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The fertile stroma in pancreatic ductal adenocarcinomas (PDACs) has been suspected to greatly contribute 
to PDAC progression. Since the main cell constituents of the stroma are fibroblasts, there is crosstalking(s) 
between PDAC cells and surrounding fibroblasts in the stroma, which induces a fibroblast proliferation burst. 
We have reported that several malignant cancer cells including PDAC cells secrete a pronounced level of 
S100A11, which in turn stimulates proliferation of cancer cells via the receptor for advanced glycation end 
products (RAGE) in an autocrine manner. Owing to the RAGE+ expression in fibroblasts, the extracellular 
abundant S100A11 will affect adjacent fibroblasts. In this study, we investigated the significance of the para-
crine axis of S100A11–RAGE in fibroblasts for their proliferation activity. In in vitro settings, extracellular 
S100A11 induced upregulation of fibroblast proliferation. Our mechanistic studies revealed that the induc-
tion is through RAGE–MyD88–mTOR–p70 S6 kinase upon S100A11 stimulation. The paracrine effect on 
fibroblasts is linked mainly to triggering growth but not cellular motility. Thus, the identified pathway might 
become a potential therapeutic target to suppress PDAC progression through preventing PDAC-associated 
fibroblast proliferation.
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INTRODUCTION

It has become evident that the tumor stroma has a 
critical role in the progression of various types of cancer. 
The tumor stroma is composed of multiple noncancerous 
cell populations, including fibroblasts, endothelial cells, 
and immune cells, and the extracellular matrix (ECM)1–5. 
Fibroblast cells appended to a mass of cancer cells, 
called cancer-associated fibroblasts (CAFs), are one of 
the major components of these cell populations (around 
90% in the stroma)2,6. An enriched CAF population is fre-
quently observed in pancreatic cancers, and it has been 
shown that CAFs accelerate pancreatic cancer progres-
sion toward malignancy concomitant with drug resis-
tance, immunosuppression, and metastasis1,5,6. However, 
it is still not known how an increase in the CAF popu-
lation occurs in pancreatic cancers. An understanding of 
the mechanism may be useful for the establishment of an 
effective antidote to CAFs.

S100A11, a small EF-hand-type calcium-binding pro-
tein with a molecular weight of about 10 kDa that belongs 
to the S100 family7, has been reported to be overex-
pressed in pancreatic ductal adenocarcinomas (PDACs), 
and its overexpression is linked to poor survival8. We 
previously reported that S100A11 is secreted at signifi-
cant levels from several kinds of cancer cells, especially 
epithelial cancer cells in the skin9, mesothelioma cells10,11, 
and pancreatic10 cancer cells. The secreted S100A11 
plays critical roles in acceleration of cellular prolifera-
tion, survival, and migration in an autocrine manner in 
cancer cells through a receptor for advanced glycation 
end products (RAGE)7,9–12. From these results, we had 
an idea that extracellular S100A11 secreted from can-
cer cells may function not only for the cells it is secreted 
from (autocrine) but also adjacent CAFs in a paracrine 
manner since fibroblasts also express RAGE. That may 
lead to a large CAF population in pancreatic cancer dis-
eases. The significance of secreted S100A11 in CAFs has 
not been examined. Therefore, in this study, we aimed to 
clarify the extracellular role of S100A11 in proliferation 
of fibroblasts surrounding a tumor.

MATERIALS AND METHODS

Cell Lines

HEK293T cells (embryonic kidney cells stably 
expressing the SV40 large T antigen) and PK-8 cells 
(pancreatic carcinoma cells) were obtained from RIKEN 
BioResource Center (Tsukuba, Japan). A-431 cells (epi-
dermoid carcinoma cells) and pancreatic cancer cell lines 
(PL45, AsPC-1, PANC-1, and BxPC-3) were obtained 
from ATCC (Rockville, MD, USA). Wild-type (WT) 
and RAGE−/− mouse embryonic fibroblasts (MEFs) were 
provided by Professor Yasuhiko Yamamoto (Kanazawa 
University, Kanazawa, Japan). MyD88−/− mouse fibroblasts 

were isolated from the resected lung of an MyD88−/− 
mouse (Oriental BioService, Kyoto, Japan). To stabilize 
the cell phenotype and avoid cellular senescence, the 
prepared primary mouse fibroblasts (WT, RAGE−/−, and 
MyD88−/−) were all immortalized in an autonomous 
manner through repeated passaging in cell culture. These 
human and mouse cells were all cultivated in D/F medium 
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% FBS.

Recombinant Proteins

Highly purified human recombinant S100A11, S100A6,  
S100A8, S100A9, GST, and GST–MyD88 proteins were 
prepared as reported previously9–13.

Reagents

To selectively inhibit intrinsic kinase activities of 
p70 S6 kinase and mTOR, we used p70 S6K inhibitor 
(PF-4708671; Cayman Chemical, Ann Arbor, MI, USA) 
and rapamycin (Merck, Kenilworth, NJ, USA), respec-
tively. For a comparison study of kinases in activation 
states between WT and RAGE−/− fibroblasts, a human 
phospho-MAPK array kit (R&D Systems, Minneapolis, 
MN, USA) was used.

