
GDF15 derived from both tumor-associated
macrophages and esophageal squamous cell
carcinomas contributes to tumor progression via
Akt and Erk pathways
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Tumor-associated macrophages (TAMs) are known to be involved in the progression, angiogenesis, and motility of various
cancers. We previously reported the association between an increased number of infiltrating TAMs with tumor progression
and poor prognosis in esophageal squamous cell carcinomas (ESCCs). To study the roles of TAMs in ESCC, we first exposed
peripheral blood monocyte (PBMo)-derived macrophages from healthy volunteers to conditioned media of TE series
human ESCC cell line (TECM) and confirmed the induction of the expression of the M2 macrophage marker CD204 and the
protumorigenic factors interleukin (IL)-10, VEGFA, and MMPs. Next, we compared gene expression profiles between PBMo-
derived macrophages stimulated with or without TECM by cDNA microarray and focused on growth differentiation factor
15 (GDF15) among the highly expressed genes including IL-6, IL-8, and CXCL1. Our immunohistochemical study of 70
surgically resected ESCCs revealed that GDF15 was present not only in cancer cells but also in macrophages. The high
expression of GDF15 in the ESCCs was significantly correlated with several more malignant phenotypes including vessel
invasion, lymph node metastasis, and clinical stages. Patients with high GDF15 expression showed significantly poorer
disease-free survival (P= 0.011) and overall survival (P= 0.041). We also found that recombinant human GDF15 promotes
cell proliferation and the phosphorylation of both Akt and Erk1/2 in ESCC cell lines in vitro. These results indicate that
GDF15 is secreted by both TAMs and cancer cells in the tumor microenvironment and is associated with aberrant growth
and a poor prognosis in human ESCC.
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Tumor microenvironments are composed of neoplastic cells,
extracellular matrix, nonmalignant resident stromal cells such
as activated fibroblasts, and migratory hemopoietic cells such
as macrophages.1 Complex interactions among the compo-
nents of a tumor microenvironment modulate tumor
progression, growth, invasion, and angiogenesis.2 Macro-
phages have two different phenotypes, a tumor-suppressive
(M1) and a tumor-supportive (M2) phenotype.3 M1 macro-
phages are classically activated by interferon (IFN)-γ, whereas
alternative activation by interleukin (IL)-4 and IL-13 drives
macrophages toward the M2 phenotype. Tumor-associated
macrophages (TAMs) are recruited mostly from bone
marrow-derived circulating monocytes and they polarize into

the M2 or M1/M2 mixed phenotype depending on the micro-
environmental factors.4 In many cancers, TAMs acquire the
M2-like phenotype with IL-10high, IL-12low, cell surface
expression of mannose receptors, and scavenger receptors
such as CD163 and CD204.4,5 In addition, infiltrating TAMs
are reported to correlate with poor prognosis by promoting
tumor cell growth, invasion angiogenesis, metastasis forma-
tion, and immune suppression.6,7

Esophageal cancer is the eighth most common cancer
worldwide and the sixth leading cause of cancer-related
mortality.8 An estimated 456 000 new esophageal cancer cases
(3% of all cancers) and 0.4 million cancer deaths (5% of all
cancers) were recorded in 2012 worldwide.9 The incidence
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rate of esophageal cancer, especially of adenocarcinoma, has
increased significantly in recent years.10,11 As the dominant
type of esophageal cancer in Asian countries including Japan,
esophageal squamous cell carcinoma (ESCC) has a generally
poor prognosis because of the lack of effective clinical
methods for its early detection. With regard to epidemiology,
smoking and excessive alcohol consumption were reported to
increase the risk of ESCC.11 Genetic polymorphisms includ-
ing TP53 and ALDH2 were correlated with an increased risk
of ESCC.12,13 In the microenvironment of ESCC, Zhang
et al14 reported that tumor stroma including cancer-
associated fibroblasts were correlated with poor prognosis.
However, the pathological mechanisms of TAMs in the
tumorigenesis of ESCC remain obscure.

We previously described that the number of infiltrating
CD204+ macrophages showed a significant correlation with
clinicopathological factors and the prognosis of human ESCC,
and that a conditioned medium of the TE series ESCC cell line
(TECM) induced CD204 and VEGFA expressions in a
differentiated THP-1 human acute monocytic leukemia cell
line.15 These observations suggested to us that TAMs, mainly
expressing CD204, may contribute to the progression of
ESCCs whose tumor microenvironment might induce the
specific differentiation of macrophages recruited from circulat-
ing bone marrow-derived peripheral blood monocytes
(PBMos). To test our hypothesis, in the present study we
exposed PBMo-derived macrophages from healthy volunteers
to TECM and observed the cell’s acquisition of TAM-like
characteristics. We further investigated the specific cancer-
associated gene expression profile in TECM-induced TAM-like
macrophages by conducting a cDNA microarray analysis.

