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Pancreatic cancer is refractory and is characterized by extensively surrounding and intratumor fibrotic reactions
that are contributed by activated pancreatic stellate cells (PSCs). Herein, we show that CCAAT/enhancer-binding
protein 8 (CEBPD) responds to transforming growth factor-f1 (TGF-31) through reciprocal loop regulation and
that activated hypoxia inducible factor-la (HIF-1a) further contributes to the upregulation of the hepatoma-
derived growth factor (HDGF) gene. Secreted HDGF contributes to the antiapoptosis of PSCs and consequently

leads to the synthesis and deposition of extracellular matrix proteins for stabilizing PSC/pancreatic cancer cell
(PCC) tumor foci. This result agrees with the observation that severe stromal growth positively correlated with
stromal HDGF and CEBPD expression in pancreatic cancer specimens. Collectively, the identification of the TGF-
Bl-activated CEBPD/HIF-1a/HDGF axis provides new insights into novel discoveries of HDGF in the anti-
apoptosis and profibrosis of PSCs and the outgrowth of PCCs.

1. Introduction

A strong fibrotic reaction leads to a fibrotic hypovascular barrier
that surrounds pancreatic tumors, resulting in poor blood perfusion in
transplanted tumors, in contrast to a normal pancreas [1]. Pancreatic
stellate cells (PSCs) are a subset of pancreatic cancer-associated fibro-
blasts that regulate the synthesis and degradation of extracellular matrix
(ECM) proteins and provide prosurvival signals to tumors [2-4]. In
response to TGF-B1, PSC activation enhances proliferative rates and
differentiated transformation into myofibroblast-like cells and increases
the secretion of ECM proteins, particularly collagens [3]. In addition,
although the hypoxia-induced profibrotic and proangiogenic responses
in PSCs have been established in pancreatic cancer progression [5,6],
the interaction between PSCs and PCCs in the early stage with normoxia
remains largely uninvestigated.

However, recent studies used an a-smooth muscle actin (a-SMA)-
positive myofibroblast-depleted model [7] or a sonic hedgehog-defi-
cient mouse model [8] and reported a surprising role of fibrosis in
pancreatic cancer to restrain tumor growth through depletion or re-
duction of stromal fibrotic content. These findings suggest that the PSC-
generating fibrotic microenvironment is important not only for passive
scaffold architecture but also as an active regulator of tumors. Hence,
targeting the interaction between tumor and stromal tissues has been
suggested as a potential strategy for pancreatic tumor treatment [9].

Following tumorigenesis, the cancer cell-faced environment in-
itiates from normoxic conditions. Hypoxia inducible factor-1a (HIF-1a)
is an inducible transcription factor that is generally stable under hy-
poxic conditions [10]. In tumorigenesis, the inactivation of transcrip-
tion factor CCAAT/enhancer-binding protein 8 (CEBPD) in certain
cancer cells has been suggested to benefit cancer progression [11,12].
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Activation of CEBPD in the tumor microenvironment has been sug-
gested to serve a protumor role [13,14]. Hypoxia induces CEBPD in-
duction [15], and CEBPD directly binds to the HIF-la promoter to
regulate HIF-1a expression and transcriptional activity [16]. Although
the involvement and importance of HIF-1a in cancer progression in
hypoxia has been fully supported, the regulation and participation of
HIF-1a and CEBPD in stromal fibroblasts, particularly in stellate cells,
under normoxic conditions remain uninvestigated.

Hepatoma-derived growth factor (HDGF) has been suggested to play
a protumor role in the promotion of hepatoma cell proliferation
[17,18], metastasis [19], invasion, epithelial-mesenchymal transition
[20], and angiogenesis [21]. The divergent HDGF functions participate
in a broad range of cancer cell activities. Moreover, HDGF protein is
detectable and increased in the secretome of activated PSCs compared
to quiescent PSCs [22]. However, to our knowledge, the involvement
and effect of HDGF on pancreatic cancer-associated fibrosis, including
its role in PSCs and its associated contribution in cancer progression,
remains an open question.

In the current study, we demonstrated that HDGF was secreted from
TGF-B1-treated PSCs and contributed to antiapoptosis and the genera-
tion of an ECM protein-rich microenvironment. We further revealed
that the consequent activation of CEBPD and HIF-1a was involved in
the transcriptional activation of HDGF gene in PSCs. Stromal HDGF and
CEBPD are positively associated with the severe stromal growth of
pancreatic cancers. In addition to providing new insights into HDGF
and CEBPD biology in pancreatic cancer, these results also suggest that
HDGF and CEBPD could serve as fibrotic markers for developing an
inhibitor of fibrotic reactions.

2. Materials and methods
2.1. Cell culture

Immortalized human pancreatic stellate cells (RTL-PSCs) were
generously provided by Dr. Kelvin K.C. Tsai (National Health Research
Institutes, Taiwan [23]). RTL-PSCs were maintained in DMEM. Human
pancreatic cancer cell lines, PANC-1 and MIA PaCa-2, were generously
provided by Dr. Yan-Shen Shan (National Cheng Kung University
Hospital, Taiwan [24]). PANC-1 and MIA PaCa-2 cells were maintained
in RPMI-1640 medium. Details of cell culture are available in the
Supplementary Information.

2.2. Recombinant human TGF-1, HDGF and chemical inhibitor reagents

Detailed information is provided in the Supplementary Information.