Protein Array

The detection procedure for the human phospho-
MAPK array (R&D Systems) followed the manufac-
turer’s instructions. After blocking the array membranes, 
the membranes were treated with prepared cell extracts 
(1.5  ml) for 2 h at RT and a series of the provided  
reagents (biotin-labeled anti-phospho antibodies and HRP- 
labeled streptavidin) one by one. Last, the washed mem-
branes were all subjected to chemiluminescence detection 
equipped in the kit.

Expression Plasmids

MyD88 (WT)-HA gene expression constructs used in 
this study were made using the pIDT-SMART (C-TSC) 
vector14 as the backbone to express the cargo gene, 
in which MyD88 was designed to be expressed as a 
C-terminal 3HA-6His-tagged form. Transient transfection 
of the above-described plasmids into cultured cells was 
performed using FuGENE-HD (Promega BioSciences, 
San Luis Obispo, CA, USA).

To obtain PK-8 clones that show a significantly high 
expression level of a foreign gene, either GFP alone or 
GFP + S100A11, in a stable manner, we succeeded in 
improving the pIDT-SMART (C-TSC) vector to a sta-
ble expression version, resulting in improved plasmids, 
named pSAKA-1B and pSAKA-4B. pSAKA-1B is 
highly adapted to Chinese hamster ovary (CHO) cells15,16, 
whereas pSAKA-4B is adapted for a wide range of diverse 
cell lines of human origin in a constant and significantly 
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high expression manner. Using the improved plasmid 
pSAKA-4B, we established GFP- and GFP + S100A11-
overexpressed clones from PK-8 cells through a conve-
nient electroporation gene delivery method and following 
selection with puromycin at 20 mg/ml.

Western Blot Analysis

Western blot analysis was performed under conven-
tional conditions. The antibodies used were as follows: a 
rabbit anti-human S100A11 antibody that we made17–19, 
mouse anti-human S100A11 antibody (MBL, Nagoya, 
Japan), rabbit anti-S100A6 antibody (Cell Signaling 
Technology, Beverly, MA, USA), rabbit anti-calgranulin 
A (S100A8) antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), rabbit anti-calgranulin B (S100A9) 
antibody (Santa Cruz Biotechnology), mouse anti-RAGE 
antibody (R&D Systems), mouse anti-tubulin antibody 
(Sigma-Aldrich, St. Louis, MO, USA), mouse anti-fibro-
blast antibody (EMD Millipore, Temecula, CA, USA), 
mouse anti-a-smooth muscle actin antibody (DAKO 
Agilent Technologies, Santa Clara, CA, USA), rabbit 
anti-phospho-p70 S6 kinase antibody (Cell Signaling 
Technology), rabbit anti-p70 S6 kinase antibody (Cell 
Signaling Technology), rabbit anti-phospho-S6 antibody  
(Cell Signaling Technology), mouse anti-S6 antibody 
(Cell Signaling Technology), mouse anti-HA anti-
body (Cell Signaling Technology), and goat anti-GST 
antibody (GE Healthcare Bio-Sciences, Piscataway,  
NJ, USA).

Quantitative RT-PCR

Cultured cells were washed with phosphate-buffered 
saline, and total RNA was extracted using ISOGEN II 
Isolation Reagent (Nippon Gene, Tokyo, Japan). Then 
reverse transcription was performed using ReverTraAce 
qPCR RT Master Mix with gDNA Remover (TOYOBO, 
Osaka, Japan). Real-time PCR was performed using 
FastStart SYBR Green Master (Roche Applied Science, 
Penzberg, Upper Bavaria, Germany) with specific prim-
ers on a LightCycler 480 system II (Roche Applied 
Science): S100A11, forward primer: tctccaagacagagttc​
ctaagc; reverse primer: atcatgcggtcaaggacac; TBP (inter-
nal cont.), forward primer: gaacatcatggatcagaacaaca; 
reverse primer: atagggattccgggagtcat; Rps6kb1, forward 
primer: taaagggggctatggaaagg; reverse primer: ttaagcac​
cttcatggcaaa; Rps6kb2, forward primer: cctggagtgcct​
cagtgg; reverse primer: atggcccagggctagtgt; Tbp (internal 
cont.), forward primer: gggagaatcatggaccagaa; reverse 
primer: gatgggaattccaggagtca.

Immunohistochemistry

Human PDAC tissues were fixed in 10% buffered 
formalin solution. Paraffin-embedded sections were 
deparaffinized, and antigen retrieval was performed by 

microwave treatment. The sections were incubated with 
the first antibodies at 37°C for 1 h followed by the appli-
cation of a second antibody, either Alexa594-conjugated 
goat anti-rabbit IgG antibody (Thermo Fisher Scientific) 
or Alexa488-conjugated goat anti-mouse IgG antibody 
(Thermo Fisher Scientific). The study using the tis-
sue specimens was approved by the Research Ethics 
Committee in Kawasaki Medical School and Hospital 
(approved No. 3105). Informed consent was obtained 
from each patient for the use of these materials.

