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Abstract

Purpose Ramucirumab (RAM) has been used as the second-line standard chemotherapy for advanced gastric cancer (AGC)
either alone or combination with paclitaxel (PTX). However, no predictive biomarkers have been identified for RAM treat-
ment in AGC.

Methods We retrospectively identified 26 patients who received either RAM monotherapy or RAM + PTX therapy for
AGC refractory to fluoropyrimidine and platinum agents from 2015 to 2018 at Nagoya City University Hospital. First,
we extracted RNA using gastric cancer (GC) tissues from two responders and two non-responders, and then analyzed 24
VEGFR-related angiogenic genes. Subsequently, we examined the relationship between the expression of each angiogenic
gene and RAM clinical activity in the entire cohort. Finally, we validated using in vitro angiogenesis assays using GC cells
and microvascular endothelial cells.

Results We identified five angiogenic genes with aberrant expression between RAM responders and non-responders and
placental growth factor (PIGF) was the most significant gene among them. Overall survival (P =0.046) and progression-
free survival (P=0.016) were significantly shorter in the PIGF-high group than in the PIGF-low group. Overall response
rates were 50% in the PIGF-low group and 0% in the PIGF-high group. In GC cells co-cultured with endothelial cells, PIGF
gene silencing from GC cells significantly reinforced the inhibitory effect of RAM in the in vitro angiogenesis assay (tube
formation assay and endothelial migration) through the inactivation of ERK, in comparison to the control GC cells.
Conclusions PIGF gene expression in gastric cancer tissues could be a predictive indicator of AGC treatment by RAM.
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Introduction

Gastric cancer (GC) is the fifth most common malignancy
and the second leading cause of cancer-related deaths world-
wide [1]. Owing to recent advancements in chemotherapy,
the current median overall survival of advanced GC (AGC)
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cases that cannot undergo curable surgical resection is
beyond 1 year [2, 3].

Angiogenesis is a critical and indispensable step in tumo-
rigenesis [4]. Proteins belonging to the vascular endothe-
lial growth factor (VEGF) family, including VEGF-A, are
secreted by tumor cells. VEGF binds to membrane-bound
tyrosine kinase receptors VEGFR-1 and VEGFR-2 in
endothelial cells, facilitating new vessel sprouting toward
tumor cells through the activation of downstream prolifera-
tive signaling [5].

In particular, interaction between VEGF-A and
VEGFR-2 is considered a key regulator of tumor angiogen-
esis, and the blockade of this axis has already been applied
as a molecular target for treating numerous malignancies,
including blockade by bevacizumab as an anti-VEGF-A
antibody [6]. Ramucirumab (RAM) is a humanized immu-
noglobulin G1 monoclonal antibody, which shows high
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affinity toward the extracellular VEGF-binding domain
of VEGF receptor 2 (VEGFR-2) [7]. Globally, RAM has
been applied as the standard second-line chemotherapy
for AGC, based on results of randomized controlled trials,
and it is applied as either monotherapy [8] or combination
therapy with paclitaxel (PTX) [9].

Since molecular agents target specific molecules associ-
ated with cancer development, simultaneous discovery of
associated biomarkers is desirable. Predictive biomark-
ers have been clinically applied in some agents, such as
human epidermal growth factor 2 (HER2) expression for
trastuzumab [8] and RAS mutation for anti-EGFR anti-
body [9]. Such biomarkers facilitate appropriate patient
selection, which minimizes risks and reduces unnecessary
costs. However, no biomarkers have been established for
anti-angiogenic agents, including RAM. The specific bio-
marker for RAM would particularly be beneficial for AGC
treatment considering the relatively short life expectancy
of patients for its indication, in which median survival is
approximately 6 months after the failure of first-line chem-
otherapy. Therefore, the aim of this study was to identify
biomarkers for RAM.

Materials and methods
Patients

Consecutive AGC patients who had received RAM ther-
apy for over 28 days (combination therapy of PTX plus
RAM or RAM monotherapy) at Nagoya City University
Hospital Nagoya City University Hospital from August
2015 to August 2017 were enrolled in the present study.
Patient data were retrieved from computerized databases
and reviewed retrospectively.

The present study complied with the STROBE state-
ment [10]. The study protocol was approved by the insti-
tutional review board of Nagoya City University Hospi-
tal, and the study was conducted according to the ethical
guidelines in the 1975 Declaration of Helsinki (6th revi-
sion, 2008).

