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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is commonly diagnosed when liver metastases already emerged. We
recently demonstrated that hepatic stromal cells determine the dormancy status along with cancer stem cell
(CSC) properties of pancreatic ductal epithelial cells (PDECs) during metastasis. This study investigated the
influence of the hepatic microenvironment – and its inflammatory status - on metabolic alterations and how
these impact cell growth and CSC-characteristics of PDECs. Coculture with hepatic stellate cells (HSCs), simu-
lating a physiological liver stroma, but not with hepatic myofibroblasts (HMFs) representing liver inflammation
promoted expression of Succinate Dehydrogenase subunit B (SDHB) and an oxidative metabolism along with a
quiescent phenotype in PDECs. SiRNA-mediated SDHB knockdown increased cell growth and CSC-properties.
Moreover, liver micrometastases of tumor bearing KPC mice strongly expressed SDHB while expression of the
CSC-marker Nestin was exclusively found in macrometastases. Consistently, RNA-sequencing and in silico
modeling revealed significantly altered metabolic fluxes and enhanced SDH activity predominantly in pre-
malignant PDECs in the presence of HSC compared to HMF. Overall, these data emphasize that the hepatic
microenvironment determines the metabolism of disseminated PDECs thereby controlling cell growth and CSC-
properties during liver metastasis.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is currently ranked the
fourth common cause of cancer related deaths in Europe [1]. It is
characterized by the absence of specific symptoms and a high meta-
static potential. Thus, PDAC is commonly diagnosed at advanced stages
with liver metastases allowing only for palliative treatment. Moreover,
many patients who successfully underwent surgical resection of the
tumor develop metastases within one year [2]. The liver is the main
target organ of PDAC metastases, already commencing at stages of
Pancreatic Intraepithelial Neoplasia (PanIN) but without immediate
outgrowth. Metastatic outgrowth apparently requires further (epi-)ge-
netic alterations or changes in the local microenvironment [3]. In-
flammatory factors released by primary pancreatic lesions seem to
modulate the liver microenvironment leading to formation of the pre-
metastatic niche [4–6]. This niche formation involves the activation
and transdifferentiation of hepatic stellate cells (HSCs) into hepatic
myofibroblasts (HMFs) [5,7]. Our group recently demonstrated that the
hepatic microenvironment essentially determines growth behavior of
disseminated pancreatic ductal epithelial cells (PDECs) [8]. Thus,
PDECs became dormant in the presence of HSCs while this quiescent
phenotype of PDECs was reversed and their proliferative activity was
significantly restored in the presence of HMFs through a Vascular En-
dothelial Growth Factor (VEGF) dependent mechanism [8].

Due to the unique ability of self-renewal and differentiation, cancer
stem cells (CSCs) are regarded as prerequisite for the initiation of pri-
mary tumors and metastases [9,10]. CSCs have also been described in
PDAC [11] with different markers used for their identification and
isolation such as Esa/CD44/CD24, CD133, Sox2, Nanog or Nestin
[12–15]. Particularly Nestin has been described to play a pivotal role in
PDAC progression because knockdown of Nestin significantly impaired
PDAC cell invasion [15] and metastases formation in a murine PDAC
model [16,17]. We have shown that PDAC cells with high CSC-potential
are characterized by high Nestin expression [18].

Metabolic reprogramming is regarded as a hallmark of cancer es-
sentially driving tumor development [19,20]. Otto Warburg first iden-
tified that tumor cells exhibit an altered glucose metabolism by shifting
from oxidative phosphorylation (OXPHOS) to glycolysis with lactate
production (aerobic glycolysis) [21]. Interconnected with this Warburg
effect, tumor cells may activate further pathways to metabolize glucose
and generate building blocks for enhanced DNA synthesis and redox
homeostasis, e.g. the pentose phosphate pathway (PPP) with Glucose-6-
phosphate dehydrogenase (G6PD) as the rate limiting enzyme [22,23].
Accordingly, elevated G6PD expression was detected in different tu-
mors being associated with high risk of metastasis and poor prognosis
[22,24,25]. Importantly, the metabolic status of tumor cells within a
tumor is highly dynamic and depends on microenvironmental condi-
tions (e.g. stromal composition, oxygen level) implying different me-
tabolic phenotypes within tumor and stroma cell populations [26–32].
Succinate dehydrogenase (SDH) is an important mitochondrial enzyme
involved in the tricarboxylic acid (TCA) cycle as well as the electron
transport chain. The SDH subunit B (SDHB) being one of the four
subunits of SDH is regarded as tumor suppressor because its mutational
inactivation or its decreased expression is observed in several tumor
entities [33,34]. Thus, adaptation of the metabolism in response to
environmental conditions provides an essential mechanism for tumor
cells to survive in a hostile (secondary) microenvironment. As for
normal stem cells, a high metabolic flexibility is also mandatory for
CSCs in order to allow the divergent cell fates including quiescence,
proliferation and differentiation/reversal into non-CSCs [35]. However,
our knowledge on how metabolic alterations impact cell growth and
CSC-properties of PDECs is still limited, particularly in the metastatic
context. Hence, this study elucidated the influence of the hepatic mi-
croenvironment –and its inflammatory status-on metabolic alterations
and how these impact cell growth and CSC-characteristics of PDECs.