Cell Growth Assay

DNA synthesis was monitored by the incorporation 
of EdU into DNA. Cells were inoculated at a density of 
2 × 105 cells per well into six-well plates and cultured in 
D/F medium with 10% FBS for 24 h and then starved 
with serum-free D/F medium for an additional 24 h. The 
starved cell cultures were treated with low-serum D/F 
medium (0.5% FBS) containing S100A11 (final con-
centration, 10 μg/ml) for 6 h, 12 h, and 24 h. EdU was 
added to the cultures 1 h before fixation of the cells, and 
the incorporated EdU was stained using a Click-iT™ 
EdU Alexa Fluor™ 594 Imaging Kit (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. 
CellTiter 96® AQueous One Solution Cell Proliferation 
Assay (MTS; Promega Biosciences) was used for 
assessment of cell proliferation. Cells were treated with 
S100A11 by the same method as that described above 
for DNA synthesis except for differences in the num-
ber of cells (1 × 104  cells) and culture plates (96-well 
plates).

Flow Cytometry

To track cell division, mouse fibroblasts (1 × 106 cells) 
were labeled with 10 μM Cell Trace Violet (CTV; Thermo 
Fisher Scientific) according to the manufacturer’s instruc-
tions. PK-8 clones (1 × 105 cells) mixed with the same 
number of mouse fibroblasts (1 × 105 cells) were cocul-
tured afterward. Flow cytometry was performed on a 
MACS Quant Analyzer (Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany) using MACS Quantify Software Ver. 
2.5 (Miltenyi Biotec GmbH). Data were analyzed using 
FlowJo software (FlowJo; LLC; BD Biosciences, Franklin 
Lakes, NJ, USA).

Cell Migration Assay

Cell migration was assayed using a Boyden chamber 
method with filter inserts (pore size, 8 μm) in 24-well plates 
(BD Biosciences). Mouse fibroblasts (1 × 104 cells/insert) 
were seeded on the top chamber. The top chamber was 
filled with serum-free D/F medium, and the bottom cham-
ber was filled with 0.5% FBS-low serum D/F medium. 
Recombinant S100A11 was then set in the bottom chamber 
at a final concentration of 0~10,000 ng/ml. After incubation 
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for 48 h, cells that appeared on the lower surface through 
the filter were counted after staining with hematoxylin 
and eosin (H&E) dye. The cell motility was then quanti-
fied by cell counting in five nonoverlapping fields at a 
magnification of 10× (objective lens) and was represented  
as the average of four independent experiments.

In Vitro Kinase Reaction

HEK293T cell extract was prepared by a lysis proce-
dure of the cell pellets with a kinase buffer [50 mM Tris-
HCl/pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 
PhosphoSTOP (Roche Applied Science), protease inhibi-
tor cocktail (Roche Applied Science), and 1 mM ATP] 
including a detergent (0.5% Triton X-100). Purified GST 
or GST–My88 was then added to the extracts to a final 
concentration of 0~1 μg, and the mixtures were incubated 
at 25°C for 30 min.

In Vivo Tumor Model

PK-8 cells (2 × 106 cells or 3 × 106 cells) mixed with 
the same number of mouse fibroblasts (2 × 106 cells or 
3 × 106 cells) were subcutaneously transplanted into BALB/c 
nu/nu mice (SLC, Hamamatsu, Japan). The size of tumors 
was measured with a vernier caliper, and tumor volume was 
calculated as 1/2 × shortest diameter2 × longest diameter.

Statistical Analysis

Data are expressed as means ± SD. We used simple 
pairwise comparison with Student’s t-test (two-tailed 
distribution with two-sample equal variance). A value of 
p < 0.05 was considered significant.

RESULTS

PDAC Cells Actively Secrete S100A11

Figure 1 shows the typical features of PDAC tissue, 
which has a dense stroma surrounding the tumor (H&E 
staining). We confirmed the presence of an enriched 
fibroblast population in both the area surrounding the 
tumor and the intratumor area, suggesting an associa-
tion between cancer cells and fibroblasts. The expres-
sion level of S100A11 was much higher in the tumor 
areas than in the fibroblasts (Fig. 1). Since the expres-
sion level of S100A11 was lower in fibroblasts, we next 
examined the expression levels of S100A11 in PDAC 
cell lines and fibroblast cell strains. Quantitative real-
time PCR revealed that S100A11 has consistently high 
levels of expression in PDAC cell lines (PK-8, PL45, and 
AsPC-1) as well as in normal human OUMS-24 fibro-
blasts in comparison to its expression level in HEK293T 
cells (Fig. 2A). This expression pattern was the same as 
the pattern of protein expression in these cells except for 
PK-8 cells (Fig. 2B). However, interestingly, OUMS-24 
fibroblasts, even cells with abundant S100A11, did not 
secrete S100A11, while PDAC cell lines showed active 
secretion of S100A11 (Fig. 2B). On the other hand, no 
obvious secretion of other PDAC-associated S100 pro-
teins, S100A6, S100A8, and S100A920–22, was observed 
in the indicated PDAC cell lines (Fig. 2C). S100A8 and 
S100A9, which are highly expressed in inflammatory 
monocytes surrounding tumor stromas23–25, were also not 
detected in PDAC cell extracts. Since the expression levels 
of RAGE, which functions as an S100A11 receptor, were 
almost the same in PDAC cells and fibroblasts (Fig. 2B),  

Figure 1.  Expression state of S100A11 in pancreatic ductal adenocarcinomas (PDACs). Immunohistochemical analysis of S100A11 
in PDAC tissue was performed. S100A11 and fibroblasts were immunostained in red and green colors, respectively. The pictures on 
the left show hematoxylin and eosin (H&E)-stained images corresponding to the immunofluorescence images on the right side. The 
results were confirmed by three similar experiments.
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PDAC-secreted extracellular S100A11 may function either 
in an autocrine manner for PDAC cells or in a paracrine  
manner for surrounding fibroblasts in vivo (Fig. 1).