Chemotherapy schedule

In patients receiving PTX plus RAM, 80 mg/m? PTX was
administered intravenously on days 1, 8, and 15 and 8 mg/
kg RAM was administered intravenously on days 1 and
15 and repeated every 4 weeks [11]. In patients receiv-
ing RAM monotherapy, 8 mg/kg RAM was administered
intravenously once every 2 weeks [12].
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Definitions

Overall survival (OS) was measured from the first day of
ramucirumab therapy until death or the last day of follow-
up (whichever occurred first). Progression-free survival
(PFS) was defined as duration from the first day of ramu-
cirumab therapy to disease progression, death, or the last
day of follow-up (whichever occurred first).

Treatment response was assessed according to the
Response Evaluation Criteria in Solid Tumors (RECIST)
guideline version 1.1 [13] using computed tomography
(CT). In all patients, CT evaluations were routinely per-
formed every 6-9 weeks, but emergent CT was performed
at the time of aggravation, as appropriate. Performance
status and toxicity were graded according to the Eastern
Cooperative Oncology Group Performance Status.

Samples

GC tissue samples were obtained from primary stomach
tumors at the time of surgical resection or at the time of
biopsy in patients who did not undergo surgical resection.
Immunohistochemical staining was performed as follows.

All urine samples were collected before chemotherapy
for AGC, immediately frozen, and stored at — 80 °C until
assayed, as previously reported [14—16]. Urinary protein
concentrations of PIGF were measured using a Quantikine
ELISA kit (R&D Systems, Minneapolis, MN), according
to the manufacturer’s instructions.

RNA extraction and PCR

According to the manufacturers’ instruction, total RNA
from formalin-fixed paraffin-embedded (FFPE) GC tissue
slides (10-pm thick) at the time surgical resection or at
the time of biopsy in patients was extracted using The
ReliaPrep " FFPE Total RNA Miniprep System (Promega
Corporation, Madison, WI). cDNA was synthesized using
High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Waltham, MA) and it was performed
using PCR Thermal Cycle Dice (Takara, Shiga, JAPAN).
RT-PCR was performed using power up SYBR green
Master mix (Thermo Fisher Scientific). Cycling condi-
tions were one cycle at 50 °C for 2 min and one cycle at
95 °C for 2 min and 45 cycles at 95 °C for 15 sec and 45
cycles at 60 °C for 1 min.RT-PCR was performed using
a 7500 Fast Real-Time PCR system (Applied Biosystems,
Foster City, CA) according to the manufacture’s recom-
mendations. Breakdown of the specific primers is shown
in Fig. 1a. Data are normalized to p-actin.
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Cell culture RNA interference knockdown
MKN45 and MKN74 (ATCC, Manassas, VA) were used
as GC cell lines in the present study. Cultures were main-
tained in RPMI1640 medium (WAKO, Osaka, Japan) sup-
plemented with 10% fetal bovine serum (FBS). Human
microvascular endothelial cells (HMVECs) were cultured
in EGM-2 medium (Lonza, Basel, Switzerland).

siRNA (20 nM) transfection was performed using Lipo-
fectamine RNAiIMAX (Thermo Fisher Scientific) accord-
ing to the manufacture’s instructions. MKN45 and MKN74
cells were transfected with desired siRNA using siGE-
NOME Non-Targeting siRNA (siNT) control pool and
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siGENOME human PIGF siRNA SMART pool (siPLGF)
(Dharmacon, Lafayette, CO).

Tube formation assay

MKN45 and MKN74 cells were incubated in 0% EBM?2
media (Lonza) for 24 h and then conditioned media were
collected from each condition. Incubated HMVECs were
washed with PBS and changed to serum-free medium. After
2 h of serum starvation, HMVECs were mixed with 1% FBS
condition media from each condition of gastric cancer cells
in the presence or absence of RAM, and 15,000 cells/well
were placed in 96 wells coated with growth factor-reduced
Matrigel (Corning, Corning, NY). The chambers were incu-
bated with conditioned medium from GC cells for 6 h and
photographed under a microscope.

Endothelial cell recruitment assay

Endothelial cell (EC) recruitment assay was performed using
a transwell (Corning) which consisted of 24-well transwell
tissue culture plates with membranes of 8.0-pum pores (top
chamber). GC cells of each condition were seeded with
a density of 100,000 cells on 24-well plate. After 24 h of
serum starvation, HMVECs (50,000 cells/well) in 0.1% FBS
EBM-2 with or without RAM (2 pg/ml or 10 pug/ml) were
placed in the top chamber, and media of the bottom chamber
were also switched to the same media, 0.1% FBS EBM-2.
After 24 h of incubation, the cells migrated through the top
chamber membrane were counted with microscopy.

