 years old with histologically or cytologically confirmed
metastatic or locally advanced pancreatic adenocarcinoma
not amenable to curative resection. Patients were required
to have adequate bone marrow, hepatic, and renal function
(including urine protein <2 g/24 h); an Eastern Cooperative
Oncology Group (ECOG) performance status of 0 or 1; and
no uncontrolled hypertension (two baseline blood pressure
readings <140/90 mm Hg). Patients with documented

www.thelancet.com/oncology Vol 12 March 2011
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invasion of adjacent hollow organs were excluded. Adjuvant
therapy that did not contain gemcitabine was allowed if
4 weeks or longer had passed since the last dose;
previous radiation was allowed if there was disease outside
the radiation port. Additional exclusion factors included:
previous treatment with VEGF or VEGF receptor
inhibitors; previous systemic chemotherapy for locally
advanced or metastatic disease; use of a thrombolytic agent
within 1 month of treatment; central lung lesions involving
major blood vessels; recent haemoptysis, myocardial
infarction, symptomatic congestive heart failure,
cerebrovascular accident, transient ischaemic attack, deep-
vein thrombosis, or pulmonary embolism in the past
12 months; peptic ulcer disease needing treatment in the
past 6 months; active seizures or gastrointestinal bleeding;
malabsorption syndromes; present use of potent
cytochrome P450 (CYP) 3A4 inhibitors or CYP3A4 or
CYP1A2 inducers; or major surgery within 4 weeks.

The study was undertaken with institutional review
board approval and in accordance with the International
Conference on Harmonisation Good Clinical Practice
guidelines, as well as applicable local laws and
regulatory requirements. All patients provided written
informed consent.

Randomisation and masking

Patients were stratified by disease extent (metastatic vs
locally advanced) and randomly allocated in a 1:1 ratio to
receive gemcitabine plus either axitinib or placebo.
A centralised randomisation procedure (interactive voice
randomisation system accessible via telephone or
internet) was used to assign patients to each treatment
group, with randomised permuted blocks within strata.
Randomisation was not done by centre, but by
stratification category, and use of blocked randomisation
made guessing of the next treatment assignment within
a block almost impossible. Patients, investigators, and
the trial sponsor were masked to treatment assignments.

Procedures
All patients received gemcitabine 1000 mg/m? intra-
venously during 30 min on days 1, 8, and 15 of each 4-week
treatment cycle until disease progression, unacceptable
toxic effects, or withdrawal of consent. Dose reductions to
750 mg/m?2, 550 mg/m2, and 425 mg/m?2 were allowed for
management of adverse events. Gemcitabine was dis-
continued in patients needing a dose interruption longer
than 4 weeks or a dose reduction to less than 425 mg/m?2.
All patients also received either axitinib or placebo,
administered orally with food at a starting dose of 5 mg
twice a day, which was continued until disease progression,
unacceptable toxic effects, or withdrawal of consent.
Stepwise dose increases to 7 mg and then 10 mg twice a
day were allowed in the absence of axitinib-related or
placebo-related grade 3 or higher adverse events for
consecutive 2-week periods in patients with blood pressure
150/90 mm Hg or lower who were not receiving

www.thelancet.com/oncology Vol 12 March 2011

antihypertensive drugs. Dose reductions to 3 mg or 2 mg
twice daily were allowed for management of adverse
events. In patients with systolic blood pressure higher than
150 mm Hg or diastolic blood pressure higher
than 100 mm Hg, new or additional antihypertensive treat-
ment was initiated and axitinib or placebo was continued.
For patients on maximum antihypertensive treatment, the
axitinib or placebo dose was reduced one level. For systolic
blood pressure higher than 160 mm Hg or diastolic blood
pressure higher than 105 mm Hg, antihypertensive
treatment was adjusted, and axitinib or placebo dosing was
interrupted and resumed at one lower dose level once
blood pressure was lower than 150/100 mm Hg. If
proteinuria of 2 g per day or higher occurred, axitinib or
placebo dosing was interrupted and resumed at one lower
dose level once proteinuria less than 2 g per day was
recorded. For all other grade 3 axitinib-related or placebo-
related non-haematological adverse events, the axitinib or
placebo dose was decreased by one level. For grade 4
axitinib-related or placebo-related non-haematological
adverse events or grade 4 haematological adverse events
(except lymphopenia), dosing was interrupted and resumed
at one lower dose level when the adverse event improved to
grade 2 or lower. Treatment was discontinued if a dose
interruption for longer than 4 weeks or a dose reduction to
less than 2 mg twice a day was needed. If either gemcitabine
or axitinib/placebo was interrupted or withdrawn, the
remaining therapy was continued.