Because the extracellular functions of S100A11 in 
CAFs have remained unclear in comparison to the auto-
crine role of S100A11 in cancer cells, we decided in this 
study to investigate the paracrine role of S100A11 in 
fibroblasts in a PDAC environment. We first tried to stim-
ulate WT mouse fibroblasts with S100A11 recombinant 
proteins and found that extracellular S100A11 has the 
ability to upregulate proliferation of fibroblasts in a dose-
dependent manner (Fig. 3A). In this assay, we found that 
10 mg/ml (Fig. 3B) and 6 h (Fig. 3C) were the optimal 
concentration and time period to induce the highest activ-
ity for the stimulation of DNA synthesis. This condition 
was also applicable to other fibroblasts, mouse NIH/3T3 
fibroblasts (Fig. 3D), and normal human OUMS-24 fibro-
blasts (data not shown). In addition, S100A11 showed 
the highest activity in growth stimulation of fibroblasts 
among the PDAC-associated S100 proteins under this 
experimental condition (Fig. 3E), and it did not show any 
positive contribution to the growth stimulation of PDAC 
cancer cells (PK-8, PANC-1, AsPC-1, and BxPC-3 cells) 
(Fig. 3F). Thus, we hypothesized that PDAC cell-secreted 
S100A11 acts as a trigger to stimulate the proliferation of 
CAFs via RAGE, which may play a critical role in trig-
gering a stroma-enriched PDAC phenotype (Fig. 3G).

The S100A11–RAGE Axis in Fibroblasts Plays  
an Important Role in PDAC Growth Through  
Upregulation of Fibroblast Growth

To investigate the role of the S100A11–RAGE axis 
in fibroblasts in the progression of PDACs with a dense 
stroma in vivo, wild-type mouse fibroblasts (WT fibro-
blasts) or RAGE KO mouse fibroblasts (RAGE−/− fibro-
blasts) were mixed with PK-8 cells, which show high 
levels of expression and secretion of S100A11 at the pro-
tein level (Fig. 2B), at a rate of 1:1 and transplanted sub-
cutaneously into the backs of mice (Fig. 4A). This in vivo 
experiment also included single transplantations of PK-8 
cells, WT fibroblasts, and RAGE−/− fibroblasts. At first, 
we confirmed that no sign appeared from the injected 
fibroblasts (WT and RAGE−/−) for its derived tumorigen-
esis (Fig. 4B and C). Tumor growth with single transplan-
tation of PK-8 cells was very slow; however, the tumors 
derived from PK-8 cells showed a highly aggressive phe-
notype in growth when the PK-8 cells were combined 
with WT fibroblasts (Fig. 4B and C). The results spurred 
us to examine the role of RAGE in fibroblasts in PDAC 
growth in vivo. By a similar approach, we surprisingly 
found a pronounced difference in tumor growth through-
out the observation period (i.e., the rate of growth was 
much lower in the case of RAGE−/− fibroblasts than in the 

Figure 2.  Expression and secretion states of S100A11 in 
PDAC cell lines. (A) Total RNAs prepared from various human  
PDAC cell lines (PK-8, PL45, and AsPC-1), normal human 
OUMS-24 fibroblasts, and SV40 large T antigen-expressed 
human embryonic kidney HEK293T cells were analyzed for 
expression of S100A11 by quantitative real-time PCR. TBP  
was used as a reliable internal control for calibration of the 
assessment. The results were confirmed by five similar experi-
ments. (B, C) Protein specimens [cell extracts (left) and their 
corresponding conditioned culture media (right)] from the  
indicated cell lines were analyzed for S100A11 and recep-
tor for advanced glycation end products (RAGE) (B) and  
S100A6, S100A8, and S100A9 (C) by Western blotting 
in a reduced condition. Tubulin was used as a control for 
loaded amounts of cell extracts and as a successful prepa-
ration of secreted proteins without any contamination of 
cellular proteins. The results were confirmed by an inde-
pendent and two related experiments (B) or by three similar  
experiments (C).
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Figure 3.  S100A11-mediated upregulation of the growth of fibroblasts. (A) MTS and (B) EdU uptake assays were performed for 
wild-type (WT) mouse fibroblasts after stimulation of the cells with increased doses of recombinant S100A11 for 6 h. The results were 
confirmed by five similar experiments (A) or by an independent and four related experiments (B). (C) Time-dependent EdU uptake 
was evaluated in WT mouse fibroblasts after stimulation of the cells with S100A11 at a final concentration of 10 mg/ml. The results 
were confirmed by three similar experiments. (D) An EdU uptake assay was performed for mouse NIH/3T3 fibroblasts by the same 
method as that described in (B). The results were confirmed by an independent and three related experiments. (E) Growth stimulation 
ability of each S100 protein (S100A6, S100A8, S100A9, and S100A11) was evaluated in WT mouse fibroblasts by the same EdU 
uptake assay. All of the S100 proteins were used at a final concentration of 10 mg/ml for 6 h. The results were confirmed by another 
two similar experiments. (F) EdU uptake assays were also performed for the indicated PDAC cells (PK-8, PANC-1, AsPC-1, and 
BxPC-3 cells) after stimulation of each cell line with S100A11 at a final concentration of 10 mg/ml for 6 h. The results were confirmed 
by an independent and three related experiments. (G) Schematic of the hypothesis of PDAC-secreted S100A11 inducing a proliferation 
burst of surrounding fibroblasts via cell surface RAGE.