2.3. Reverse transcription polymerase chain reaction (RT-PCR),
quantitative PCR (qPCR), and Western blot assays

Details are available in the Supplementary Information. The specific
primer sequences of target gene amplification and reaction conditions
are listed in Supplementary Tables 1 and 2; the conditions of primary
and secondary antibodies in the Western blot assay are listed in
Supplementary Table 3.

2.4. Propidium iodide (PI) staining and caspase-3/7 activity for apoptosis
analysis

Methyl methanesulfonate (MMS; Sigma-Aldrich Co., St. Louis,
Missouri, United States; #129925) was used to induce cell death
through apoptosis. Treated cells were subjected to PI staining or cas-
pase-3/7 activity determination. Details are provided in the
Supplementary Information.
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2.5. Lentiviral short hairpin RNA (shRNA) system

Expression vectors (pLKO AS3w.puro and pLKO AS3w.eGFP.puro)
and other target genes of shRNAs were purchased from the National
RNAI Core Facility Platform of Academia Sinica in Taiwan. Details are
available in the Supplementary Information.

2.6. Hanging drop cell culture for a three-dimensional coculture system of
PSCs and PCCs

PCCs expressing enhanced green fluorescence protein (EGFP/PANC-
1 or EGFP/MIA PaCa-2 cells) were individually mixed with mCherry-
bearing RLT-PSCs (mCherry/shLacZ RLT-PSCs or mCherry/shHDGF
RLT-PSCs). Several drops of mixed cells containing Matrigel matrix
were seeded onto a glass bottom using hanging drop cell culture. Details
are available in the Supplementary Information.

2.7. Animal xenograft model for the coimplantation of RLT-PSCs and PCCs

shLacZ or shHDGF RLT-PSCs were individually mixed with EGFP/
PANC-1 or EGFP/MIA PaCa-2cells. The mixed cells were sub-
cutaneously injected into the right flank of nonobese diabetic/severe
combined immunodeficient mice. After nine weeks, subcutaneous tu-
mors were evaluated using an in vivo imaging system and dissected and
applied for the following experiments. Details are available in the
Supplementary Information.

2.8. Immunofluorescence (IF) analysis

Cells, 4 um of paraffin-embedded mouse sections, and a commercial
tissue array with 78 human primary pancreatic adenocarcinoma spe-
cimens (purchased from US Biomax, Inc., Derwood, Maryland, United
States; # PA961b) were used for IF analysis. Detailed procedures are
available in the Supplementary Information.

2.9. Picrosirius red staining, immunohistochemistry (IHC) analysis, TdT-
mediated dUTP nick end labeling (TUNEL) assay, enzyme-linked
immunosorbent assay (ELISA), transcription factor prediction, and
chromatin immunoprecipitation (ChIP) assay

Detailed procedures available
Information.

are in the Supplementary

2.10. Plasmid transfection, reporter plasmid construction and luciferase
reporter assay

A human HIF-1a expressing vector (pCEP4/HIF-1a) and two pro-
moter fragments of the human HDGF gene cloned into pGL3-Enhancer
vectors (pHDGF 2047: —2017 to +30 and pHDGF 876: —774 to
+102) were kindly provided by Professor Shaw-Jenq Tsai (National
Cheng Kung University; Taiwan) and Professor Ming-Hong Tai
(National Sun Yat-sen University, Taiwan), respectively. The pcDNA3/
HA-CEBPD expressing vector was established as previously described
[25]. Other details are available in the Supplementary Information.