Western blotting

Cultured HMVECs were washed with PBS and resus-
pended in serum-free media. After 1 h of serum starvation,
HMVECs were placed in a condition media from GC cells
with or without RAM (2 pg/ml). After 30 min, cells were
rinsed with PBS and disrupted in cell lysis buffer (Cell Sign-
aling Technology, Danvers, MA) supplemented with phenyl-
methanesulfonyl fluoride (Sigma-Aldrich, St Louis, MO) for
5 min. Each sample was normalized against an equal protein
concentration using protein assay (BioRad, Hercules, CA)
and then added to equal quantity of sample buffer. Sam-
ples were heated to 100 °C for 5 min and mounted samples
were separated by 10% polyacrylamide gel using TGX™
FastCast™ Acrylamide kit (BioRad) transferred on mem-
brane. The membrane was blocked with 5% skim milk in
phosphate-buffered saline—Tween 20 (PBST) for 1 h at room
temperature, and the membrane was incubated with the pri-
mary antibodies against phospho-p44/42MAPK (ERK1/2)
antibody (#9106) (Cell Signaling Technology) 1:1000,
p44/42MAPK (ERK1/2) antibody (#4696) (Cell Signal-
ing Technology) 1:1000 and B-actin monoclonal antibody
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(Wako) 1:5000 overnight at 4 °C The membranes were
washed three times in PBST for 5 min and incubated with
secondary antibody for anti-rabbit IgG, HRP-linked anti-
body 1:5000 (Cell signaling Technology) or anti-mouse IgG,
HRP-linked antibody 1:4000 (Cell signaling Technology)
for 1 h at room. Chemiluminescence was measured using an
analyzer, GE ImageQuant LAS-4000mini (GE Healthcare,
Chicago, IL).

Statistical analysis

Data were analyzed using the Mann—Whitney U test, Chi-
square test, or Fisher’s exact probability test, as appropriate.
Nonparametric Spearman’s rank correlation coefficient (r)
was used as a measure of correlation. Kaplan—Meier curves
were constructed to analyze OS and PFS, and differences
between two groups were compared with the log-rank test.
P <0.05 was considered statistically significant. Data analy-
ses were performed in IBM SPSS statistics, version 25 (IBM
Corp., Tokyo, Japan).

Results

Semi-comprehensive analysis of angiogenic genes
related to ramucirumab resistance

RNA was extracted from GC tissue samples of two respond-
ents and two non-respondents to RAM, and 24 VEGFR-
related angiogenic genes were semi-comprehensively
compared between respondents and non-respondents.
Relative ratios of each VEGFR-related gene expression in
non-responders to responders are shown in Fig. 1b. Among
these, placental growth factor (PIGF), SEMA3F, VEGFA,
PLXND1, and SEMA3B were the five angiogenic genes with
the highest expression levels in the non-respondents com-
pared with those in the respondents. Subsequently, OS and
PFS were analyzed for the entire cohort (n=26) based on
expression levels of these five genes.

Patient characteristics

Patient characteristics are summarized in Table 1. A total
of 26 patients who received RAM for GC were included in
this study.

Among the five candidate genes, tumoral PIGF expres-
sion level was a poor prognostic factor for RAM therapy
in the entire cohort, but other genes were not significant
(Supplementary Fig. 1). Patients were categorized into two
groups based on tumoral PIGF gene expression: PIGF-
high group with ACt< 12 (n=11); the PIGF-low group
with ACt> 12 (n=15). Baseline characteristics were well
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Table 1 Characteristics Total PIGF-high PIGF-low P
(n=26) (n=11) (n=15)
Age [median(range)] 67 65 68 0.198
(40-81) (54-81) (40-80)
Gender (male/female) 8/18 3/8 5/10 1.000
Histology (poorly/well-differentiated 17/9 8/3 9/6 0.683
adenocarcinoma)
Regimen (RAM alone/PTX + RAM) 4/22 1/10 3/12 0.614
Regimen line (2nd/3rd/4th) 24/1/1 11/0/0 13/1/1 0.452
Previously used drug 0.606
Fluoropyrimidine 26 12 14
CDDP 16 7 9
Oxaliplatin 7 5 2
Docetaxel 4 2 2
Trastuzumab 7 2 5
Location (cardia/non-cardia) 5/21 1/10 4/11 0.356

PIGF placental growth factor, RAM ramucirumab, PTX paclitaxel, CDDP cisplatin

balanced and there were no statistical differences between
two groups.