CT scans were obtained at screening, every 8 weeks
during the study, and at follow-up 28 days after the last
dose in patients who discontinued without progressive
disease. Tumour response was assessed using the Response
Evaluation Criteria in Solid Tumours (RECIST).” Safety
was monitored by physical examination, urinalysis,
haematology, and clinical chemistry tests; assessment of
ECOG performance status; and adverse event reporting,
based on the National Cancer Institute Common
Terminology Criteria for Adverse Events (CTCAE),
version 3.0. An independent data monitoring committee
reviewed accumulating unmasked safety and survival data
during the study. Blood pressure was monitored in the
clinic at baseline, on days 1, 8, and 15 of each 4-week
treatment cycle, and at follow-up. Blood pressure was also
measured and recorded in diaries by patients before each
dose of axitinib or placebo. Thyroid-stimulating hormone
(TSH) concentrations were evaluated at baseline, every
2 weeks for the first 6 weeks, and every 8 weeks thereafter.

The primary endpoint was overall survival; secondary
endpoints included progression-free survival, objective
response rate, duration of response, safety, and health-
related quality of life. Health-related quality of life,
pancreatic cancer-specific symptoms, pain, and health
status were measured with the European Organisation
for the Research and Treatment of Cancer quality of life
questionnaire—core 30 (QLQ-C30) and pancreatic cancer
module (QLQ-PAN26) at baseline, on day 1 of each
treatment cycle, and 28 days after the last dose.®
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I 839 patients assessed for eligibility l

v

| 632 randomised I
316 assigned to gemcitabine plus axitinib 316 assigned to gemcitabine plus placebo
305 received allocated intervention 308 received allocated intervention
11 did not receive allocated intervention 8 did not receive allocated intervention
y
144 ongoing treatment 142 ongoing treatment
172 discontinued intervention 174 discontinued intervention
84 disease progression 87 disease progression
32 adverse events 33 adverse events
14 consent withdrawn 14 global deterioration of health status
12 global deterioration of health status 12 death
11 death 11 consent withdrawn
4 lost to follow-up 2 protocol violation
2 protocol violation 2 lost to follow-up
13 other 13 other
11 excluded from safety analysis }4——~ ——}! 8 excluded from safety analysis
314 included in efficacy analysis* 316 included in efficacy analysis
305 included in safety analysis 308 included in safety analysis

Figure 1:Trial profile
*Data missing from database at time of analysis for two patients.

Axitinib plus Placebo plus
gemcitabine (n=314)*  gemcitabine (n=316)

Median age (years) 61(34-84) 62 (35-89)
Sex

Male 191 (61%) 188 (59%)

Female 123 (39%) 128 (41%)
ECOG performance status )

0 147 (47%) 158 (50%)

1 162 (52%) 154 (49%)

Missing 5(2%) 4(1%)
Disease extent

Locally advanced 77 (25%) 73(23%)

Metastatic 226 (72%) 227 (72%)

Missing 11 (4%) 16 (5%)
Metastatic sites

Liver 146/264 (55%) 135/263 (51%)

Lung 63/264 (24%) 571263 (22%)

Peritoneum 16/264 (6%) 20/263 (8%)
Previous adjuvant chemotherapyt 12 (4%) 12 (4%)
Mean QLQ-30 global health status/QoL score 542 (22.3) 57-1(231)§

Data are median (range), n/N (%), or mean (SD). Some data are missing from this table because they were derived from
case report forms. ECOG=Eastern Cooperative Oncology Group. QLQ-C30=European Organisation for the Research and
Treatment of Cancer quality of life questionnaire, core 30. QoL=quality of life. *Data missing from database at time of
analysis for two patients. tincludes neoadjuvant therapy. $Data missing from database at time of analysis for

22 patients. §Data missing from database at time of analysis for 28 patients.

Table 1: Baseline characteristics
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Questionnaires were completed in the clinic before
interaction with health-care personnel.

Statistical analysis

On the assumption of a 36-7% improvement in median
overall survival from 6 months to 8-2 months in patients
allocated axitinib plus gemcitabine and non-uniform
accrual (roughly 40% of patients enrolled at 7 months),
460 deaths were needed for a log-rank test with an overall
one-sided significance level of 0-025 to have a power
of 0-90. The assumed improvement in median overall
survival was based on results available from the
randomised phase 2 trial® at the time that this phase 3
study was designed. Applying a 1:1 randomisation, a
planned accrual period of 14 months, and a follow-up of
roughly 9 months, we estimated that 596 patients would
need to enrol to provide 460 deaths. The nominal
significance level for the interim futility and efficacy
analysis was established with the Pampallona-Tsiatis
power boundary and the Lan-DeMets procedure with an
O’Brien-Fleming stopping boundary, respectively.™" SAS
(version 9.1.3) was used for all analyses.