MATERIALS AND METHODS
Cell Cultures
Three ESCC cell lines (TE-8, TE-9, and TE-15) were obtained
from the RIKEN BioResource Center (Tsukuba, Japan). The
individuality of the TE series ESCC cell lines was confirmed
by a short tandem repeat analysis at RIKEN and at the Cell
Resource Center for Biomedical Research, Institute of
Development, Aging and Cancer, Tohoku University (Sendai,
Japan). We routinely maintained the ESCC cell lines in
RPMI-1640 (Wako, Osaka, Japan) with 10% fetal bovine
serum (FBS) (Sigma-Aldrich, St Louis, MO, USA) and 1%
antibiotic-antimycotic (Invitrogen, Carlsbad, CA, USA).
TECMs were prepared by plating 5 × 106 tumor cells in
10 ml complete medium in 100 mm dishes for 24 h, and
thereafter changing the medium to complete DMEM (Wako)
supplemented with 10% human AB serum (Lonza, Walkers-
ville, MD, USA) instead of FBS. After 2 days, the supernatants
were harvested, centrifuged, and stored in aliquots at − 80 °C.

Macrophage Cultures
Peripheral blood mononuclear cells (PBMCs) were obtained
from healthy volunteer donors who provided written
informed consent. CD14+ PBMos were purified from PBMCs

by positive selection using the auto MACS
®

Pro Separator
(Miltenyi Biotec, Bergisch Gladbach, Germany). PBMos
were plated in 1 × 105 cells/ml per well, and cultured with
macrophage-colony stimulating factor (M-CSF) (25 ng/ml;
R&D Systems, Minneapolis, MN, USA) for 6 days to induce
macrophages differentiation, as described with some mod-
ification.16 We added 50% TECM to the cultures for 2 days to
induce TAM-like polarization.

Tissue Samples
A total of 70 sporadic human ESCCs surgically removed from
2005 to 2010 at Kobe University Hospital (Kobe, Japan) were
used. The patients were 55 men and 15 women with an age
range of 54–88 years and mean age of 65.7 years. None had
received adjuvant chemotherapy or radiotherapy before
surgery. Informed consent was obtained from all patients, and
the study was approved by the Kobe University Institutional
Review Board. All resected specimens were fixed in 10% for-
malin and embedded in paraffin. Histological and clinico-
pathological evaluations were performed in accord with the
Japanese Classification of Esophageal Cancer proposed by the
Japan Esophageal Society along with the TNM classification of
the Union for International Cancer Control.17,18

Immunohistochemistry
Immunohistochemistry was performed with labeled strepta-
vidin biotinylated antibody method as previously described.15

Specific rabbit polyclonal antibody against growth differentia-
tion factor 15 (GDF15) (HPA011191, 1:50; Sigma-Aldrich,
Munich, Germany), specific mouse monoclonal antibodies
against CD68 (Kp-1, 1:100; DakoCytomation, Glostrup,
Denmark), CD163 (10D6, 1:100; Novocastra, Newcastle upon
Tyne, UK), and CD204 (SRA-E5, 1:50; Trans Genic, Kobe,
Japan) were used for the primary reaction. For the subsequent
reaction, we used labeled streptavidin biotin kit (DakoCyto-
mation). The intensity of GDF15 immunoreactivity in the
invasive area of each human ESCC tissue sample was
estimated as follows: negative to equal (low) or strong (high),
compared with that of the corresponding normal esophageal
epithelium. CD68+, CD163+, and CD204+ cells were counted
as macrophages and the estimation was performed as pre-
viously described.15 Evaluation and scoring were performed
by three independent observers (authors NU, YK, and HY).

Immunofluorescence
Cell and tissue samples were fixed with precooled methanol
and then incubated with specific rabbit monoclonal antibody
against CD11b (EP1345Y, 1:100; Abcam, Cambridge, UK),
rabbit polyclonal antibody against GDF15 (1:50; Sigma-Aldrich),
normal rabbit IgG (1:100; Santa Cruz Biotechnology, Dallas,
TX, USA), and mouse monoclonal antibodies against CD163
(1:100; Novocastra) and CD204 (1:50; Trans Genic) at 4 °C
overnight. Cy3-conjugated donkey anti-mouse IgG secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA), Alexa Fluor-488-conjugated donkey anti-rabbit
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secondary antibody (Jackson ImmunoResearch Laboratories),
and DyLight 488-conjugated goat anti-rabbit secondary
antibody (Vector Laboratories, Burlingame, CA, USA) were
incubated at room temperature for 1 h. The nuclei were
stained with DAPI (Wako). Images were taken with a Zeiss
LSM 700 laser-scanning microscope and analyzed using the
LSM Software ZEN 2009 (Carl Zeiss, Oberkochen, Germany).