Effectiveness of ramucirumab based on PIGF gene
expression

Median OS was 243 days [95% CI, 111-375] in the PIGF-
high group and 422 days [95% CI, 169-675] in the PIGF-
low group, and there was a significant difference in median
OS between two groups (P=0.046) (Fig. 2a). Median PFS
was 56 days [95% CI, 34-78] in the PIGF-high group and
169 days [95% CI, 71-267], with statistically significant dif-
ference (P=0.016) (Fig. 2b).

Overall response rate (ORR) is presented in Table 2.
Among the 26 patients, 14 patients had target lesions that
could be evaluated according to the RECIST criteria. ORR
was 50% (3/6) in the PIGF-low group, and 0% (0/8) in the
PIGF-high group. Despite borderline significance for ORR
due to a small sample size (P =0.055), obvious differences
were observed in responses to RAM.

These results suggested that high PIGF expression in GC
tissues could be a negative predictive biomarker for RAM
therapy. Among the 26 patients, urine samples were col-
lected from 7 patients at similar time points. Although it
was not significant due to small sample size, urinary level of
PIGF reveals a good correlation with PLGF gene expression
in GC tissues (Fig. 2c¢).

In vitro angiogenesis assay with ramucirumab
treatment

To validate clinical data suggesting that RAM is effective
at low PIGF expression, the association between PIGF

expression and anti-angiogenic effects of RAM was ana-
lyzed in vitro using GC cell lines and HMVECs. PIGF
expression was knocked down well in both GC cell lines
(MKN 45 and MKN 74) with siPIGF compared with that
in controls and cell lines with siNT (Fig. 3a). EC recruit-
ment assay revealed that when HMVECs were co-cultured
with GC cells, HMVEC migration under RAM treatment
significantly decreased under co-culture with siPIGF GC cell
lines compared with that under co-culture with siNT GC
cell lines (Fig. 3b, c¢). This inhibitory effect in siPIGF GC
cells was investigated under different RAM concentrations
(Fig. 3d). Similarly, conditioned media from two types of
siPIGF GC cells significantly inhibited tube formation in
vascular endothelial cells under RAM treatment when com-
pared with conditioned media from siNT GC cells (Fig. 3e,
f). Regardless of RAM concentrations, this inhibitory effect
was maintained (Fig. 3g).

Conditioned media from two GC cell lines induced
phosphorylation of ERK in HMVECs, but RAM treatment
inhibited ERK phosphorylation in HMVECs. In addition,
compared with siNT, siPLGF significantly enhanced the
inhibition of ERK phosphorylation by RAM treatment
(Fig. 3h), these results suggested that anti-angiogenic effect
by RAM is inhibited by secreted PIGF from GC cells,
through the activation of downstream signaling, ERK.

Discussion

To the best of our knowledge, using multiple approaches, the
present study presents the first evidence that tumoral PIGF
gene expression is a negative predictive biomarker for RAM
in AGC. RAM is one of the anti-angiogenic agents that act
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Table 2 Overall response

" For measurable lesion CR PR SD PD ORR (%) P
rate according to PIGF gene (n=14)
expression
PIGF-low (n=6) 0 3 0 3 50 0.055
PIGF-high (n=38) 0 4 4 0

PIGF placental growth factor, CR complete response, PR partial response, SD stable disease, PD progres-
sive disease, ORR overall response rate

via the blocking of VEGFR-2. Anti-angiogenic agents are
currently the representative molecular target agents for
malignancies including gastrointestinal cancers. Despite
the principle goal of translational research, no biomarkers
have been revealed and validated for anti-angiogenic agents,
which could be due to the complexity of the mechanisms of
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action of anti-angiogenic agents. Anti-angiogenic agents do
not directly target cancer cells. They target the more com-
plex vascular microenvironments surrounding tumors.

To reveal key biomarkers, we analyzed tumoral VEGFR-
associated genes and then determined that PIGF gene
expression could be a predictive biomarker for RAM in
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Fig.3 In vitro validation. siNT, siRNA of non-targeting genes;
siPIGF, siRNA of PIGF; RAM, ramucirumab; HMVECs, human
microvascular endothelial cells. *P <0.05; **P<0.01; ***P<0.001.
a PIGF gene expression in siRNA-mediated gastric cancer cells.
Each graph represents mean+SD from three independent experi-
ments. b—d Endothelial cell recruitment assay. HMVECs were used
for endothelial cell (EC) recruitment assay. HMVECs were seeded in
the upper chamber and co-cultured with siRNA-mediated GC cells
(siNT, siPIGF) in the lower chamber. RAM was added into the lower
chamber of GC cells. HMVECs that migrated toward GC cells were
counted after 24 h. Migrated HMVECs were counted from averages
at four microscopic fields, and each result was presented as a mean
of at least three independent experiments. b Representative images
of EC recruitment assay. GC cells were treated with or without 2 ug/
ml of RAM (%x200). ¢ Quantification of EC recruitment assay. Each
value represents a mean relative ratio of migrated HMVECs under
RAM treatment against control (non-RAM). d Quantification of