2. Material and methods

2.1. PDAC KPC model

All animal studies were executed in compliance with European
guidelines for the care and use of laboratory animals and were ap-
proved by local authorities (Az. 55.2-1-54-2532-31-11). For HE- and
immunofluorescence stainings of murine PDAC liver metastases, liver
tissues of KPC mice (Pdx1-Cre; LSL-KrasG12D; LSL-Trp53R172H/+)
were used.

2.2. HE- and immunofluorescence staining of liver sections

Staining procedures were performed as previously described [36].
Primary antibodies (Supplementary Table 1) were diluted in 1% BSA/
PBS and incubated overnight at 4 °C. For staining of Nestin, an addi-
tional blocking step with Dako Biotin Blocking System (Dako, Ham-
burg, Germany) was performed according to manufacturer's instruc-
tions. Background intensity was reduced by application of Image-iT FX
Signal Enhancer (Thermo Fisher Scientific, Darmstadt, Germany) ac-
cording to the manufacturer's instructions. Then, slides were incubated
for 1 h at room temperature with respective secondary antibodies
(Supplementary Table 1) diluted in 1% BSA/PBS and Hoechst for de-
tection of nuclei. Biotin-labeled antibodies were detected with FITC-
conjugated streptavidin (Vector Laboratories via Biozol, Eching, Ger-
many). Stainings were visualized on a BZ-9000 fluorescence microscope
(Keyence; Neu-Isenburg, Germany) using the BIOREVO software (Key-
ence) and the LIONHEART FX Live Cell Imager (Biotek Instruments
GmbH, Bad Friedrichshall, Germany) using the GEN5 software (Biotek).
Picture analysis was performed as previously described [36].

2.3. Cell lines and cell culture

The human PDEC lines H6c7-pBp (benign, non-tumorigenic) and
H6c7-kras (premalignant with limited tumorigenicity, both kindly
provided by M.S. Tsao, Ontario Cancer Institute, Toronto, Canada [37])
were cultured as described [8,18]. The human PDAC cell line Panc1
was obtained from ATCC (LGC Standards, Wesel, Germany) and cul-
tured as described [8,18]. The genotype of the cell lines was recently
confirmed by Short Tandem Repeat Analysis. The murine hepatic stel-
late cell line M1-4HSC, representing a physiologic liver microenviron-
ment and termed HSC, was cultured as previously described [8,38]. M-
HT cells, being termed HMF, result from long-term exposition of M1-
4HSC to 1 ng/ml TGFβ1 (BioLegend, Fell, Germany) and were cultured
as described [8,38]. The latter cells were used to model an inflamed
hepatic microenvironment.

2.4. Indirect coculture of hepatic stromal cells and PDECs

Using a transwell coculture system, indirect coculture of PDECs and
HSC or HMF, respectively, was conducted for 6 days as described pre-
viously [8]. In this former study, coculture experiments with human
PDECs and human hepatic stromal cells were performed, too, revealing
similar findings and underscoring the validity of the coculture model
[8].

2.5. SiRNA-mediated SDHB knockdown

One x104 PDECs/well were seeded in a 6-well plate and incubated
at 37 °C, 5% CO2 and 86% humidity for 24 h. Then, 12 μl HiPerFect
(Qiagen, Venlo, NL) and 1 μl of either SDHB siRNA (sc-44088 con-
taining three SDHB-specific 19–25 nucleotide siRNAs) or control
siRNA-A (sc-37007, both from Santa Cruz Biotechnology, Heidelberg,
Germany) were mixed and PDECs transfected following the manufac-
turer's protocol. After 8–12 h, medium was exchanged and coculture
started for 6 days.
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2.6. Determination of vital cell number

After detachment, cells were stained with trypan blue (Sigma-
Aldrich, Munich, Germany) and counted using a Neubauer counting
chamber. For quantification of vital cells, blue stained cells were ex-
cluded from counting.