Reverse Transcription-PCR (RT-PCR) and Quantitative
RT-PCR
Total mRNA was extracted from each cell using the RNeasy
Kit (Qiagen, Hilden, Germany). RT-PCR amplifications of
GDF15 and the control gene GAPDH were done. The PCR
products were then subjected to electrophoresis in a 2%
agarose gel. Quantitative RT-PCR amplifications of CD163,
CD204, IL-10, IL-12p35, VEGFA, MMP2, MMP9, and the
control gene GAPDH were performed using the ABI StepOne
Real-time PCR system (Applied Biosystems, Foster City, CA,
USA). The threshold cycle (Ct) values were determined by
plotting the observed fluorescence against the cycle number.
Ct values were analyzed using the comparative threshold cycle
method and normalized to those of GAPDH. The relative
gene expression levels were estimated using the following
formula: relative expression= 2− (Ct[target gene]—Ct
[GAPDH]). Primers (CD163, 5′-CGAGTTAACGCCAGT
AAG G-3′ (forward) and 5′-GAACATGTCACGCCAGC-3′
(reverse); CD204, 5′-CCAGGGACATGGGAATGCAA-3′
(forward) and 5′-CCAGTGGGACCTCGATCTCC-3′
(reverse); IL-10, 5′-GGTTGCCAAGCCTTGTCTGA-3′ (forward)
and 5′-AGGGAGTTCACATGCGCCT-3′ (reverse); IL-12p35,
5′-GCTGGCAGTTATTGATGAGC-3′ (forward) and 5′-GCA
TGAAGAAGTATGCAGAGC-3′ (reverse); VEGFA, 5′-CCTC
CGAAACCATGAACTTT-3′ (forward) and 5′-TTCTTTGGT
CTGCATTCACATT-3′ (reverse); MMP2, 5′-ATGGATCCT
GGCTTTCCC-3′ (forward) and 5′-GCTTCCAAACTTCACG
CTG-3′ (reverse); MMP9, 5′-ATGCGTGGAGAGTCGAAA
TC-3′ (forward) and 5′-TACACGCGAGTGAAGGTGAG-3′
(reverse); GDF15, 5′-CCCTGCAGTCCGGATACTC-3′
(forward) and 5′-GAACAGAGCCCGGTGAAG-3′ (reverse);
GAPDH, 5′-ACCACAGTCCATGCCATCAC-3′ (forward)
and 5′-TCCACCACCCTGTTGCTGTA-3′ (reverse)) were
designed.

cDNA Microarray Analysis
We extracted total RNA from PBMo-derived macrophages
with or without 50% TECM (TE-8, TE-9, and TE-15) using
the RNeasy kit (Qiagen). We prepared a cDNA microarray by
using the SurePrint G3 Human GE microarray 8 × 60K v2
(Agilent Technologies, Palo Alto, CA, USA), containing
probes for 50 599 characterized human genes and expressed
sequence tags. We performed in vitro transcription, oligonu-
cleotide array hybridization, and scanning according to the
instructions of Takara Bio(Otsu, Japan). Arrays were then
scanned with the GeneArray scanner (Agilent Technologies)
to obtain image and signal intensities. The data have been

deposited to the Gene Expression Omnibus repository
(GSE59948).

Western Blotting
The cells were lysed in a buffer containing 50 mM Tris-HCl
(pH 7.4), 125 mM NaCl, 0.1% Triton X-100, and 5 mM
ethylenediaminetetraacetic acid containing both 1% protease
inhibitor and 1% phosphatase inhibitor cocktail (Sigma-
Aldrich). Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by
electrotransfer onto a polyvinylidene difluoride membrane.
After blotting with the following antibodies from Cell
Signaling Technology (Beverly, MA, USA) against phosphory-
lated Akt (Ser473, 1:500), phosphorylated Akt (Thr308,
1:500), non-phosphorylated Akt (1:1000), phosphorylated
Erk1/2 (Thr202/Tyr204, 1:200), non-phosphorylated Erk1/2
(1:200), and β-actin (1:1000), horseradish peroxidase-con-
jugated anti-mouse or anti-rabbit IgGs (1:1000; GE Health-
care, Little Chalfont, Buckinghamshire, UK) were used as
secondary antibodies. The signals were visualized with
enhanced chemiluminescence.

Enzyme-Linked Immunosorbent Assay (ELISA)
PBMo-derived macrophages and ESCC cell lines were
cultured in a 24-well plate (1 × 105 cells per well) with
RPMI-1640 plus 10% FBS and 1% antibiotic-antimycotic for
48 h. We determined the GDF15 protein levels in the cell
culture supernatants by performing the Quantikine

®

ELISA
Human GDF15 immunoassay (R&D Systems) according to
the manufacturer’s instructions. We determined the optical
density of each well using the Microplate Reader Infinite

®

200
PRO (Tecan, Männedorf, Switzerland) set to 450 nm. Each
sample was analyzed in triplicate for statistical analysis. The
GDF15 concentration of each sample was calculated using a
standard curve and the measured absorbance.

Cell Growth
After the ESCC cell lines were plated at 5 × 104 cells per 1 ml
of serum-free RPMI-1640 overnight, we counted the cells in a
Trypan blue dye exclusion assay. Subsequently, the cells were
treated with 0, 10, 50, and 100 ng/ml recombinant human
GDF15 (rhGDF15; R&D Systems) for 24 h, and viable cells
were also counted. We determined the percentage of cell
number in comparison with that of the cells without
rhGDF15 treatment.