EC recruitment assay with or without RAM treatment. Each value
represents a mean relative ratio of migrated HMVECs under RAM
treatment against control (non-RAM). e-g Tube formation assay.
HMVECs were incubated with conditioned media from siRNA-medi-
ated GC cells (siNT, siPIGF), in the condition with or without 2 ug/
ml of RAM. e Representative images of tube formation assay (X100).
f Quantification of tube formation assay. Cells with more than three
branches were considered as tube formation. Each value represents a
mean relative ratio of tube formation under RAM treatment against
control (non-RAM). g Quantification of tube formation assay under
RAM treatment. Each value represents a mean relative ratio of tube
formation under RAM treatment against control (non-RAM). h West-
ern blotting. HMVECs were incubated with conditioned media from
siRNA-mediated GC cells (siNT, siPIGF), in the condition with or
without 2 ug/ml of RAM. ERK phosphorylation of HMVECs were
analyzed with western blotting analysis
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Fig.4 Efficacy of ramucirumab
and tumoral PIGF expression.
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low in gastric cancer cells,
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ERK phosphorylation through
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AGC, with significantly shorter OS and PFS in AGC when
PIGF was highly expressed. In addition, in an in vitro study
using GC and endothelial cells, the anti-angiogenic effects
of RAM were influenced by PIGF expression levels in GC
cells.

Two studies have attempted to identify predictive RAM
biomarkers. The first study analyzed VEGFR2 and HER2
protein expression in GC tissues and serum levels of VEGF-
C, VEGF-D, sVEGFR1, and VEGFR?2 in biomarker analy-
ses of REGARD participants, which was a phase III study
that compared RAM monotherapy with the best support-
ive care for AGC patients. However, no apparent relation-
ship was observed between protein expression levels and
clinical results [17]. The second study measured VEGF-C,
VEGF-D, sVEGFR-1, sVEGFR-2, sVEGFR-3 in plasma
and VEGFR-2 expression level in colorectal cancer (CRC)
tissues, and analyzed the correlation between these expres-
sion levels and clinical outcomes in a RAISE study, which
was a phase III study that assessed the effect of integrating
RAM in standard chemotherapy care for CRC patients. In
this biomarker study, VEGF-D levels in plasma were a pre-
dictive biomarker of RAM in metastatic CRC [18]. In terms
of VEGF-D, VEGF-D gene expression levels were very low
and were not significant in our discovery phase in four cases.
The inconsistency could be due to a small sample size or
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differences between GC and CRC. On the other hand, PIGF
expression had not been analyzed in both previous studies.
Nevertheless, other studies have demonstrated that PIGF
levels in serum increased following treatment with RAM
in hepatocellular cancer [19] and ovarian cancer [20], sug-
gesting that PIGF expression could be modulated by RAM
administration.

Although VEGF-A binds to VEGFR-1 and VEGFR-2,
the VEGF-A—VEGFR-2 axis is generally considered a major
signaling pathway for angiogenesis, and VEGF-A stimula-
tion leads to weaker autophosphorylation of VEGFR-1 than
VEGFR-2 phosphorylation [21]. PIGF is a member of the
VEGF family, which binds to VEGFR-1 and induces angio-
genesis. Notably, PIGF stimulation activates VEGFR-1 more
effectively than VEGF-A stimulation by the activation of
downstream MAPK signaling [22]. Indeed, our data are
consistent with the above findings, wherein the inhibitory
effects of ERK/MAPK phosphorylation and angiogenesis
by RAM are weaker in GC cells with high PIGF expression
levels than in GC cells with low PGIF expression levels.
Therefore, the present finding that PIGF gene expression
levels are a predictive biomarker for RAM treatment in AGC
is plausible.

As summarized in Fig. 4, RAM inhibits angiogenesis
through the blocking of VEGFR-2 signaling and ERK
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phosphorylation in GC cells with low PIGF expression lev-
els. However, when GC tissues express high levels of PIGF,
only VEGFR-2 blocking is not adequate to downregulate
ERK phosphorylation by escaping to P-IGF-VEGFR-1 sign-
aling, which induces RAM resistance.