2.11. Statistical analysis

GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla,
California, United States) was used to assess statistical significance.
Statistical significance was assessed in cell-based in vitro assays, animal
studies, and clinical specimens using Student's t-test, the Mann-Whitney
U test, or Pearson's correlation coefficient test.
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Fig. 1. Hepatoma-derived growth factor (HDGF) exerts antiapoptotic and profibrotic effects on pancreatic stellate cells (PSCs) that interact with pancreatic cancer
cells (PCCs).(A) RLT-PSCs (immortal human PSCs) were treated with transforming growth factor-f1 (TGF-f1) in a dose-dependent manner for 24 h. The fibrogenic
markers in TGF-B1-treated RLT-PSCs, a-smooth muscle actin (a-SMA) and vimentin, were further determined using reverse transcription-polymerase chain reaction
(RT-PCR) and Western blot (WB) assays. (B) Immunofluorescence staining was used to examine the fibrogenic markers in TGF-B1-treated RLT-PSCs, such as the high
expression of a-smooth muscle actin (a-SMA) and filamentous actin (F-actin) rearrangement. a-SMA expression and F-actin rearrangement were determined in RLT-
PSCs treated with or without TGF-B1 (0.5 ng/mL) for 24 h. Immunofluorescence staining images were captured under a vertical fluorescence microscope to observe
morphological changes (white scale bar, 100 um). Green and red fluorescence indicate the expression of a-SMA and F-actin, respectively. (C) The conditioned
medium was collected and concentrated from RLT-PSCs with or without TGF-B1 treatment (0.5 ng/mL) for 24 h. Secreted HDGF expression was determined using
Western blot assays, and a-tubulin served as a negative control to exclude signals from the cell lysate of RLT-PSCs. (D) to (F) Methyl methanesulfonate (MMS)
treatment was used to induce cell death. Treated RLT-PSCs were harvested and subjected to an analysis of the cell cycle distribution by flow cytometry using
propidium iodide staining. The sub-G1 phase indicated the apoptotic cell population. shLacZ (control) or shHDGF #2 (HDGF knockdown) RLT-PSCs were established
by lentivirus-delivered short hairpin RNAs. shLacZ, shHDGF #2 (D) or parental (E and F) RLT-PSCs were pretreated with recombinant human HDGF as indicated (0,
20, 50, 100, and 200 ng/mL) for 6 h or TGF-1 (0.5 ng/mL) for 24 h. MMS (75 pg/mL) was administered to pretreated cells for 24 h. (G) Expression of a-SMA, type I
collagen (COL1A2), and fibronectin (FN1) was determined in shLacZ and shHDGF #2 RLT-PSCs under TGF-1 stimulation (0.5ng/mL) for 24 h by Western blot
assays. (H) and (I) shLacZ or shHDGF #2 RLT-PSCs were transfected with the mCherry fluorescent gene (mCherry/shLacZ RLT-PSCs or mCherry/shHDGF #2 RLT-
PSCs, respectively). PCCs, PANC-1 and MIA PaCa-2 cells were transfected with the enhanced green fluorescent protein (EGFP) gene (EGFP/PANC-1 or EGFP/MIA
PaCa-2 cells). The mCherry/shLacZ RLT-PSCs or mCherry/shHDGF #2 RLT-PSCs were individually cocultured with EGFP/PANC-1 or EGFP/MIA PaCa-2 cells. The
mixed mCherry/RLT-PSCs and EGFP/PCCs (ratio = 5:1) were suspended in 50% Matrigel and subjected to a three-dimensional system by hanging drop cell culture.
After 8 days, the sphere structure was observed at 100 x magnification and captured by confocal microscopy (white scale bar, 200 pm). According to the z-section of
the captured images, the fluorescence intensity was remodeled to reconstruct the three-dimensional structure by ImageJ software. The above data are presented as
the mean + standard error of the mean from three independent experiments, and the statistical significance was determined using Student's unpaired t-test
(*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. HDGF-knockdown PSCs attenuate fibrotic effects and influence the outgrowth of PCCs in vivo.shLacZ RLT-PSCs or shHDGF #2 RLT-PSCs were individually
mixed with EGFP/PCCs (EGFP/PANC-1 or EGFP/MIA PaCa-2 cells). The mixture of RLT-PSCs and EGFP/PCCs (ratio = 1:1) containing 50% Matrigel was sub-
cutaneously injected into nonobese diabetic-severe combined immunodeficient mice. Each group contained 4 to 6 mice. After mice were sacrificed at the ninth week,
tissue sections of subcutaneous tumors were subjected to immunofluorescence, Picrosirius red staining, and immunohistochemistry analysis. (A) and (B) Picrosirius
red staining was applied to evaluate the expression of collagens. The images (left upper panels) were observed at 100 X magnification; the areas bound by the yellow
dotted line were observed at 200 x magnification under a vertical microscope, and the captured images are shown as the right lower panels (white scale bar,
100 um). Red color indicates positive staining of collagens, which were quantified in the right panels. (C) to (F) Expression of COL1A2, FN1, and green fluorescent
protein (GFP) was determined using immunofluorescence staining. The images were observed at 400 x magnification under a vertical microscope (white scale bar,
100 pm). GFP expression in the upper panels indicates the locations of PCCs. The white dashed line circles the regions of GFP-negative cells representing stromal cells.
The mean fluorescence intensity (MFI) of COL1A2 and FN1 in GFP-negative cells was quantified by ImageJ software and is shown in the right panels. (G) and (H)
Immunohistochemistry assays were performed to determine the tumor vasculature by staining with the endothelial cell marker CD31. The images were observed at
200 x magnification (white scale bar, 100 pm); the brown color indicates positive staining of CD31 expression, which was quantified in the right panels. (I) and (J)
IVIS spectrum was applied to evaluate tumor growth in the coimplantations of RLT-PSCs and PCCs according to the intensity of green fluorescence expressed in
EGFP/PANC-1 or EGFP/MIA PaCa-2 cells. The above results are presented as the mean =+ standard error of the mean; the statistical significance was determined
using Student's unpaired t-test (NS stands for not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

3. Results 3.2. HDGF in PSCs orchestrates the fibrotic reactions and influences the
growth of PCCs
3.1. HDGF is responsive to TGF-f1 in PSCs and plays antiapoptotic and

profibrotic roles in pancreatic cancer A previous study demonstrated that dense fibrotic reactions serve as
a hypovascular barrier [1]. Therefore, penetration of the endothelial

TGF-B1, which mediates fibrosis, is upregulated and secreted in cells of blood vessels is appropriate for assessing tissue density. PSCs
pancreatic tumors [26,27]. a-SMA transcripts are responsive to TGF-31 and PCCs were coimplanted into mice to determine the essentiality of

in RLT-PSCs (immortal human PSCs) [28]. We verified fibrogenic HDGF in PSC-generated fibrotic reactions in vivo. Control shLacZ or
markers in TGF-f1-treated RLT-PSCs. The results showed that TGF-$1 shHDGF RLT-PSCs were individually mixed with EGFP/PANC-1 or

induced the expression of a-SMA and vimentin (Fig. 1A). Moreover, the EGFP/MIA PaCa-2 cells. Picrosirius red staining was performed to ex-
RLT-PSCs showed a morphological change into a myofibroblast-like amine the abundance of collagens in tissue sections from xenografted
shape that exhibited F-actin rearrangements and higher migration ac- tumors of coimplantation of RLT-PSCs and PCCs. The results showed
tivity (Fig. 1B and Supplementary Fig. 1). We next verified whether that the abundance of collagens was reduced in xenografted tumor