We also performed an MTS assay (Promega, Madison, WI,
USA) to examine the cell growth. 1 × 105 cells in 24-well plate
were incubated with RPMI-1640 serum-free for 24 h. At 24 h
after addition of 100 ng/ml rhGDF15 (R&D Systems), we
applied CellTiter 96

®

AQueous One Solution Reagent (20 μl
per 100 μl medium; Promega). We determined the optical
density of each well using a microplate reader at 490 nm. In a
separate set of experiments, we pretreated the ESCC cell lines
for 30 min with a MEK1/2 inhibitor (PD98059, 30 μM;
Cell Signaling Technology) and a PI3K inhibitor (LY294002,
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20 μM; Cell Signaling Technology) before adding rhGDF15
for 24 h.

Statistical Analysis
The results are expressed as mean± s.e.m., and statistical
significance was analyzed by two-sided Student’s t-test and
one-way ANOVA. The relationships between clinicopatholog-
ical factors and immunohistochemical results were estimated
by χ2 test. Disease-free and overall survival curves were
estimated by the Kaplan–Meier method compared by log-
rank test. Parameters that were significantly associated with
disease-free or overall survival rates evaluated in univariate
analyses using log-rank tests were further analyzed with
multivariate analysis using the Cox proportional hazard
regression model. The experimental in vitro data represent
two or three independent experiments. A P-value of o0.05
was considered statistically significant. Statistical analyses
were carried out using SPSS Statistics ver. 22 (IBM, Chicago,
IL, USA).

RESULTS
Conditioned Media of ESCC Cell Lines Induced M2-Like
Characteristics in PBMo-Derived Macrophages
We first investigated the expression levels of M2 markers in
PBMo-derived macrophages stimulated with 50% TECM for
2 days in vitro (Figure 1a). Exposure to TECM significantly
upregulated the mRNA expression of IL-10 and downregu-
lated that of IL-12p35 (Po0.05; Figure 1b). The quantitative
RT-PCR and immunofluorescence showed that the expres-
sion of both CD163 and CD204 in PBMo-derived macro-
phages stimulated with TECM were significantly more
enhanced than in PBMo-derived macrophages (Po0.05;
Figures 1c and d). In addition, exposure to TECM signifi-
cantly enhanced the mRNA expression levels of M2 humoral
protumorigenic factors such as VEGFA, MMP2, and MMP9
(Po0.05; Figure 1e). Together, these data overall suggest that
PBMo-derived macrophages stimulated with TECM acquired
M2-like characteristics mimicking those of TAMs.

Upregulation of GDF15 Expression in PBMo-Derived
Macrophages Induced by Conditioned Media of ESCC
Cell Lines
We performed a cDNA microarray analysis using total RNAs
from PBMo-derived macrophages stimulated with or without
TECM to identify any molecules specifically up- or down-
regulated in PBMo-derived macrophages. After normalization
and revision of the raw data, we identified 465 genes (log2
ratio 42 upregulated, 233 genes and log2 ratio o− 2 down-
regulated, 232 genes) as showing significant differences
(Supplementary Table 1). The accuracy of the cDNA
microarray analysis was confirmed by our quantitative RT-
PCR analysis of the expression levels of 10 randomly selected
differentially expressed genes, as the results showed good
concordance with the cDNA microarray data in terms of the
log2 ratio of gene expression. Among the 12 genes related to

tumor development (upregulated, seven genes including
IL-6, IL-8, and CXCL1; downregulated, five genes; Table 1),
we decided to focus on the GDF15 gene transcript (GDB
accession no. NM_004864) that showed a log2 ratio of ∼ 4.0
in each cell line because TAM-derived GDF15, which is
known to be a divergent member of human TGF-β super-
family associated with the growth and invasiveness of various
cancers,19,20 had not yet been reported in the microenviron-
ment of ESCC.

We next investigated whether the induction of the GDF15
expression levels in PBMo-derived macrophages stimulated
with TECM was a specific event. We observed a striking
upregulation of GDF15 mRNA by TECM in PBMo-derived
macrophages along with the induction of M2-like character-
istics (Figure 2a). The concentration of secreted GDF15 was
significantly higher in the PBMo-derived macrophages stimu-
lated with TE-8CM, TE-9CM, and TE-15CM (1452.0± 49.1,
482.5± 33.4, and 414.0± 18.5 pg/ml, respectively) than in the
PBMo-derived macrophages (121.5± 13.8 pg/ml) by ELISA
(Po0.01; Figure 2b). Immunofluorescence demonstrated that
GDF15 was strongly expressed in the cytoplasm of PBMo-
derived macrophages stimulated with TECM with distinct
spindle morphology (Figure 2c). In the ESCC cell lines, the
concentration of secreted GDF15 from TE-9 was significantly
higher than that of the PBMo-derived macrophages (938.5±
13.9 vs 121.5± 13.8 pg/ml, P= 0.001), whereas GDF15 secretion
was undetectable from TE-8 and TE-15 (Figures 2a and b).