A limitation of the present study is the use of tumor tis-
sue samples for biomarker detection. Although tumoral gene
analysis using biopsy sample remains invasive for patients,
additional invasive examination is not required because
PIGF expression can be analyzed using a sample stock. In
addition, urinary level of PIGF may also be useful biomark-
ers in the future since tumoral PIGF expression levels were
positively correlated with urinary PIGF levels in the present
study.

In conclusion, PIGF gene expression could be a predic-
tive biomarker for AGC response to RAM.

Acknowledgements There was no financial support for this study.

Compliance with ethical standards

Conflict of interest All authors declare that they have no conflict of
interest.

References

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo
M, Parkin DM, Forman D, Bray F (2015) Cancer incidence and
mortality worldwide: sources, methods and major patterns in
GLOBOCAN 2012. Int J Cancer 136(5):E359-E386. https://doi.
org/10.1002/ijc.29210

2. Yamada Y, Higuchi K, Nishikawa K, Gotoh M, Fuse N, Sugimoto
N, Nishina T, Amagai K, Chin K, Niwa Y, Tsuji A, Imamura H,
Tsuda M, Yasui H, Fujii H, Yamaguchi K, Yasui H, Hironaka
S, Shimada K, Miwa H, Hamada C, Hyodo I (2015) Phase III
study comparing oxaliplatin plus S-1 with cisplatin plus S-1 in
chemotherapy-naive patients with advanced gastric cancer. Ann
Oncol 26(1):141-148. https://doi.org/10.1093/annonc/mdu472

3. Koizumi W, Narahara H, Hara T, Takagane A, Akiya T, Takagi
M, Miyashita K, Nishizaki T, Kobayashi O, Takiyama W, Toh Y,
Nagaie T, Takagi S, Yamamura Y, Yanaoka K, Orita H, Takeuchi
M (2008) S-1 plus cisplatin versus S-1 alone for first-line treat-
ment of advanced gastric cancer (SPIRITS trial): a phase III
trial. Lancet Oncol 9(3):215-221. https://doi.org/10.1016/S1470
-2045(08)70035-4

4. FolkmanJ (1971) Tumor angiogenesis: therapeutic implications.
N Engl J Med 285(21):1182-1186. https://doi.org/10.1056/
NEIM197111182852108

5. Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF
and its receptors. Nat Med 9(6):669—-676. https://doi.org/10.1038/
nm0603-669

6. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hains-
worth J, Heim W, Berlin J, Baron A, Griffing S, Holmgren E, Fer-
rara N, Fyfe G, Rogers B, Ross R, Kabbinavar F (2004) Bevaci-
zumab plus irinotecan, fluorouracil, and leucovorin for metastatic
colorectal cancer. N Engl J Med 350(23):2335-2342. https://doi.
org/10.1056/NEJMo0a032691. (350/23/2335 [pii])

7. Spratlin JL, Cohen RB, Eadens M, Gore L, Camidge DR, Diab S,
Leong S, O’Bryant C, Chow LQ, Serkova NJ, Meropol NJ, Lewis

10.

11.

12.

13.

14.

15.

16.

NL, Chiorean EG, Fox F, Youssoufian H, Rowinsky EK, Eckhardt
SG (2010) Phase I pharmacologic and biologic study of ramu-
cirumab (IMC-1121B), a fully human immunoglobulin G1 mono-
clonal antibody targeting the vascular endothelial growth factor
receptor-2. J Clin Oncol 28(5):780-787. https://doi.org/10.1200/
JCO0.2009.23.7537

Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L,
Sawaki A, Lordick F, Ohtsu A, Omuro Y, Satoh T, Aprile G,
Kulikov E, Hill J, Lehle M, Ruschoff J, Kang YK (2010) Trastu-
zumab in combination with chemotherapy versus chemotherapy
alone for treatment of HER2-positive advanced gastric or gastro-
oesophageal junction cancer (ToGA): a phase 3, open-label, ran-
domised controlled trial. Lancet 376(9742):687-697. https://doi.
org/10.1016/S0140-6736(10)61121-X

Van Cutsem E, Lenz HJ, Kohne CH, Heinemann V, Tejpar
S, Melezinek 1, Beier F, Stroh C, Rougier P, van Krieken JH,
Ciardiello F (2015) Fluorouracil, leucovorin, and irinotecan
plus cetuximab treatment and RAS mutations in colorectal
cancer. J Clin Oncol 33(7):692-700. https://doi.org/10.1200/
JCO.2014.59.4812