IP: 127.0.0.1 On: Fri, 12 Jul 2019 05:54:43
Delivered by Ingenta

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

S100A11 INDUCES FIBROBLAST GROWTH IN PDACs	 719

case of WT fibroblasts when combined with PK-8 cells) 
(Fig. 4D). This was also obvious on the last experimental 
day (day 20) for assessment of tumor weights (Fig. 4E). 
The tumor weights were reduced in the RAGE−/− group. 
In addition, immunohistochemistry of resected tumor 

tissues showed a markedly smaller fibroblast popula-
tion in the RAGE−/− fibroblast mixed tumors than in the 
tumors with a combination of WT fibroblasts (Fig. 4F).

Because of the multiple ligands other than S100A11 that 
RAGE has in in vivo environments17, we next examined 

Figure 4.  Effect of RAGE knockout in fibroblasts on PDAC progression in vivo. (A) Schematic of subcutaneous single transplantation 
of PK-8 cells and mouse fibroblasts (WT or RAGE−/−) and cotransplantation of PK-8 cells with either WT or RAGE−/− mouse fibroblasts 
in a cell number ratio of 1:1 in the back of a nude mouse (BALB/c nu/nu). (B and D) Tumor sizes were monitored on the indicated days 
after transplantation of the prepared cells. (B) PK-8 cells alone (2 × 106 cells), mouse fibroblasts (WT or RAGE−/−) alone (2 × 106 cells),  
PK-8 cells (2 × 106 cells) + WT mouse fibroblasts (2 × 106 cells). (D) PK-8 cells (3 × 106 cells) + mouse fibroblasts (WT or RAGE−/−)  
(3 × 106 cells). Tumor weights were quantified 13 days (C) and 20 days (E) after transplantation. (F) Histology of tumors as shown in 
(E) was examined. H&E, hematoxylin and eosin staining. Anti-a-smooth muscle actin (aSMA) antibody was used for identification of 
fibroblasts in the tumors that had formed. Scale bars in H&E-stained panels: 200 μm; scale bars in immunofluorescence-stained panels:  
200 μm (top) and 50 μm (bottom). These results (B–F) were confirmed by two independent and three related experiments.
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the significance of the S100A11–RAGE axis in the pro-
liferation of fibroblasts in a coculture system consisting 
of mouse fibroblasts (WT and RAGE−/− fibroblasts) and 
PK-8 sublines that stably overexpressed control GFP alone 
(GFP) and both GFP and S100A11 (GFP + S100A11) in 
different combinations. To examine accurately the growth 
activity of fibroblasts in this culture system, we labeled 
fibroblasts with the dye Cell Trace Violet (CTV) before 

coculture and monitored their division states at regular 
time intervals by flow cytometry (Fig. 5A). There is an 
inverse relation between cell division number and CTV 
fluorescence intensity in this assay. The labeled fibro-
blasts and PK-8 clones were separated according to the 
fluorescence differences between CTV and GFP, respec-
tively (Fig. 5B), and we found that the division of mixed 
fibroblasts (WT fibroblasts) was actually upregulated by 

Figure 5.  Effect of the S100A11–RAGE axis on division of fibroblasts in a coculture system with PK-8 cells. (A) Schematic flow of the 
evaluation. PK-8 clones that stably overexpressed GFP or GFP + S100A11 were cocultured with either CTV-labeled WT or RAGE−/− mouse 
fibroblasts in a cell number ratio of 1:1 with different combinations. After cultivation of the mixed culture, PK-8 cells and fibroblasts were 
separated according to the different fluorescence colors (GFP: x-axis, CTV: y-axis) and evaluated for division states of the fibroblasts (CTV) 
by flow cytometry. (B) The mixed cells were cultured for 1 day (day 1) and 2 days (day 2). The labeled cells were detected by flow cytom-
etry. The enclosed squares with dotted line represent CTV-labeled fibroblasts (F), while the squares with simple line show GFP-labeled 
PK-8 cells (P). The gated cell populations (F and P) were displayed as % at the upper right corners. (C) The graphs are quantified results 
from (B). MFI represents each value of fluorescence intensity from the gated fibroblast population (F). (D) Ratios of the cell populations 
included in the cocultures at 1 day were finally quantified and expressed as values of CTV-labeled fibroblasts (F, %)/GFP-labeled PK-8 cells 
(P, %). The experiment was performed in triplicate and the results were also confirmed by two related experiments.
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the combination with S100A11-overexpressed PK-8 cells 
in comparison to the combination with control GFP cells 
at day 2 (Fig. 5C). In addition, the division was markedly 
impaired in the case of using RAGE−/− fibroblasts. To 
express these events more clearly, we finally calculated 
the ratios of fibroblasts to PK-8 cells in the cocultures. 
We found that the number of fibroblasts was the larg-
est in the coculture with S100A11-overexpressed PK-8 
cells and fibroblasts (WT fibroblasts) and showed a ten-
dency to be reduced in the case of the combination with 
KO fibroblasts (RAGE−/− fibroblasts). This implies that 
there is a positive role of the S100A11–RAGE axis in 
the proliferation of fibroblasts (Fig. 5D). The S100A11–
RAGE axis in fibroblasts may also positively affect the 
growth of adjacent PDAC cells because we found that 
the division ratio of PK-8 cells was markedly higher 
in the case of coculture with WT fibroblasts than that 
with RAGE−/− fibroblasts (Supplementary Fig. 1, avail-
able at: https://www.dropbox.com/sh/pl31smto8gq5v8v/
AAAFle3bURFnT8-eRhh4V6FJa?dl=0). Collectively, 
these results suggest an unusual role of the S100A11–
RAGE axis in the growth of PDAC-associated fibro-
blasts that is linked to PDAC progression in part through 
fertilization of the surrounding stroma and its enforced  
direct stimulation of the proliferation of PDAC cells.