2.7. Determination of senescence associated β-Galactosidase (SABG)
activity

To determine the number of quiescent/senescent PDECs, the
Senescence β-Galactosidase Staining Kit (Cell Signaling via New
England Biolabs, Frankfurt/a.M., Germany) was utilized according to
manufacturer's instructions.

Fig. 1. Screening of metabolic en-
zymes reveals higher SDHB-expres-
sion in PDECs after HSCe compared
to HMF-coculture. H6c7-pBp, H6c7-
kras or Panc1 cells were indirectly
cocultured (co) with HSC or HMF for 6
days and analyzed for expression of
the indicated proteins by western
blotting. HSP90 was used as loading
control. (A) Representative western
blots of 4–8 independent experiments
are shown. (B) Densitometry of SDHB
blots was performed using ImageJ.
Relative densities of bands of SDHB
expression were adjusted to the re-
spective loading control and compared
between HSCe or HMF-cocultured
H6c7-kras or Panc1 cells, respectively.
Results were normalized to HSC-co-
culture set as 1. Bars show
mean ± SEM of 8 independent ex-
periments in H6c7-pBp and H6c7-kras
and 6 independent experiments in
Panc1 cells. * = p < 0.05.
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2.8. Immunofluorescence stainings of cultured PDECs

After removal of the medium, siRNA transfected and cocultured
PDECs were washed in PBS and fixed with 4.5% paraformaldehyde for
15 min. Afterwards, cells were washed in PBS and permeabilized with
ice-cold methanol + 0.3% H2O2 for 10min at −20 °C. After washing in
PBS, cells were blocked in 4% BSA in PBS/0.3% Triton X-100 (PBS/T)
for 1 h at room temperature. Primary antibodies (Supplementary
Table 1) were diluted in 1% BSA in PBS/T and incubated at 4 °C

overnight. Then, cells were washed with PBS/T and incubated for 1 h at
room temperature with the respective secondary antibodies
(Supplementary Table 1) diluted in 1% BSA in PBS/T and Hoechst for
detection of nuclei. After washing in PBS, coverslips containing stained
cells were fixed on slides and covered with FluorSave reagent (Merck
Millipore, Darmstadt, Germany). Stainings were visualized using a BZ-
9000 fluorescence microscope (Keyence) and the BIOREVO software
(Keyence).

2.9. Western blotting

Preparation of whole cell lysates, electrophoresis and western
blotting were conducted as described [39,40]. Primary antibodies
(Supplementary Table 2) were incubated overnight at 4 °C and detected
by the respective HRP-linked secondary antibodies at room temperature
for 1 h. After washing in TBST, blots were developed with SuperSignal
West Dura Extended Duration Substrate (Perbio Sciences, Bonn, Ger-
many).

2.10. Colony formation assay (CFA)

CFAs of cocultured PDECs were conducted as described previously
[18]. Colonies consisting of more than 50 cells were considered as
colony and counted. Additionally, the morphology of each colony was
assessed as para-, mero- or holoclone representing increasing self-re-
newal capacity in this order [41,42].

2.11. Seahorse analysis

Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of PDECs were measured using the XF Cell Mito Stress Test Kit
on a Seahorse XFp Analyzer (both from Agilent, Santa Clara, USA).
Cartridges were hydrated with 200 μl XF Calibrant and XFp Miniplates
were coated using 50 μl poly-D-lysine (Sigma-Aldrich, St. Louis, USA)
overnight. The following day, 3.5× 104 of previously cocultured cells
were seeded and spun in XFp Miniplates using XF Base Medium (sup-
plemented with 10mM D-glucose, 1 mM L-glutamine and 1mM sodium
pyruvate) and incubated in a non-CO2 incubator at 37 °C for 1 h. The
measurement was started and 1 μM Oligomycin (Oligo), 0.5 μM car-
bonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) and
0.5 μM Rotenone/Antimycin A were sequentially injected at indicated
time points. Data were calculated by the XFp Analyzer software and
normalized to baseline OCR.