Not Only Cancer Cells But Also Macrophages Expressed
GDF15 in Human ESCC Tissues
We used immunohistochemistry to examine the expression of
GDF15 in human ESCC tissue samples. In the nonneoplastic
esophageal tissues, GDF15 was expressed in erythrocytes,
normal squamous epithelia, and some stromal cells. In the
tumor nests and stroma of human ESCCs, particularly in the
invasive area, various levels of GDF15 immunoreactivities
were observed: low (i) and high (ii) using the corresponding
normal squamous epithelia as positive control (Figure 3a).
GDF15 was expressed mostly in cancer cells. In addition,
macrophage-like spindle cells with GDF15 immunoreactivity
were also found in tumor nests and stroma. Immunofluor-
escence revealed that a large fraction of GDF15+ spindle cells
coexpressed with the M2 macrophage marker CD204 in the
tumor nests and stroma of human ESCCs (Figure 3b).

The Expression Levels of GDF15 Were Closely Correlated
with Clinicopathological Factors and the Prognosis of
the ESCC Patients
We investigated whether the expression of GDF15 had any
statistical association with clinicopathological factors of ESCC
patients (Table 2), and we found that a high expression of
GDF15 in ESCC was closely correlated with the depth of
invasion (P= 0.014), lymphatic vessel invasion (P= 0.009),
blood vessel invasion (P= 0.001), lymph node metastasis
(P= 0.006), and clinical stages (P= 0.001). We subsequently
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Figure 1 Peripheral blood monocyte (PBMo)-derived macrophages acquired M2-like characteristics by stimulation with conditioned medium of TE series
ESCC cell line (TECM). (a) TECM exposure assay: PBMos were treated with 25 ng/ml recombinant human M-CSF for 6 days to induce macrophage-like
differentiation, and then exposed to 50% TECM for 2 days. (b) IL-10 and IL-12 mRNA expression pattern as M2-like characteristics in PBMo-derived
macrophages stimulated with TECM. Expression levels were determined by quantitative RT-PCR and compared with those of PBMo-derived
macrophages, normalized to GAPDH expression. Results are mean ± s.e.m. (n= 4; *Po0.05). (c) Induction of M2 markers CD163 and CD204 mRNA in
PBMo-derived macrophages stimulated with TECM. Expression levels were analyzed by quantitative RT-PCR. Results are mean± s.e.m. (n= 4; *Po0.05).
(d) Expression of CD163 and CD204 in PBMo-derived macrophages stimulated with TECM. Double immunofluorescence was performed using anti-CD163
or CD204 (red) plus macrophage marker anti-CD11b (green) in a TECM exposure assay. Coexpression of CD163 and CD204 was detectable in PBMo-
derived macrophages stimulated with TECM. Nuclei were stained with DAPI (blue). Magnification × 40. Scale bar = 20 μm. (e) Upregulation of
protumorigenic factors VEGFA, MMP2, and MMP9. Expression levels were determined by quantitative RT-PCR. Results are mean ± s.e.m. (n= 4; *Po0.05).
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investigated the association between the expression levels of
GDF15 and the number of macrophages in ESCC. We found
that a high number of infiltrating CD68+ or CD163+

macrophages had a trend to correlate with high expressions
of GDF15 (P= 0.025). Moreover, high GDF15 expression was
significantly associated with a high number of infiltrating
CD204+ macrophages (Po0.001; Table 2).

We next performed a prognostic study of 69 out of 70
ESCC patients (excluding the single patient who could not be
followed). The disease-free survival of the patients with a high
expression of GDF15 was significantly shorter compared with
the patients with low GDF15 by log-rank test (percent
disease-free survival after 2 years, 63.0 vs 92.1%, P= 0.011;
Figure 3c). The overall survival of the patients with high
GDF15 expression was also significantly shorter than that of
the patients with low GDF15 (percent overall survival after 5
years, 59.1 vs 83.1%, P= 0.041; Figure 3c). The independent
impact of GDF15 on disease-free or overall survival rates was
not statistically revealed with multivariate analysis in ESCC
(Supplementary Tables 2 and 3).

GDF15 Increased the Growth of the ESCC Cell Lines by
Triggering Akt and Erk1/2 Phosphorylation
We assessed the growth of the ESCC cell lines under serum-
free conditions supplemented with titrated concentrations of
rhGDF15. We found that GDF15 promoted the proliferation

of the ESCC cell lines in a dose-dependent manner after 24 h:
100 ng/ml of rhGDF15 yielded up to 141.0± 7.8% viable TE-8
cells (P= 0.007), 166.4± 9.3% viable TE-9 cells (Po0.001),
and 141.0± 7.2% viable TE-15 cells (P= 0.002; Figure 4a). It
has been confirmed that GDF15 activates intracellular
signaling cascades such as the PI3K/Akt and MEK/Erk
pathways with the induction of the proliferation of cancer
cells.19,21 We thus wondered whether GDF15 would trigger
Akt and Erk1/2 phosphorylation on ESCC cell lines in serum-
free conditions. We found that Akt and Erk1/2 phosphoryla-
tion in the ESCC cell lines was enhanced with 100 ng/ml of
rhGDF15 after 10 min (Figure 4b). The GDF15-induced
growth for 24 h in ESCC cells was suppressed by pretreatment
for 30 min with a PI3K inhibitor (LY294002, 20 μM) or a
MEK1/2 inhibitor (PD98059, 30 μM) (Po0.01; Figure 4c).
These results suggested that GDF15 promoted the growth of
ESCC cell lines by activating Akt and Erk1/2.