S100A11–RAGE Binding Induces Sustained Activation 
of p70 S6 Kinase via MyD88 in Fibroblasts

We tried to determine how the proliferation of PDAC-
associated fibroblasts is regulated by RAGE upon 
S100A11 binding by first utilizing an activated kinases 
screening array. The results interestingly showed an 
increase in phosphorylation of p70 S6 kinase in mouse 
fibroblasts (WT fibroblasts) but not in RAGE−/− fibro-
blasts (Fig. 6A). The fact that p70 S6 kinase plays a cru-
cial role in cellular proliferation was also a reason for our 
interest in the results. We previously reported that TIRAP 
and MyD88 proteins act as critical adaptors to RAGE and 
that they are able to interact with the RAGE cytoplasmic 
tail and function in the regulation of diverse downstream 
signal pathways of RAGE upon ligand binding12,23,26. 
We hence explored the possible linkage between p70 S6 
kinase and MyD88. Three kinds of mouse fibroblasts 
(WT, RAGE−/−, and MyD88−/− fibroblasts) were prepared. 
The fibroblasts were stimulated with S100A11, and the 
activation level of p70 S6 kinase in each cell specimen 
was evaluated. We observed pronounced induction of 
the phosphorylation of p70 S6 kinase with the highest 
activity at 3 h and sustained activation up to 24 h in WT 
fibroblasts (Fig. 6B). On the other hand, RAGE−/− cells 
showed induction of p70 S6 kinase phosphorylation at 
3 h but no sustained activation. Interestingly, no induc-
tion occurred during S100A11 treatment in MyD88−/− 
cells. In this experiment, we confirmed that there was 

no appreciable difference in the expression of mouse 
genes producing p70 S6 kinase, Rps6kb1, and Rps6kb2, 
between WT and RAGE−/− fibroblasts even after stimu-
lation with S100A11 (Fig. 6C). To confirm the essential 
role of MyD88 in the S100A11–RAGE-mediated activa-
tion of p70 S6 kinase in fibroblasts, we performed forced 
expression of foreign MyD88 in MyD88−/− cells. As a 
result, the phosphorylation of p70 S6 kinase in response 
to S100A11 was recovered in the transduced MyD88−/− 
cells (Fig. 6D). These results indicate an essential role 
of MyD88 in the process of activation of p70 S6 kinase  
through S100A11–RAGE signaling in fibroblasts.

MyD88 Greatly Contributes to Triggering the Activation 
Cascade of mTOR–p70 S6 Kinase That Induces 
Fibroblast Proliferation

In order to reinforce the strong association between 
MyD88 and p70 S6 kinase, we used an in vitro kinase 
reaction system based on a nondenatured cell extract 
that was supplemented with or not supplemented with 
purified recombinant proteins (control GST or GST–
MyD88) and adenosine triphosphate (ATP) (Fig. 7A). 
In this assay, we found that phosphorylation of endog-
enous S6 ribosome, which is mainly phosphorylated by 
S6 kinases, was dramatically elevated by the inclusion 
of GST–MyD88 in a dose-dependent manner (Fig. 7B). 
This did not occur in either the condition of control GST 
addition or the condition of no addition. Furthermore, 
the GST–MyD88-mediated phosphorylation of S6 ribo-
some was efficiently reduced by the presence of either 
a selective inhibitor of p70 S6 kinase (p70S6K inhibi-
tor) or the mTOR inhibitor rapamycin (Fig. 7C), indi-
cating the certain presence of mTOR molecules in the  
MyD88–p70 S6 kinase signal flow.

We last tried to confirm the importance of the iden-
tified pathway triggered by S100A11–RAGE binding in 
growth stimulation of fibroblasts. As shown in Figure 8A,  
although WT fibroblasts showed a strong response 
to S100A11, which caused increased DNA synthesis, 
RAGE–KO fibroblasts showed no positive reaction to 
S100A11. In the case of MyD88−/− cells, S100A11 stim-
ulation resulted in abolishment of DNA synthesis. In 
addition, S100A11-induced upregulation of growth was 
markedly suppressed by treatment of the fibroblasts with 
either the selective inhibitor of p70 S6 kinase or rapa
mycin (Fig. 8B). We hence emphasize an unusual role 
of the MyD88-mediated signal flow to link an activation 
of mTOR–p70 S6 kinase that is linked to an increase in 
fibroblast proliferation, which may eventually contribute 
to the fertile stroma associated with PDACs (Fig. 8C).