HDGF expression is responsive to TGF-$1 in PSCs. The results showed sections of coimplanted shHDGF RLT-PSCs and EGFP/PANC-1 or EGFP/
that the secretion of HDGF is increased in the conditioned medium of MIA PaCa-2 cells (Fig. 2A-B). These results suggest that HDGF is not

TGF-B1-treated RLT-PSCs (Fig. 1C). only involved in ECM protein synthesis in vitro but also in ECM protein
Physically, an increased cell number results from cell proliferation deposition in vivo. Additionally, compared with the GFP-negative re-
and survival. Although the involvement of HDGF in the proliferation of gion of xenografted tumors composed of shLacZ RLT-PSCs, the mean

fibroblasts was previously suggested [29], we further found that the fluorescence intensity of the COL1A2 and FN1 signals was attenuated in
attenuation of HDGF could induce the apoptosis of RLT-PSCs (Fig. 1D, the GFP-negative region of xenografted tumors composed of shHDGF
lanes 1 and 2; Supplementary Fig. 2B). Moreover, we found that RLT-PSCs (Fig. 2C-F). The COL1A2 and FN1 signals were also assessed
HDGF-treated RLT-PSCs were resistant to apoptotic activator methyl in whole tissue sections, and the results showed that the expression of
methanesulfonate (MMS)-induced cell apoptosis (Fig. 1E). Following both COL1A2 and FN1 was decreased in tissue sections composed of
the confirmation that TGF-B1 could suppress the MMS-induced apop- shHDGF RLT-PSCs and EGFP/PANC-1 or EGFP/MIA PaCa-2 cells
tosis of RLT-PSCs (Fig. 1F), we found that the antiapoptotic effect was (Fig. 2C-F). These results indicate that the diminished deposition of
attenuated in shHDGF RLT-PSCs (Fig. 1D, lanes 5 to 8; Supplementary type I collagen and fibronectin is associated with the disruption of fi-

Fig. 2B). These results suggest that HDGF is required for the TGF-31- brotic reactions when shHDGF RLT-PSCs are cocultivated with PCCs.
induced antiapoptotic effect in MMS-treated RLT-PSCs. Additionally, Interestingly, the expression of CD31, an angiogenic marker, was en-
the inhibition of HDGF also attenuated the expression of TGF-p1-in- hanced in the xenografted tumor sections of coimplanted shHDGF RLT-

duced fibrogenic markers, including a-SMA, type I collagen (COL1A2) PSCs and EGFP/PANC-1 or EGFP/MIA PaCa-2 cells (Fig. 2G-H), sug-
and fibronectin (FN1) (Fig. 1G; Supplementary Fig. 2C). These results gesting that the essentiality of HDGF is involved in the fibrotic hypo-
suggest that HDGF, at least in part, contributes to antiapoptosis and vascular barrier and attenuates blood vessel penetration. Additionally,
ECM protein synthesis in PSCs. compared to individual xenografted tumors of coimplanted shLacZ RLT-

PSCs have been suggested to accompany and closely interact with PSCs and EGFP-bearing PCCs, coimplantation of shHDGF RLT-PSCs and
PCCs [30]. To address the effect of HDGF on the cell-cell interaction of EGFP-bearing PCCs showed larger tumor sizes in the in vivo imaging
PSCs and PCCs, RLT-PSCs and PCCs were cocultured using a hanging system spectrum (Fig. 2I-J). Interestingly, higher levels of mitotic ac-
drop cell culture system. mCherry-bearing shLacZ RLT-PSCs or shHDGF tivity and more apoptotic bodies were observed in the PCCs of coim-
RLT-PSCs (mCherry/shLacZ RLT-PSCs or mCherry/shHDGF RLT-PSCs; planted shHDGF RLT-PSCs and EGFP/PCCs in vivo (Supplementary

Supplementary Fig. 2D) were individually cocultured with EGFP- Fig. 3). These observations suggest that PCCs have a more rapid mitotic
bearing PCCs (EGFP/PANC-1 or EGFP/MIA PaCa-2 cells; rate and a higher apoptotic index when coimplanted with shHDGF RLT-
Supplementary Fig. 2E). Regarding the z-sections of the captured PSCs, resulting in less fibrotic reactions. Collectively, our in vivo results
images, compared with mCherry/shLacZ RLT-PSCs, the constituted imply that HDGF-deficient PSCs restrain fibrotic reactions and enhance
images showed that the colocalizing signals of the composite spheres cancer progression.

were diminished when EGFP/PANC-1 or EGFP/MIA PaCa-2 cells were
cocultivated with mCherry/shHDGF RLT-PSCs (Fig. 1H and I;
Supplementary Figs. 2F and 2G; Supplementary Movies 1 and 2). These
results suggest that stromal HDGF contributes to cell-cell interaction of
PSCs and PCCs and is able to stabilize PSC/PCC tumor foci.