The primary endpoint of overall survival and other
secondary efficacy endpoints were analysed in all patients
randomly assigned to treatment groups for whom data
were available. Safety and treatment administration and
compliance assessments were based on the treatment
received. Overall survival was a time-to-event outcome,
defined as the time from date of randomisation to date of
death from any cause. Objective response rate was defined
as the percentage of patients with a confirmed complete or
partial response (RECIST). Duration of response was a
time-to-event outcome, defined as the time from first
documentation of objective tumour response that was
subsequently confirmed to first documentation of disease
progression or to death from any cause. Time-to-event
analyses were done with the Kaplan-Meier method® and
compared with a one-sided stratified log-rank test at the
0=0-025 significance level (the log-rank test was stratified
by disease extent [metastatic vs locally advanced]); Cox
proportional-hazards models were used to explore the
effect of baseline characteristics on survival. We compared
the proportion of patients with an objective response in
each treatment group with a significance level of 0-025
using a one-sided Pearson ¥2 test for unstratified analyses
and Cochran-Mantel-Haenszel test for stratified analyses.
One-sided significance tests were used because interest
centred on whether axitinib plus gemcitabine improved
clinical outcomes compared with placebo plus gemcitabine.
An interim analysis was planned after roughly half (230) of
the deaths had taken place and occurred on Jan 23, 2009.

This study is registered with ClinicalTrials.gov, number
NCT00471146.

Role of the funding source

The study was designed by the corresponding author in
consultation with the study sponsor. The study sponsor

www.thelancet.com/oncology Vol12 March 2011



Articles

managed all logistical aspects of the study and collected
data. Data analysis was done by the sponsor in collaboration
with the global team of academic investigators. All authors
had full access to the data, and the corresponding
author had final responsibility to submit for publication.

Results

Between July 27, 2007, and Oct 31, 2008, 632 patients
were randomly assigned to treatment groups (316 to each
group). 305 patients in the gemcitabine plus axitinib
group and 308 in the gemcitabine plus placebo group
received study treatment (figure 1). The baseline
characteristics of the treatment groups seemed
well balanced (table 1). Most patients (226 [72%)] in
the gemcitabine plus axitinib and 227 [72%)] in the
gemcitabine plus placebo group) had metastatic disease
and about half had an ECOG performance status of 1.

The median duration of axitinib treatment was
2.8 months (range 0-03-11-0); the median relative dose
intensity (actual total dose/intended total dose) was
100%, with the intended total axitinib dose based on
S mg twice a day. The median duration of gemcitabine
exposure was 2-3 months (range 0-03-11-1) with a
median relative dose intensity of 77% in combination
with axitinib, versus 2-4 months (0-03-11-8) and 79%,
respectively, with placebo. The median number of
gemcitabine treatment cycles was three in both groups
(range 1-13 for gemcitabine plus axitinib, 1-12 for
gemcitabine plus placebo). Dose reductions of axitinib
or placebo occurred in 74 (25%) of 298 patients in the
axitinib group versus 30 (10%) of 301 patients on the
placebo group. Axitinib dose titration to more than 5 mg
twice daily occurred in 95 (32%) of 298 patients (range
12-20 mg total daily dose), and 36 (12%) of
298 subsequently needed dose reductions. The dose
titrations of axitinib to more than 5 mg twice a day led to
a median relative dose intensity of 100%, despite dose
reductions occurring in 25% of patients.

At aplanned interim analysis in January, 2009, the indep-
endent data monitoring committee concluded that the
futility boundary had been crossed. Patients on treatment
were notified, treatment assignments were unmasked, and
discontinuation of axitinib was recommended.

Median follow-up for the gemcitabine plus placebo
group was 27 weeks (range 0-1-51.7) and for gemcitabine
plus axitinib was 27-4 weeks (0-1-55-5). Median overall
survival in the efficacy population was similar in both
treatment groups: 8-5 months (95% CI 6-9-9-5) for
patients allocated axitinib plus gemcitabine and 8- 3 months
(6-9-10-3) for those allocated placebo plus gemcitabine
(HR 1-014, 95% CI 0-786-1-309; Cox model, one-sided
p=0-5436, stratified log-rank test; table 2, figure 2). Median
progression-free survival, at 4-4 months, was the same for
both treatment groups (HR 1-006, 95% CI 0-779-1-298;
one-sided p=0-5203; table 2, figure 2).