DISCUSSION
GDF15 is a divergent member of human TGF-β superfamily
that displays similarity to both classical TGF-β isoforms
and bone morphogenetic proteins (BMPs).22 GDF15, also
known as macrophage inhibitory cytokine 1 (MIC-1), non-
steroidal anti-inflammatory drug-activated gene (NAG-1),
prostate-derived factor (PDF), placental bone morphogenetic
protein (PLAB), and placental TGF-β (PTGF-β),23–26 has

Table 1 Cancer-related genes expressed in PBMo-derived macrophages stimulated with TECM

Accession number Gene title Symbol Log2 ratioa

TE-8CMb TE-9CMb TE-15CMb

Upregulated genes (log2 ratioa 42)

NM_000575 Interleukin 6 IL6 7.20 5.99 5.41

NM_000584 Interleukin 8 IL8 5.06 5.18 4.89

NM_002981 Chemokine (C-C motif) ligand 1 CCL1 7.03 6.82 5.90

NM_001511 Chemokine (C-X-C motif) ligand 1 CXCL1 5.48 5.57 5.36

NM_002421 Matrix metallopeptidase 1, transcript variant 1 MMP1 5.45 4.71 5.27

NM_002424 Matrix metallopeptidase 8 MMP8 5.15 6.10 6.20

NM_004864 Growth differentiation factor 15 GDF15 4.33 3.75 3.96

Downregulated genes (log2 ratioa o− 2)

NM_002989 Chemokine (C-C motif) ligand 21 CCL21 − 3.58 − 4.26 − 5.28

NM_006419 Chemokine (C-X-C motif) ligand 13 CXCL13 − 2.48 − 2.66 − 2.32

NM_001719 Bone morphogenetic protein 7 BMP7 − 3.07 − 3.23 − 3.28

NM_000618 Insulin-like growth factor 1, transcript variant 4 IGF1 − 4.00 − 7.51 − 6.88

NM_004464 Fibroblast growth factor 5, transcript variant 1 FGF5 − 3.99 − 4.17 − 4.23

aLog2 ratio: differential expression is reported as the log2 ratio of two spot values in comparison with PBMo-derived macrophages stimulated without TECM.
A spot with equal signals on each cDNA microarray have a log2 ratio of zero.bTECM: conditioned media of TE series ESCC cell lines.
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Figure 2 Expression of GDF15 in PBMo-derived macrophages stimulated with TECM and ESCC cell lines. (a) mRNA expression of GDF15 in PBMo-derived
macrophages stimulated with TECM and ESCC cell lines. GDF15 and GAPDH primers were used for RT-PCR. The expression levels of GDF15 in the PBMo-
derived macrophages stimulated with TECM were higher than those in the PBMo-derived macrophages. Among the three ESCC cell lines, only TE-9
expressed GDF15. (b) Concentration of GDF15 protein in conditioned medium of PBMo-derived macrophages stimulated with TECM and ESCC cell lines.
Protein levels were measured by ELISA. Higher levels of GDF15 secretion were detected in PBMo-derived macrophages stimulated with TECM. The
concentration of GDF15 in TE-9 was higher than that in the PBMo-derived macrophages, and that of GDF15 in TE-8 and TE-15 was undetectable. Data
are mean ± s.e.m. in triplicate (**Po0.01). (c) Coexpression of GDF15 and CD204 in PBMo-derived macrophages stimulated with TECM. Double
immunofluorescence was performed using anti-GDF15 (green) plus anti-CD204 (red) in a TECM exposure assay. The signal intensity of coexpression was
more upregulated in PBMo-derived macrophages stimulated with TE-9CM (ii) than in PBMo-derived macrophages (i). Nuclei were stained with DAPI
(blue). Magnification × 40. Scale bar = 20 μm.
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Figure 3 A high expression of GDF15 was detected not only in cancer cells but also in macrophages in the tumor nests and stroma of human ESCC
tissues, and it was associated with the prognosis of ESCC patients. (a) Levels of GDF15 in human ESCC tissues by immunostaining: low (i) and high (ii)
compared with the corresponding normal esophageal squamous epithelia (insets). Magnification × 20. Scale bar = 100 μm. (b) GDF15+/CD204+