3.3. TGF-1/CEBPD/HIF-1a axis contributes to HDGF transcriptional
activation in PSCs

We found that TGF-B1-induced HDGF production is synchronous
with its transcriptional activation (Figs. 1C, 3A and 3B). We next
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Fig. 3. HDGF is transcriptionally upregulated by
the TGF-B1/Hypoxia inducible factor-1a (HIF-
1a)/CCAAT/enhancer-binding protein 8
(CEBPD) axis.(A) After 0.5ng/mL of TGF-B1
treatment for 24 h, the mRNA or protein levels
of HDGF, HIF-la, CEBPD, and TGF-f1 were
determined using RT-PCR or Western blot assays
in RLT-PSCs. (B) After treatment with 0.5 ng/mL
TGF-B1 for 24 h, the levels of HDGF in condi-
tioned medium containing 1% bovine serum
albumin were determined using an enzyme-
linked immunosorbent assay. (ND indicates not
detectable; the minimum detectable concentra-
tion was 30 pg/mL). (C) The putative HIF-la-
binding motifs on the HDGF promoter region are
shown in the upper panel. The HDGF reporter
vector was transfected into RLT-PSCs simulta-
neously with the pCEP4/HIF-la expressing
vector (or the pcDNA3/HA expressing vector as
a control group) for 18 h; then, a luciferase re-
porter assay was performed to confirm the pu-
tative HIF-1a-binding motifs on the HDGF pro-
moter region. The results were obtained from
three independent experiments and are pre-
sented as the mean * standard error of the
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(el < 0.001). (D) A chromatin im-
munoprecipitation assay was performed to de-
termine the binding of HIF-la to the HDGF
promoter region in RLT-PSCs treated with
0.5 ng/mL TGF-P1 for 24 h. The IgG antibody
was used as a negative control. (E) A luciferase
reporter assay was used to confirm the putative
CEBPD-binding motifs on the HIF-1a promoter
region. The putative CEBPD-binding motifs on
the HIF-1a promoter region are shown in the
upper panel. RLT-PSCs were transfected with the
HIF-1a reporter vector and pcDNA3/HA or
pcDNA3/CEBPD expressing vectors for 18 h and
subsequently subjected to luciferase reporter
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assays. The results are presented as the
mean =+ standard error of the mean, and the
statistical significance was determined using
Student's unpaired ttest (**P < 0.01;
***p < 0.001). (F) The results of the chromatin
immunoprecipitation assays showed the inter-
action between CEBPD and the HIF-1a promoter
in RLT-PSCs treated with 0.5 ng/mL TGF-31 for
24 h. The above data were obtained from three
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dissected the transcriptional regulation of determined whether the
HDGF gene in PSCs. Following the observation of putative HIF-la-
binding motifs on HDGF promoter region, we therefore first examined
whether HIF-1a was responsive to TGF-f1 in RLT-PSCs. In addition to
HDGF expression, both HIF-1a mRNA and HIF-1a protein were upre-
gulated in TGF-B1-treated RLT-PSCs (Fig. 3A). HIF-1a is a well-known
inducible transcription factor and tends toward stabilization under
hypoxic conditions, we tested whether TGF-1 could stabilize HIF-1a in
a normoxic condition. We found that TGF-$1 had no effect on HIF-1a
protein stability (Supplementary Fig. 4). Moreover, reporter and ChIP
assays showed that HIF-1la was responsive to TGF-f1, activated the
HDGF reporter and directly bound to the HDGF promoter region under
normoxic condition (Fig. 3C-D).

Next, we revealed which transcription factor in response to TGF-31
and contributed to HIF-la transcription in PSCs. Putative CEBPD-

+

independent experiments.

1.0 08

1.0 1.0 1.0 1.8

binding motifs on the HIF-la promoter were predicted. We further
examined whether CEBPD was responsive to TGF-B1 in PSCs. The re-
sults showed that TGF-B1 induced CEBPD and autoregulated TGF-1
transcripts and expression (Fig. 3A). Moreover, the reporter assay
showed that the exogenous expression of CEBPD activated the HIF-1a
reporter in RTL-PSCs (Fig. 3E). Subsequently, a ChIP assay was per-
formed to verify whether CEBPD could bind to the HIF-1a promoter
upon TGF-fB1 stimulation. The results suggested that CEBPD binding
was responsive to TGF-1 and contributed to the HIF-1a gene activation
in RLT-PSCs (Fig. 3F).

Because the CEBPD/HIF-la axis contributes to TGF-B1-induced
HDGF expression and HDGF contributes to the antiapoptotic activity of
PSCs, we further assessed and found both CEBPD and HIF-1a func-
tioned in TGF-fl-induced antiapoptotic activity (Supplementary
Figs. 5A-5F).
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Fig. 4. TGF-B1 induces CEBPD expression
through a positive feedback loop.(A) After
RLT-PSCs were transfected with pcDNA3/
EGFP-CEBPD or the pcDNA/EGFP expres-
sing vector for 18h, cells were harvested
and subjected to RT-PCR and Western blot
assays. The mRNA and protein expression
levels of a-SMA, CEBPD, HIF-1a, and HDGF
were determined in RLT-PSCs with or
without CEBPD overexpression. (B) In ad-
dition, shLacZ RLT-PSCs and shCEBPD #1
RLT-PSCs were subjected to RT-PCR and
Western blot assays to examine the mRNA
and protein expression levels of a-SMA,
CEBPD, HIF-1a, and HDGF after TGF-31
treatment (0.5ng/mL) for 24 h. (C) The fi-
brogenic markers in TGF-B1-treated RLT-
PSCs that could be used to observe mor-
phological changes, such as the high ex-
pression of a-SMA and F-actin rearrange-
ment, were determined using

immunofluorescence staining in shLacZ RLT-PSCs or shCEBPD #1 RLT-PSCs treated with TGF-B1 (0.5 ng/mL) for 24 h (lower panels). The green and red fluorescence
indicate the expression of a-SMA and F-actin, respectively. In addition, CEBPD expression was evaluated in treated cells using immunofluorescence staining (upper
panels). The green and red fluorescence indicate the expression of a-SMA and CEBPD, respectively. The white scale bar indicates 100 um. The above data are
representative of three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