Vandenbroucke JP, von Elm E, Altman DG, Gotzsche PC, Mul-
row CD, Pocock SJ, Poole C, Schlesselman JJ, Egger M (2007)
Strengthening the reporting of observational studies in epidemi-
ology (STROBE): explanation and elaboration. Epidemiology
18(6):805-835. https://doi.org/10.1097/EDE.0b013e318157751
1. (00001648-200711000-00028 [piil)

Wilke H, Muro K, Van Cutsem E, Oh SC, Bodoky G, Shimada
Y, Hironaka S, Sugimoto N, Lipatov O, Kim TY, Cunningham
D, Rougier P, Komatsu Y, Ajani J, Emig M, Carlesi R, Ferry D,
Chandrawansa K, Schwartz JD, Ohtsu A, Group RS (2014) Ramu-
cirumab plus paclitaxel versus placebo plus paclitaxel in patients
with previously treated advanced gastric or gastro-oesophageal
junction adenocarcinoma (RAINBOW): a double-blind, ran-
domised phase 3 trial. Lancet Oncol 15(11):1224-1235. https://
doi.org/10.1016/S1470-2045(14)70420-6

Fuchs CS, Tomasek J, Yong CJ, Dumitru F, Passalacqua R, Gos-
wami C, Safran H, dos Santos LV, Aprile G, Ferry DR, Meli-
char B, Tehfe M, Topuzov E, Zalcberg JR, Chau I, Campbell
W, Sivanandan C, Pikiel J, Koshiji M, Hsu Y, Liepa AM, Gao
L, Schwartz JD, Tabernero J, Investigators RT (2014) Ramu-
cirumab monotherapy for previously treated advanced gastric
or gastro-oesophageal junction adenocarcinoma (REGARD): an
international, randomised, multicentre, placebo-controlled, phase
3 trial. Lancet 383(9911):31-39. https://doi.org/10.1016/S0140
-6736(13)61719-5

Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent
D, Ford R, Dancey J, Arbuck S, Gwyther S, Mooney M, Rubin-
stein L, Shankar L, Dodd L, Kaplan R, Lacombe D, Verweij J
(2009) New response evaluation criteria in solid tumours: revised
RECIST guideline (version 1.1). Eur J Cancer 45(2):228-247.
https://doi.org/10.1016/j.ejca.2008.10.026

Shimura T, Iwasaki H, Kitagawa M, Ebi M, Yamada T, Yamada
T, Katano T, Nisie H, Okamoto Y, Ozeki K, Mizoshita T, Kata-
oka H (2019) Urinary cysteine-rich protein 61 and trefoil factor
3 as diagnostic biomarkers for colorectal cancer. Transl Oncol
12(3):539-544. https://doi.org/10.1016/j.tranon.2018.12.006
Shimura T, Ebi M, Yamada T, Yamada T, Katano T, Nojiri Y,
Iwasaki H, Nomura S, Hayashi N, Mori Y, Kataoka H, Moses
MA, Joh T (2017) Urinary kallikrein 10 predicts the incurabil-
ity of gastric cancer. Oncotarget 8(17):29247-29257. https://doi.
org/10.18632/oncotarget. 16453

Shimura T, Dagher A, Sachdev M, Ebi M, Yamada T, Yamada
T, Joh T, Moses MA (2015) Urinary ADAM12 and MMP-9/
NGAL complex detect the presence of gastric cancer. Cancer Prev
Res (Phila) 8(3):240-248. https://doi.org/10.1158/1940-6207.
CAPR-14-0229

@ Springer


https://doi.org/10.1002/ijc.29210
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1093/annonc/mdu472
https://doi.org/10.1016/S1470-2045(08)70035-4
https://doi.org/10.1016/S1470-2045(08)70035-4
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1200/JCO.2009.23.7537
https://doi.org/10.1200/JCO.2009.23.7537
https://doi.org/10.1016/S0140-6736(10)61121-X
https://doi.org/10.1016/S0140-6736(10)61121-X
https://doi.org/10.1200/JCO.2014.59.4812
https://doi.org/10.1200/JCO.2014.59.4812
https://doi.org/10.1097/EDE.0b013e3181577511
https://doi.org/10.1097/EDE.0b013e3181577511
https://doi.org/10.1016/S1470-2045(14)70420-6
https://doi.org/10.1016/S1470-2045(14)70420-6
https://doi.org/10.1016/S0140-6736(13)61719-5
https://doi.org/10.1016/S0140-6736(13)61719-5
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.tranon.2018.12.006
https://doi.org/10.18632/oncotarget.16453
https://doi.org/10.18632/oncotarget.16453
https://doi.org/10.1158/1940-6207.CAPR-14-0229
https://doi.org/10.1158/1940-6207.CAPR-14-0229

1046

Cancer Chemotherapy and Pharmacology (2019) 83:1037-1046

17.