Disease stage and ECOG performance status, but not
treatment, were strong independent predictors of overall
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survival (Cox proportional-hazards model; table 3). As
expected, patients with locally advanced disease lived
longer than did those with metastatic disease, and

Axitinib plus Placebo plus Hazard ratio One-sided
gemcitabine gemcitabine (95%Cl) pvalue
Best response*
Overall objective response rate 12 (5%, 2.5-83) 4 (2%, 0-4-4-0) - 0-0180
Complete response 1(<1%) 0
Partial response 11 (4%) 4(2%)
Stable disease 74 (30%) 83(33%)
Median survival (months)t
Overall survival 8.5 (6:9-9-5) 83(6-9-103)  1.014(0786-1309) 05436
Locally advanced 9.5 (7-4-NR) 10-6 (9:9-NR)
Metastatic 7:0(5-8-9-3) 6.9 (6-2-8.0) -
Progression-free survival 4-4(40-5-6) 44 (37-5-2) 1.006 (0-779-1-298) 0-5203
Locally advanced 59 (4:2-7-3) 91(5-8-10-6)
Metastatic 4-2 (37-5-4) 3.8(3-6-4-5)

Data for best response are n (%, 95% Cl); data for survival are median (95% Cl). NR=not reached. *Only patients with
measurable disease at baseline were included in the analysis; n=247 for axitinib plus gemcitabine, n=255 for placebo
plus gemcitabine. tAnalysis included all patients randomly assigned to treatment groups; n=314 for axitinib plus

gemcitabine (data missing from database at time of analysis for two patients), n=316 for placebo plus gemcitabine.

Table 2: Efficacy results

A
- — Axitinib+gemcitabine
100 = gemcif
W‘%‘%“‘N—\ - Placebo+gemcitabine
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W’“\ HR 1-014 (95% C1 0-786-1:309), 1-sided p=0-5436
% ”
E 60
H
?
§
S
20+
0 T T T T T T T T T T T T H T
Number at risk
Axitinib+gemcitabine 314 265 147 71 23 3
Placebo+gemcitabine 316 270 167 74 24 3
B
100 7,
g 80 HR 1:006 (95% C1 0-779-1-298), 1-sided p=05203
[}
Z
£ 6o
g
5
c
S 40
g
g
a 204
Lo
0 T T T T T T T T T T T T
0o 1 3 4 5 6 7 & 9 10 T 1 13 14
Number at risk Time (months)
Axitinib+gemcitabine 314 122 54 20 4 0

Placebo+gemcitabine 316 132 57 21 4 1

Figure 2: Kaplan-Meier estimates of (A) overall survival and (B) progression-free survival
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patients with a performance status of 0 lived longer than
did those with a status of 1,

502 patients (247 and 255 in the axitinib and placebo
groups, respectively) had measurable disease at baseline

Hazard ratio (95%Cl) p value*

Treatment (axitinib plus gemcitabine vs placebo plus gemcitabine)  0-994 (0-770-1-284) 0-9657
Disease stage (locally advanced vs metastatic) 0433(0:301-0-623)  <0-0001
ECOG performance status (0 vs 1) 0-497 (0-380~0-650)  <0-0001

The initial Cox model included baseline factors significant at the 0-10 level in the individual analyses. Backward
stepwise selection using an  level of 0-05 was then used to create the final model while forcing treatment to stay in
the model/results. ECOG=Eastern Cooperative Oncology Group. *p values are two-sided (Wald y? test).

Table 3: Multivariate Cox model analysis of overall survival

Axitinib plus gemcitabine (n=305)  Placebo plus gemcitabine (n=308)

Gradelor2 Grade 23 Grade 10r2 Grade 23
Non-haematological events
Nausea 129 (42%)* 13 (4%) 106 (34%) 8(3%)
Fatigue 100 (33%) 27(9%) 94 (31%) 21(7%)
Diarthoea 97 (32%)* 4 (1%) 63 (20%) 5(2%)
Anorexia 95 (319%)* 19 (6%) 73 (24%) 11 (4%)
Vomiting 86 (28%) 12 (4%) 92 (30%) 10 (3%)
Constipation 85 (28%) 3(1%) 89 (29%) 7 (2%)
Dysphonia 67 (22%)* 1(<1%) 13 (4%) 0
Hypertension 65 (21%)* 20 (7%)* 22 (7%) 5(2%)
Stomatitis 52 (17%)* 0 11 (4%) 1(<1%)
Pyrexia 47 (15%) 3(1%) 47 (15%) 1(<1%)
Abdominal pain 43 (14%) 20 (7%) 41 (13%) 17 (6%)
Peripheral oedema 23 (8%) 0 48 (16%)* 2 (1%)
Haematological abnormalities
Neutropenia (o] 0 3(1%) 1{<1%)
Thrombocytopenia 16 (5%) [¢] 16 (5%) 1(<1%)
Anaemia 131 (43%) 0 151 (49%) 2(1%)
Leucopenia 8 (3%)* 0 18 (6%) 0
Lymphopenia 28 (9%) 3(1%) 42 (14%) 2(1%)

Data are n (%). *Significant difference in frequency between treatment groups (two-sided 95% Cis exclude 0 for risk
differences and 1 for risk ratios).