3.4. CEBPD responds to TGF-1 through reciprocal loop regulation

We next assessed the involvement of CEBPD in fibroblast activation
via gain- and loss-of-function assays. Following the exogenous expres-
sion of CEBPD in RLT-PSCs, the expression of TGF-B1, a-SMA, CEBPD,
HIF-1a, and HDGF was induced (Fig. 4A). By contrast, the expression of
these proteins was attenuated in shCEBPD RLT-PSCs upon TGF-$1
treatment (Fig. 4B; Supplementary Fig. 6A). Interestingly, regarding to
CEBPD also upregulated TGF-1 expression in RLT-PSCs, suggesting a
positive feedback regulation between CEBPD and TGF-B1 (Fig. 4A-B).
Moreover, TGF-f1-induced F-actin rearrangement was attenuated in
shCEBPD RLT-PSCs, suggesting the involvement of CEBPD in the fi-
broblast-to-myofibroblast transition (Fig. 4C; Supplementary Fig. 6B).

3.5. HDGF and CEBPD expression is positively associated with
antiapoptosis and severe stromal growth in human pancreatic cancer
specimens

The above results suggested that the TGF-B1-activated CEBPD/HIF-
1la/HDGF axis in PSCs contributes to antiapoptotic and profibrotic ef-
fects that serve as a stabilizer of PSC/PCC tumor foci. We next assessed
the clinical relevance of apoptotic activity and COL1A2, HDGF, and
CEBPD expression in stromal cells using a commercial tissue array.
According to the cell proportion ratio of stromal cells versus total tissue
cells, 78 human primary pancreatic cancer specimens were subdivided
into mild (< 50%) or severe (=50%) stromal growth. After examining
the expression levels of apoptotic proteins, COL1A2, HDGF, and CEBPD
were detected in the stroma in 78 human pancreatic cancer specimens
using IF staining. The H-score method, in which two independent ex-
pert pathologists assign a score of 0-300 to each specimen, was used to
assess the extent of immunoreactivity. Apoptotic activity in the stroma
was negatively associated with the levels of stromal HDGF expression
(Fig. 5A, brown color and Fig. 5B). Stromal COL1A2 expression
showed a strong association (P < 0.001) with severe stromal growth
(Fig. 5A, red color and 5C). We also observed a significant association
between severe stromal growth and high HDGF or CEBPD expression in
the stroma (Fig. 5A, green and cyan colors, Fig. 5D-E). These results
agree with the above suggestion that HDGF and CEBPD in the stroma
contribute to pancreatic cancer-associated fibrosis. According to tumor/
node/metastasis (TNM) staging of pathological verification, 78 pan-
creatic cancer specimens were subdivided into two groups: stage I

(group 1) and stages II, III, and IV (group 2). We observed that the H-
scores of COL1A2, HDGF, and CEBPD in the stroma showed no sig-
nificant variation in these two groups (Fig. 5F-H). Stage I pancreatic
adenocarcinoma patients with high CEBPD or HDGF expression pursue
a more aggressive clinical course and have significantly shorter disease-

specific survival (Fig. 5I-J)

Our results suggest that the TGF-Bl-activated CEBPD/HIF-la/
HDFG axis in PSCs is involved in antiapoptosis and profibrosis under
normoxic conditions in vitro. However, most clinical pancreatic cancer
tissues are accompanied by strong fibrotic reactions, which are asso-
ciated with the hypoxic status [6]. Therefore, to specifically assess
whether the CEBPD/HIF-1a/HDFG axis promotes fibrosis under hy-
poxic conditions, a hypoxic marker, carbonic anhydrase IX (CA9) [31],
was applied to distinguish the hypoxia/normoxia status of clinical
specimens. Following the combination of CA9 abundance and the status
of stromal growth, 78 pancreatic cancer specimens were subdivided
into four groups: normoxic (low CA9 expression) or hypoxic (high CA9
expression) specimens of pancreatic adenocarcinoma accompanied by
mild (< 50%) or severe (=50%) stromal growth (Fig. 6A-B). The H-
score of CA9 was comparable between pancreatic adenocarcinoma
specimens with mild and severe stromal growth (Fig. 6C). We found
that the higher H-score of stromal CEBPD and HDGF was observed and
significantly associated with severe stromal growth in hypoxic speci-
mens of pancreatic adenocarcinoma (Fig. 6D and E; compared groups
2 and 4). Importantly, even in normoxic specimens of pancreatic ade-
nocarcinoma, the H-scores of both stromal CEBPD (from 181.4 + 39.0

to 196.0 =

29.0) and stromal HDGF (from 211.6 *+

54.6 to

248.5 = 45.1) were consistently elevated from mild to severe stromal
growth (Fig. 6E and F; compared groups 1 and 3). However, in nor-
moxic or hypoxic specimens of pancreatic adenocarcinoma that ac-
companied severe stromal growth, there was no significant difference in
the H-score of CEBPD or HDGF in the stroma (Fig. 6E and F; compared
groups 3 and 4). Collectively, these observations suggest that the TGF-
PBl-activated CEBPD/HIF-1a/HDFG axis specifically associates with
pancreatic cancer-associated fibrosis, but not with normoxia and hy-

poxia.