18.

19.

Fuchs CS, Tabernero J, Tomasek J, Chau I, Melichar B, Safran H,
Tehfe MA, Filip D, Topuzov E, Schlittler L, Udrea AA, Camp-
bell W, Brincat S, Emig M, Melemed SA, Hozak RR, Ferry D,
Caldwell CW, Ajani JA (2016) Biomarker analyses in REGARD
gastric/GEJ carcinoma patients treated with VEGFR2-targeted
antibody ramucirumab. Br J Cancer 115(8):974-982. https://doi.
org/10.1038/bjc.2016.293

Tabernero J, Hozak RR, Yoshino T, Cohn AL, Obermannova
R, Bodoky G, Garcia-Carbonero R, Ciuleanu TE, Portnoy DC,
Prausova J, Muro K, Siegel RW, Konrad RJ, Ouyang H, Mel-
emed SA, Ferry D, Nasroulah F, Van Cutsem E (2018) Analysis of
angiogenesis biomarkers for ramucirumab efficacy in patients with
metastatic colorectal cancer from RAISE, a global, randomized,
double-blind, phase III study. Ann Oncol 29(3):602—-609. https://
doi.org/10.1093/annonc/mdx767

Zhu AX, Finn RS, Mulcahy M, Gurtler J, Sun W, Schwartz JD,
Dalal RP, Joshi A, Hozak RR, Xu Y, Ancukiewicz M, Jain RK,
Nugent FW, Duda DG, Stuart K (2013) A phase II and biomarker
study of ramucirumab, a human monoclonal antibody targeting
the VEGF receptor-2, as first-line monotherapy in patients with
advanced hepatocellular cancer. Clin Cancer Res 19(23):6614—
6623. https://doi.org/10.1158/1078-0432.CCR-13-1442

@ Springer

20.

21.

22.

Penson RT, Moore KM, Fleming GF, Braly P, Schimp V, Nguyen
H, Matulonis UA, Banerjee S, Haluska P, Gore M, Bodurka DC,
Hozak RR, Joshi A, Xu Y, Schwartz JD, McGuire WP (2014) A
phase II study of ramucirumab (IMC-1121B) in the treatment of
persistent or recurrent epithelial ovarian, fallopian tube or primary
peritoneal carcinoma. Gynecol Oncol 134(3):478-485. https://doi.
org/10.1016/j.ygyno.2014.06.029

Waltenberger J, Claesson-Welsh L, Siegbahn A, Shibuya M, Hel-
din CH (1994) Different signal transduction properties of KDR
and Flt1, two receptors for vascular endothelial growth factor. J
Biol Chem 269(43):26988-26995

Landgren E, Schiller P, Cao Y, Claesson-Welsh L (1998) Pla-
centa growth factor stimulates MAP kinase and mitogenicity
but not phospholipase C-gamma and migration of endothelial
cells expressing Flt 1. Oncogene 16(3):359-367. https://doi.
org/10.1038/sj.onc.1201545

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/bjc.2016.293
https://doi.org/10.1038/bjc.2016.293
https://doi.org/10.1093/annonc/mdx767
https://doi.org/10.1093/annonc/mdx767
https://doi.org/10.1158/1078-0432.CCR-13-1442
https://doi.org/10.1016/j.ygyno.2014.06.029
https://doi.org/10.1016/j.ygyno.2014.06.029
https://doi.org/10.1038/sj.onc.1201545
https://doi.org/10.1038/sj.onc.1201545

	Placental growth factor is a predictive biomarker for ramucirumab treatment in advanced gastric cancer
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Patients
	Chemotherapy schedule
	Definitions
	Samples
	RNA extraction and PCR
	Cell culture
	RNA interference knockdown
	Tube formation assay
	Endothelial cell recruitment assay
	Western blotting
	Statistical analysis

	Results
	Semi-comprehensive analysis of angiogenic genes related to ramucirumab resistance
	Patient characteristics
	Effectiveness of ramucirumab based on PlGF gene expression
	In vitro angiogenesis assay with ramucirumab treatment

	Discussion
	Acknowledgements 
	References