Table 4: Adverse events (all causes) reported in 15% or more of patients, and haematological laboratory
abnormalities

Axitinib plus gemcitabine (n=305) Placebo plus gemcitabine (n=308)

Asthenia 16 (5%)*t 6 (2%)
Gastrointestinal perforation 4(1%) 2 (1%)*
Pulmonary embolism 4(1%) 7 (2%)
Deep-vein thrombosis 4(1%) 8 (3%)
Gastrointestinal bleeding 2 (1%) 5(2%)
Cerebrovascular accident 1(<1%) 1(<1%)
Proteinuria 1({<1%) 4]

Data are n (%). VEGF=vascular endothelial growth factor. *Includes one grade 5 event. tSignificant difference in
frequency between treatment groups (two-sided 95% Cls exclude O for risk differences and 1 for risk ratios).

Table 5: Non-haematological grade 3 or 4 adverse events (all causes) attributable to VEGF inhibition or of
clinical interest
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and could be evaluated for response. The overall objective
response rate was 12 (5%) of 247 patients receiving
axitinib plus gemcitabine and four (2%) of 255 patients
receiving placebo plus gemcitabine (one-sided p=0-0180;
table 2). Stable disease was achieved in 74 (30%) of 247
and 83 (33%) of 255 patients in the axitinib and placebo
groups, respectively.

Table 4 shows the most common adverse events of any
cause, by maximum CTCAE grade. Non-haematological
adverse events attributable to VEGF inhibition are
presented in table 5. Nausea, diarrhoea, anorexia,
dysphonia, hypertension, and stomatitis occurred more
frequently in patients receiving axitinib and gemcitabine;
peripheral oedema occurred more frequently in patients
receiving placebo. Grade 3 or 4 asthenia and hypertension
occurred more often in patients on axitinib. Overall, there
were two grade 5 events in the placebo group (one cardiac
arrest and one cardiac failure) and five in the axitinib
group (one each of interstitial lung disease, gastrointestinal
haemorrhage, asthenia, acute renal failure, and death).

Grade 3 or 4 deep-vein thrombosis or pulmonary
embolism developed in eight (3%} of 305 patients who
received axitinib and gemcitabine and 15 (5%) of
308 patients receiving placebo and gemcitabine. Grade 3
or 4 gastrointestinal perforation occurred in four (196)
patients receiving axitinib plus gemcitabine and in two
(1%} receiving placebo plus gemcitabine (table 5), mostly
associated with tumour involving the bowel wall. Grade 3
or 4 gastrointestinal haemorrhage, probably related to
underlying disease, developed in two (196} patients who
received axitinib plus gemcitabine and five (3%)
who received placebo plus gemcitabine (table 5).

At study entry, normal concentrations of TSH
(<5 pU/mL) were noted in 104 (91%) of 114 patients in the
axitinib group and 123 (93%) of 132 patients in the
placebo group. Post-treatment increases of TSH
{5 pU/mL) occurred in 48 (42%) of 114 patients receiving
axitinib and gemcitabine and 15 (11%) of 132 patients
receiving placebo and gemcitabine, and hypothyroidism
as an adverse event was reported in 18 (6%) of 305 patients
in the axitinib group and four (1%) of 308 patients taking
placebo. 13 of 18 patients who developed hypothyroidism
on axitinib plus gemcitabine had asthenia or fatigue, or
both, including four grade 3 or 4 cases.

At baseline, the mean scores on the global health status/
quality of life scale of the QLQ-C30 did not differ
significantly between the two groups (table 1). For patients
with a baseline and cycle 4, day 1, value for the global
health status scale, after three cycles the mean difference
from baseline was 0- 1 (n=132) for axitinib plus gemcitabine
and 2.8 (n=132) for the placebo group. Patients in the
axitinib and gemcitabine group reported a 5-point or more
mean change from baseline in pain, constipation,
insomnia, and financial difficulties (all improved), and
physical functioning, dyspnoea, diarthoea, and fatigue (all
worsened) on the QLQ-C30; on the QLQ-PAN26,
patients who received axitinib and gemcitabine reported
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