macrophages in the tumor nests and stroma of human ESCC. Double immunofluorescence was performed using anti-GDF15 (green) plus anti-CD204
(red) in a human ESCC tissue sample (i). The arrow indicates GDF15+/CD204+ macrophages in both the tumor nests and stroma of human ESCC tissues.
The same area of the tissue sample did not show positive fluorescence by negative control normal IgG (ii). Nuclei were stained with DAPI (blue).
Magnification × 40. Scale bar = 20 μm. Higher magnification of the indicated area (inset). (c) Kaplan–Meier analysis of patients with ESCC. ESCC patients
were divided into two groups according to their expression of GDF15; GDF15-low group (n= 44) and GDF15-high group (n= 25). The patients in the
GDF15-high group had a significantly poorer disease-free survival (i, 63.0 vs 92.1% at 2 years, *P= 0.011) and overall survival (ii, 59.1 vs 83.1% at 5 years,
*P= 0.041). The log-rank test was performed to determine significance.
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broad activity mainly regulating anti-inflammatory and
apoptotic pathways.27 In healthy subjects, GDF15 is strongly
expressed in placenta during pregnancy and at low to mode-
rate levels in brain, liver, breast, colon, and bone marrow.28,29

In cancer, GDF15 overexpression has been described in
colorectal cancer and malignant glioma.19,30 In addition,
serum GDF15 levels have been reported to be raised in
patients with malignant glioma, pancreatic, or prostate
carcinoma compared with those of healthy controls.19,31,32

These previous findings may indicate that GDF15 exerts
heterogeneous functions in tumors. However, the role of
GDF15 in tumorigenesis is still unclear; for instance, a specific
receptor for GDF15 has not been identified.33 Recent studies
suggest that GDF15 might be involved in the growth, survival,
and invasiveness of various cancers.19,20,34

In the present study, human PBMo-derived macrophages
stimulated with TECM acquired M2-like characteristics and
upregulated GDF15 in vitro. Several previous studies also
showed that PBMo-derived macrophages acquired M2
characteristics such as CD163, CD204, IL-10, VEGFA, and
MMPs by conditioned medium of tumor cell line
(TCM).5,6,35–37 We observed upregulation of various genes
in the PBMo-derived macrophages stimulated with TECM by
conducting a cDNA microarray analysis. As shown in Table 1,
CXCL1, IL-6, and IL-8 are known to participate in tumor
proliferation and angiogenesis. Recent studies have shown
that TAM-like PBMo-derived macrophages stimulated with
TCM such as those found in breast, ovarian, and colorectal
cancer produced these factors.16,38–40 In the present study,
GDF15 was upregulated in PBMo-derived macrophages
stimulated with TECM, whereas, to our knowledge, it has
not been reported that TAM-like PBMo-derived macrophages
stimulated with other TCMs secreted GDF15. Expression of
GDF15 was not detected in cytokine-induced M2-polarized
macrophages such as IL-4 and IL-13 (Supplementary Figure
1). Recent studies demonstrated that GDF15 acted as a
downstream mediator of the tumor suppressor p53 path-
way.33,41 As p53 within TAM might contribute to tumor

promotion by supporting a paracrine axis of secreted
cytokines and chemokines such as IL-6 and CXCL1,38

GDF15 might also be secreted by the same pathway. In
addition, we indicated the possibility that GDF15 participated
in the macrophage polarization toward a M2 phenotype,
especially CD163 induction (Supplementary Figure 2). These
data suggest that TAMs have protumorigenic M2-like
characteristics in the microenvironment of human ESCC as
well as other cancers and may secrete GDF15.

In this study’s immunohistochemical investigation, we
observed the expression of GDF15 mostly in the invasive area
of human ESCC. By conducting an ESCC tissue microarray,
Wang et al42 found that normal esophageal epithelium
showed negative or weak GDF15 immunoreactions, whereas
cancer tissues demonstrated weak to positive staining in 18 of
40 (45%) ESCC specimens. We also found that normal
esophageal epithelia showed weak GDF15 immunoreactions,
and the expression of GDF15 was mostly stronger in the
invasive area of ESCC than at the surface. The invasive area
demonstrated strong staining in 25 of our 70 (36%) ESCC
tissue samples compared with the immunoreactions of the
corresponding normal esophageal epithelium. These data
indicated that GDF15 was present in the microenvironment
of human ESCC, especially in the invasive area. In other
squamous cell carcinomas, a similar report indicated that
normal epithelium showed negative to weak GDF15 immu-
noreactions and 50% of oral squamous cell carcinoma tissue
also demonstrated strong GDF15 immunoreactivities.43 A
similar upregulation of GDF15 immunoreactivity was also
reported in adenocarcinomas including colorectal, gastric,
and prostate cancers.30,34,44

Wang et al42 also indicated that positive staining of GDF15
in ESCC tissues was mostly confined to the cytoplasm of
ESCC cells with a diffuse pattern. In the present study too, the
GDF15-positive cells in the ESCC tissues were mostly
confined to the cytoplasm of ESCC cells, whereas GDF15
immunoreactions were detected in other stromal cells such as
erythrocytes and macrophages. Although GDF15 expression

Figure 3 Continued.
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has been reported in bone marrow stromal cells in multiple
myeloma and cancer-associated fibroblasts in prostate
cancer,45,46 this may be the first report of GDF15 expression
in TAMs.