DISCUSSION

A fertile stroma, which frequently appears in PDACs, 
is an issue that must be solved for PDAC treatment 
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because the stroma acts to prevent efficient delivery of 
drugs to the cancer site and to cause a metastatic phe-
notype of cancer cells1–6. However, due to an insuf-
ficient understanding of the mechanistic events that 
include crosstalking with multiple cell types in a cancer 
environment that requires a large number of multiple 
molecules, treatment is very difficult. In this study, we 
focused on the mechanism of accelerated prolifera-
tion of fibroblasts in the PDAC stroma since fibroblasts 
were shown to occupy most of the PDAC stroma area 
(around 90%)2,6. Growth of stroma fibroblasts may be 
positively affected by adjacent PDAC cells through 
PDAC-derived soluble factors, eventually leading to 
stroma enrichment in PDAC. We previously reported  

that S100A11 is actively secreted from squamous cell 
carcinoma, mesothelioma and PDAC cells and that the 
secreted S100A11 stimulates cancer cells to upregulate  
proliferation of cancer cells in an autocrine manner by 
way of the RAGE receptor7,9–11. However, the functions 
of secreted S100A11 from cancer cells in the surround-
ing stroma, especially in fibroblasts, have not been clari-
fied. Owing to the RAGE+ expression in fibroblasts, 
S100A11 will stimulate fibroblasts (Fig. 2B). Our study 
revealed for the first time that PDAC-secreted S100A11 
is able to induce an increase in the growth of surround-
ing fibroblasts through the TIRAP/MyD88–mTOR– 
p70S6K cascade (Fig. 8C), which may greatly contrib-
ute to fertilization of the stroma in PDAC. The linkage  

Figure 6.  Activation of p70 S6 kinase through the S100A11–RAGE–MyD88 axis in fibroblasts. (A) Kinases at different activation 
levels were analyzed using an antibody array for WT mouse fibroblasts in comparison to RAGE−/− mouse fibroblasts. A dotted square 
indicates the antibody against phospho-p70 S6 kinase. The array screening was done by one experiment. (B) The phosphorylation 
status of p70 S6 kinase was monitored at regular time intervals for 24 h in WT, RAGE−/− and MyD88−/− mouse fibroblasts. The results 
were confirmed by five similar experiments. (C) Total RNAs prepared from the indicated cells treated or not treated with S100A11 
were analyzed for the expression of Rps6kb1 and Rps6kb2 by quantitative real-time PCR. Tbp was used as a reliable internal control 
for calibration of the assessment. The results were confirmed by three similar experiments. (D) Western blot analysis of phospho-p70 
S6 kinase was done for MyD88−/− mouse fibroblasts after transfection with either GFP or MyD88 (WT)-HA tag in the presence or 
absence of extracellular S100A11. The results were confirmed by five similar experiments.
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of TIRAP/MyD88 and mTOR is reasonable because 
MyD88 can recruit PI3K27, which in turn phosphory-
lates AKT, resulting in activation of mTOR. A linkage 
between MyD88 and mTOR has also been shown in a 

study on the TLR9 downstream pathway28. In addition, 
Chang et al. demonstrated an essential role of MyD88 in 
sustained activation of mTOR that leads to accelerated 
proliferation of T-helper 17 (Th17) cells29.

Figure 7.  Critical role of MyD88 in activation of the mTOR–p70 S6 kinase cascade. (A) Schematic of the MyD88-triggered in vitro 
kinase reaction. (B) Cell extracts were prepared from HEK293T cells under a nondenatured condition. The cell extracts were supple-
mented with ATP (final concentration, 1 mM) and treated with either GST or GST–MyD88 recombinant protein in a range of final con-
centrations of 0~1.0 mg for 30 min. The reactants were analyzed for phosphorylation of S6 ribosome from HEK293T cells by Western 
blotting. The results were confirmed by three similar experiments. (C) The same experiment as that described in (B) was performed 
except for the use of selective inhibitors of p70 S6 kinase (p70S6K inhibitor; final concentration, 1 nM) and mTOR (rapamycin; final 
concentration, 5 nM) (A). The results were confirmed by three similar experiments.
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RAGE plays a crucial role in not only growth but 
also cellular motility (Supplementary Fig. 2A, avail-
able at: https://www.dropbox.com/sh/pl31smto8gq5v8v/
AAAFle3bURFnT8-eRhh4V6FJa?dl=0). To study the 
role of S100A11–RAGE–MyD88 in migration of fibro-
blasts, we used MyD88−/− cells as well as RAGE−/− cells. 
Complete abrogation of RAGE and MyD88 genes resulted 
in marked reduction of S100A11-mediated stimulation of 

the growth of fibroblasts (Fig. 8A). Interestingly, migra-
tion of WT fibroblasts was not induced by S100A11 stim-
ulation. On the other hand, the basal migration level was 
significantly downregulated in RAGE−/− cells even with 
S100A11 stimulation (Supplementary Fig. 2B, left). In 
contrast, MyD88−/− cells showed highly elevated activity 
for basal cellular motility. In addition to TIRAP/MyD88, 
RAGE has other adaptor molecules, including mDia-130 