4. Discussion

The aim of the present study was to determine HDGF regulation and
function in PSCs and its contribution to fibrosis-associated pancreatic
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Fig. 5. HDGF and CEBPD are positively associated with antiapoptosis and severe stromal growth in human pancreatic adenocarcinoma specimens. (A) The Opal™
multiplex tissue staining kit was used for immunofluorescence analysis on a commercial tissue array with 78 human primary pancreatic adenocarcinoma specimens.
A ratio of cell proportions from stromal cells versus total tissue cells was determined. The 78 human primary pancreatic adenocarcinoma specimens were subdivided
into mild (< 50%) or severe (=50%) stromal growth. Apoptotic cells were detected and labeled by brown color using a TUNEL assay kit. Meanwhile, the expression
of COL1A2, HDGF, and CEBPD was determined in human pancreatic cancer specimens using immunofluorescence staining and labeled by green, red, and cyan
fluorescence, respectively. The black and white scale bars indicate 100 um. (B) to (E) Histochemistry score (H-score), which assigns a score of 0-300 to each patient
by two expert pathologists (CFL and TJC), is applicable to assess the extent of immunoreactivity of TUNEL (B), COL1A2 (C), HDGF (D), and CEBPD (E) in stroma. (B)
Pearson's correlation coefficient test was used to observe negative and significant correlations between stromal HDGF and apoptotic activity, which indicated cell
apoptosis (r = —0.541; P < 0.001). (C) to (E) The expression of COL1A2, HDGF, and CEBPD in the stroma was significantly and positively associated with stromal
overgrowth. The results are presented as both the mean + standard error of the mean and median with quartiles. The Mann-Whitney U test was used for comparison
between two groups, with P < 0.05 taken to indicate a significant difference (*P < 0.05; **P < 0.01; ***P < 0.001). (F) to (H) According to tumor/node/
metastasis (TNM) staging, 78 pancreatic cancer specimens were grouped into two groups: stage I (group 1) and stages II, III, and IV (group 2). The H-scores of stromal
COL1A2, HDGF, and CEBPD were comparable between the two groups. The results are presented as both the mean + standard error of the mean and median with
quartiles. The Mann-Whitney U test was used for comparison between two groups, with P < 0.05 taken to indicate a significant difference (NS stands for not
significant). (I) and (J) The correlation between pancreatic adenocarcinoma patient prognosis and CEBPD or HDGF. The H-score of HDGF (I) and CEBPD (J) was
assessed in 25 stage I pancreatic adenocarcinoma specimens treated by the Whipple operation procedure with RO resection (microscopically margin free). Stage I
pancreatic adenocarcinoma patients with high CEBPD or HDGF expression pursue a more aggressive clinical course and have a significantly shorter disease-specific
survival rate (both p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

cancer. The results demonstrated that TGF-B1 activated HDGF expres- fibrotic hypovascular barrier to attenuate blood vessel penetration. In
sion through the CEBPD/HIF-1a axis in PSCs. Increased production of contrast, the attenuation of HDGF in PSCs resulted in fewer or looser
HDGF prevented apoptosis and promoted the production of ECM pro- fibrotic reactions, which could benefit the outgrowth of PCCs (Fig. 7).
teins, including COL1A2 and FN1, to stabilize PSC/PCC tumor foci. Evidence of HDGF autoregulation and contribution to tumorigenesis
Importantly, these results suggest that HDGF supports PSCs in orches- has been revealed in several types of cancer cells [18,32,33]. In the
trating pancreatic cancer-associated fibrotic reactions and acts as a present study, we revealed that the regulation of HDGF in PSCs

187



Y.-T. Chen, et al. Cancer Letters 457 (2019) 180-190

(A) (B)
Mild Severe Stroma growth

Stromal growth

250%  <50% Total

High 25 1 36
CA9 CA9
expression Low 10 32 42
Total 35 43 78
(€) (D) (E)
T le; P=0.1I1|0 * P=0.029
— NS;P0.052 _ NS; P=0. 201
| ! NS; P=0.064 _ *P=0.015 | ;
350 ' 177.0 £ 60.3 350 | " | 350 {2116 F 546 24851
=0. H 222 0%48.5
300 5 & 300 i NS; P=0.423 NS, P=0 869 . 300 .
. : o ] 183.2+55.9
S 250 : £ 250 {1814:£390 196012901930:442 2 250
s 5 s 157.7 £ 23.6 k]
2 200 {1512 69.1 2 200 £ 200
3 S %
* 150 =+ 150 * 150
100 T 100 T T T T 100 T T : g T
<50%  250% CA9low CA9high  CA9low CA9 high CA9low CA9high  CA9low CA9 high
(n=43)  (n=35) (n=32) (n=11) (n=10)  (n=25) (n=32) (n=11) (n=10)  (n=25)
Stromal growth Stromal growth < 50%  Stromal growth 2 50% Stromal growth <50%  Stromal growth 2 50%
(total n=43) (total n=35) (total n=43) (total n=35)