The serum GDF15 concentration has been reported to be
closely associated with the depth of invasion, lymph node
metastasis, and overall survival of ESCC patients.42,47

However, a detailed statistical analysis of the immunohisto-
chemical expression of GDF15 in the ESCC tissues and the
clinicopathological factors of the patients had not been
described before the present study. We found that the
immunoreactivity of GDF15 in the microenvironment of
ESCCs was correlated with many clinicopathological factors:
the depth of invasion, lymphatic vessel invasion, blood vessel
invasion, lymph node metastasis, clinical stages, overall
survival, and disease-free survival. In oral and colorectal
cancers, several reports have similarly shown that a high
expression of GDF15 shown by immunohistochemistry was
associated with many tumorigenic factors.30,43 These data
indicate that GDF15 in the cancer microenvironment might
serve as a factor of the tumor progression of human ESCC.

It has been reported that GDF15 induced growth, survival,
and invasion of malignant glioma, multiple myeloma, and
gastric cancer by activating intracellular signaling cascades
such as the PI3K/Akt and MEK/Erk pathways.19,20,34,48 Recent
studies have also shown that the in vitro proliferation of ESCC
cell lines was reduced by inhibition of PI3K or MEK1/2.49,50

Here we demonstrated that GDF15 increased the growth of
ESCC cell lines dose-dependently. Moreover, this study is the
first to report that both the Akt and Erk1/2 pathways with the
induction of proliferation were activated by GDF15 in ESCC
cell lines and that treatment with a MEK1/2 inhibitor
(PD98059) and a PI3K inhibitor (LY294002) abolished the
growth of ESCC cell lines. In addition, indirect co-culture
assay revealed the paracrine effects of TAM-derived GDF15 to
TE cell lines (Supplementary Figure 3). Our results
indicate that GDF15 derived from tumor-associated
macrophages and esophageal squamous cell carcinomas
might play an important role in growth of ESCC by activating
both the PI3K/Akt and MEK/Erk signaling pathways. With
regard to GDF15-stimulated invasion, we obtained several
positive results indicating GDF15 induced invasion and
upregulation of MMPs in TE cell lines by matrigel invasion
assay and quantitative RT-PCR in vitro (S Utsunomiya et al,
unpublished data). These data also support the clinicopatho-
logical result that a high expression of GDF15 by immuno-
histochemistry is associated with many invasion factors
of ESCC.

In summary, the results of the present study indicate that
human PBMo-derived macrophages stimulated with TECM
acquire M2-like characteristics and upregulate GDF15
expression in human ESCC. Our findings also demonstrate
that GDF15 is present in not only cancer cells but also TAMs
and that a high expression of GDF15 is closely correlated with
a poor prognosis of human ESCC. Both the PI3K/Akt and

Table 2 Expression levels of GDF15 in ESCC and their
correlation with clinicopathological parameters and infiltrating
macrophages phenotypes

Expression of GDF15a

Number of cases Low (n= 45) High (n= 25) P-value

Age

o65 33 20 13 0.544

≥ 65 37 25 12

Histological gradeb

HGIEN+WDSCC 16 11 5 0.671

MDSCC+PDSCC 54 34 20

Depth of invasionb

T1 49 36 13 0.014*

T2+T3 21 9 12

Lymphatic vessel invasionb

Negative 37 29 8 0.009**

Positive 33 16 17

Blood vessel invasionb

Negative 43 34 9 0.001**

Positive 27 11 16

Lymph node metastasisb

Negative 43 33 10 0.006**

Positive 27 12 15

Stagec

0+I 38 31 7 0.001**

II+III+IV 32 14 18

CD68+ cellsd

Low 35 27 8 0.025*

High 35 18 17

CD163+ cellsd

Low 35 27 8 0.025*

High 35 18 17

CD204+ cellsd

Low 34 29 5 o0.001***

High 36 16 20

Abbreviations: HGIEN, high-grade intraepithelial neoplasia; MDSCC, moder-
ately differentiated squamous cell carcinoma; PDSCC, poorly differentiated
squamous cell carcinoma. T1a, tumor invades mucosa; T1b, tumor invades
submucosa; T2, tumor invades muscularis propria; T3, tumor invades adventi-
tia; WDSCC, well-differentiated squamous cell carcinoma.
Data were analyzed by χ2 test and Po0.05 was considered statistically signif-
icant: *Po0.05; **Po0.01; ***Po0.001. aExpression of GDF15 in invasive area
of human ESCC tissue samples was used to divide the patients into high- and
low-expression groups. bAccording to the Japanese Classification of Esopha-
geal Cancer.17 cAccording to the Tumor Node Metastasis (TNM) classification
by Union for International Cancer Control.18 dThe median values of CD68+,
CD163+, or CD204+ macrophage numbers in tumor nests and stroma within
the areas were used to divide the patients into high and low groups.
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MEK/Erk pathways with the induction of growth are activated
by GDF15 in ESCC cell lines in vitro. GDF15 derived from
TAMs and cancer cells in human ESCC may have an
important role in the growth and prognosis of human ESCC.
It might be suggested that GDF15 is a new biomarker for
progression of human ESCC patients.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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