Figure 8.  Critical role of the identified pathway (S100A11–RAGE–mTOR–p70 S6 kinase) in induction of fibroblast growth. (A) EdU 
staining was performed in the indicated cells, WT, RAGE−/− and MyD88−/− mouse fibroblasts that were treated or not treated with 
10 mg/ml (final concentration) of S100A11 for 6 h. The results were confirmed by three related experiments. (B) EdU staining was also 
performed in S100A11-stimulated WT mouse fibroblasts that were pretreated with either p70S6K inhibitor or rapamycin. The results 
were confirmed by five similar experiments. (C) Model of the S100A11–RAGE-mediated proliferation pathway in PDAC-associated 
fibroblasts.
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and DOCK731, that dominantly contribute to the activa-
tion of cellular migration (Supplementary Fig. 2A), and 
they may therefore be in an overactivated state because of 
the loss of the MyD88 pathway, resulting in a pronounced 
increase in migration activity (Supplementary Fig. 2B, 
right). We hence speculate that there are S100A11-
dependent and independent pathways in RAGE: MyD88 
functions in the former pathway, and mDia-1 and DOCK7 
contribute to the latter pathway.

As shown in Figure 5D, despite the increased divi-
sion of the fibroblast population (WT fibroblasts) in the 
coculture with S100A11-overexpressed PK-8 cells in 
comparison to that in the coculture with control PK-8 
cells (GFP), the elevation was not significantly reduced 
in RAGE−/− fibroblasts. This may be due to the activation 
of p70 S6 kinase in RAGE−/− fibroblasts at an early phase 
after stimulation with S100A11 (Fig. 6B). These points 
may be explained by the presence of receptors similar to 
RAGE that may react with exogenous S100A11. In that 
respect, we have reported RAGE-like receptors, such as 
melanoma cell adhesion molecule (MCAM), activated 
leukocyte cell adhesion molecule (ALCAM), extracellu-
lar matrix metalloproteinase inducer (EMMPRIN), neu-
roplastin (NPTN), and embigin (EMB), that react with 
other S100 family proteins including S100A8/A9, a het-
erodimer complex composed of S100A8 and S100A9, 
and S100A432–35. We investigated the expression levels of 
those receptors in RAGE−/− fibroblasts using the RNA-seq 
technique and found that MCAM expression was mark-
edly upregulated in RAGE−/− fibroblasts compared to its 
expression in WT fibroblasts (Supplementary Fig. 3, avail-
able at: https://www.dropbox.com/sh/pl31smto8gq5v8v/
AAAFle3bURFnT8-eRhh4V6FJa?dl=0). Its expression 
was further enhanced by stimulation of the cells with 
S100A11. From these insights, we consider that MCAM 
may act as another S100A11 receptor like RAGE in a com-
pensatory manner. Further studies are required to clarify 
the predicted compensation mechanism(s) in fibroblasts.

Considering the role of fibroblasts in PDAC, we should 
not disregard the presence of the origin of fibroblasts, 
mesenchymal stem cells (MSCs), in the PDAC stroma36. 
Recently, we reported that the expression and secretion of 
amphiregurin (AREG) is significantly enhanced in PDAC 
cells through MSC interaction in coculture settings. This 
was also the case in an in vivo condition37. These results 
combined with the results of our previous study show-
ing that there is a feed forward loop formation between 
secreted S100A11 and EGF family proteins including 
AREG in cancer cells9 indicate that MSCs may play a role 
in S100A11 induction and secretion in PDAC cells at a sig-
nificant level that in turn activates fibroblast proliferation.

Last, we discuss the usefulness of our identified para-
crine pathway as a therapeutic target of PDACs. Through 
the pathway, targeting mTOR may provide a benefit for 

suppression of the proliferation of both PDAC cells and 
PDAC-related fibroblasts. The reason is as follows: mul-
tiple signaling cascades triggered by ligands–receptors 
other than S100A11–RAGE are linked to the activation 
of mTOR, and multiple downstream molecules including 
p70 S6 kinase that are associated with tumor progression 
will be activated constantly by mTOR38 (i.e., mTOR is a 
central molecule to tether multiple diverse signals between 
upstream and downstream). In addition, targeting mTOR 
is expected to affect not only fibroblasts but also the 
cancer site. Tommelein et al. reported an unusual role of 
mTOR in the progression of colorectal cancers (CCs) in 
patients who received neoadjuvant radiotherapy39. They 
revealed that abundant CAFs in CC microenvironments 
produce insulin-like growth factor (IGF1) at a significant 
level in response to radiation stress, by which cancer cells 
receive IGF1 by their own cell surface IGFR, resulting in 
the acquisition of a highly aggressive phenotype through 
mTOR. Hepatocyte growth factor (HGF) from CAFs in 
PDACs shows similar activity40. Surprisingly, mTOR 
inhibition also had a marked preventive effect on fibrosis 
in an experimental animal model41. Taken together, the 
results indicate that inhibition of mTOR may become a 
potential treatment for difficult PDACs.

In conclusion, our results support the notion that 
S100A11 secretion induced by PDAC cells initiates a 
paracrine activation loop through the RAGE–mTOR–p70 
S6 kinase-mediated proliferation pathway in adjacent 
fibroblasts. Our results support the idea that targeting the 
paracrine or paracrine-mediated pathway, especially in 
mTOR, may be an effective approach for improving the 
therapeutic outcome in difficult PDACs.
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