Fig. 6. HDGF and CEBPD are positively associated with antiapoptosis and profibrosis in normoxic and hypoxic human pancreatic adenocarcinoma specimens.(A) An
antibody against carbonic anhydrase IX (CA9; as a hypoxic marker) was used for immunohistochemical analysis on a commercial tissue array with 78 human primary
pancreatic adenocarcinoma specimens. A ratio of cell proportions from stromal cells versus total tissue cells was determined. The expression of CA9 (brown color)
was assigned an H-score by two expert pathologists (CFL and TJC). The black scale bar indicates 200 pm. (B) Furthermore, according to the expression of CA9 and the
status of stromal growth, 78 pancreatic cancer specimens were subdivided into four groups: normoxic (CA9 low expression) or hypoxic (CA9 high expression)
specimens accompanied by mild (< 50%) or severe (=50%) stromal growth. (C) The expression of CA9 showed comparable levels between mild and severe stromal
growth of pancreatic adenocarcinoma specimens. The circle dot indicates the mild outlier, and the asterisk indicates the extreme outlier. (D) and (E) The H-scores of
stromal CEBPD and HDGF were selected and compared between two conditions among the four subgroups (normoxic or hypoxic specimens accompanied by mild or
severe stromal growth). The above results are presented as both the mean =+ standard error of the mean and median with quartiles. The Mann-Whitney U test was
used for comparison between two groups, with P < 0.05 taken to indicate a significant difference (NS stands for not significant; circle dot indicates the mild outlier

of H-score in the 78 human primary pancreatic adenocarcinoma specimens). (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 7. A schematic illustration of a signaling

Fibrotic reactions pathway in pancreatic stellate cells to con-
struct fibrotic reactions.TGF-p1-treated PSCs

T secreted HDGF through the TGF-B1/CEBPD/

EXaaicellia Atz ezl HIF-1a axis. The effects of HDGF on PSCs were

Y

antiapoptotic under methyl methanesulfonate
stimulation. Additionally, HDGF acted as a pro-
fibrotic factor, since its expression was required
for TGF-B1-treated PSCs to synthesize and de-
posit extracellular matrix proteins, such as type I
collagen and fibronectin. These results suggest
roles for HDGF in antiapoptosis and profibrosis
PSCs: pancreatic stellats clls in PSCs. Furthermore, TGF-Bf1 was induced by
MMs  PCCs: pancreatic cancer cells CEBPD through reciprocal regulation. These re-
sults suggest that CEBPD serves as an upstream
Apoptosis  MMS: methyl methanesulfonate ~ mediator to regulate HDGF expression in PSCs.
(an apoptosis inducer) Collectively, HDGF or CEBPD could be a ther-
apeutic target to nullify pancreatic cancer-asso-

ciated fibrosis.

Type- collagen A\
fibronectin

nuclear

contributed to antiapoptosis, formation of fibrotic hypovascular barrier blood vessels [8]. Clinically, malignant cancers associate with more
and attenuated penetration of blood vessel. Moreover, an in vivo animal apoptosis [34]. Our results are shown in Fig. 2I and J and
study demonstrated that HDGF-deficient PSCs restrain fibrotic reactions Supplementary Fig. 3, suggesting stroma is a non-negligible part in
and enhance cancer progression. These results in part agree with the pancreatic cancer progression and stromal HDGF could paly a func-
observation that physical restraint is partially regained under less fi- tional role in the phenomenon.

brotic reactions and that blood moves to tumors through penetrating Remarkably, fibrosis occurred in each TNM stage of pancreatic
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cancer; no positive correlation was observed between stromal HDGF or
CEBPD expression and malignancies of pancreatic cancers at various
TNM stages, suggesting that the fibrotic involvement of HDGF or
CEBPD in the development of pancreatic cancer starts from an early
stage with normoxia. A previous study suggested that precise quanti-
tation of fibrosis levels in pancreatic cancer should be combined to
determine the stage of the disease, to select optimal therapies, and to
monitor or predict patient therapeutic outcomes [35]. The present
study suggests that HDGF and CEBPD contribute to the interplay of
PSCs and PCCs via the deposition of ECM proteins and can serve as a
biomarker to evaluate the fibrotic status of pancreatic cancer.

Targeting tumors is currently a major tumor therapeutic strategy.
Accumulating studies have highlighted the importance of the tumor
microenvironment in benefiting cancer progression [36]. The results of
the present study demonstrate that HDGF is involved in the anti-
apoptosis of PSCs in pancreatic cancer-associated fibrosis via the
CEBPD/HIF-1a axis. However, two previous studies demonstrated that
the depletion of a-SMA-positive fibroblasts [7] or the loss of sonic
hedgehog protein [8] reduces fibrotic reactions and accelerates tumor
progression, including enhanced tumor growth and angiogenesis, in
undifferentiated and invasive tumors, with reduced animal survival.
Therefore, in the future, the application of therapeutic strategies tar-
geting CEBPD or HDGF in PSCs for reducing fibrotic reactions should be
combined with therapeutic drugs to kill pancreatic cancer cells or
prevent their metastasis and invasion.
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