2.12. RNA isolation and RT-PCR

Total RNA was isolated with the total RNA kit peqGOLD (Thermo
Fisher Scientific) and subjected to reversed transcription making use of
the RevertAid First Strand cDNA synthesis kit provided by Fermentas
according to the manufacturer's instructions (Thermo Fisher Scientific).
Primer sequences are displayed in Supplementary Table 3. PCR ana-
lyses were performed in duplicates with a LightCycler 480 (Roche,
Mannheim, Germany) for a maximum of 50 cycles ending with a
melting curve analysis as quality control. For relative quantification of
mRNA levels CT-values of genes of interest were normalized to the re-
spective CT-value of the housekeeping gene GAPDH.

2.13. RNA isolation and RNA-sequencing

Sequencing libraries were created with the TruSeq Stranded Total
RNA Library Prep Kit from Illumina (San Diego, USA). Sequencing was
performed with the Illumina TruSeq SBS Kit (51 cycles) on the Illumina
HiSeq4000.

Fig. 2. PDECs display an increased oxidative metabolism in the presence
of HSC compared to HMF. H6c7-kras cells were indirectly cocultured (co) with
HSC or HMF for six days and then analyzed for real time oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) using the XF Cell Mito
Stress Test Kit on a Seahorse XFp Analyzer. (A) OCR during a course of 75min
modified by application of either Oligomycin, FCCP or Rotenone/Antimycin A.
One representative out of three independent experiments is shown. (B) OCR of
H6c7-kras cells cocultured with HSC was set as 1 and compared to HMF-co-
culture in terms of calculated basal respiration and reserve respiratory capacity.
Bars show mean ± SEM of three independent experiments. *** = p < 0.001.
(C) Metabolic phenotypes of differentially cocultured H6c7-kras cells char-
acterized by intensity ratio of OCR and ECAR. One representative of three in-
dependent experiments is shown.

A. Fabian, et al. Cancer Letters 453 (2019) 95–106

98



2.14. Generation of coculture condition-specific metabolic models

A generic genome-scale metabolic model of humans [43] served as a
template for a data-driven model derivation. Gene expression data from
PDECs after coculture with different hepatic stromal cells were used to
predict context-specific activity of metabolic networks reflecting the
metabolic state of the cell cultures in each condition. After checking the
consistency of the template model [44] a mixed-integer optimization
problem was solved to identify reactions which were part of flux dis-
tributions supported by highly expressed genes while avoiding fluxes
through reactions catalyzed by lowly expressed genes [45]. For each
cell type and each coculture condition an individual metabolic model
was derived. The simulation predicts activities for all metabolic reac-
tions in mmol/h. Activity values higher than zero indicate a predicted
activity. Values were considered to be low, when the predicted activity
was close to zero. Different levels of activity are quantitative [mmol/h]
and are therefore comparable.

2.15. Simulation of metabolism of HSCs, HMFs, and PDECs

Coculture condition-specific models were used for computational
growth experiments in line with the original experimental setup using
BacArena version 1.7 [46]. Nutrient availability was determined on

literature-based information on medium composition used in the re-
spective cocultures (see 2.4). For each experimental replicate, three
computational replicates were performed. The BacArena grid size was
set to 50× 50 with initially 50 cells per cell type and a simulation time
of 8 h per replicate.

2.16. Statistical analysis

Relationships between data from immunohistochemical stainings of
pancreatic tissues were categorized and compared between groups by
Fisher's exact test using SPSS 17.0 (IBM, Ehningen, Germany).
Statistical analysis of in vitro data was performed using SigmaPlot
Software 12 (Systat Software GmbH, Erkrath, Germany). The Shapiro-
Wilk test was used to test for normal distribution. Normally distributed
data were analyzed by two-tailed t-test (if not otherwise indicated).
Non-parametric data were analyzed by Mann-Whitney rank sum test.
Statistical analysis of exchanges and reaction activity in computational
models included the readout of the simulation which was substance
concentrations, produced and consumed substances and reaction ac-
tivity over time for each computational replicate. Significant differ-
ences between cultures of PDECs cocultured with HSC or HMF were
checked using a linear mixed-effect model. Reaction activity was con-
sidered as dependent variable and culture as fixed independent factor.

Fig. 3. SDHB determines cell growth behavior of PDECs. H6c7-kras or Panc1 cells were transfected with control siRNA (Ctrl) or SDHB siRNA (siSDHB) re-
spectively. After one day, indirect coculture (co) with HSC was started and PDECs were analyzed after six days. (A) Expression levels of SDHB were determined by
western blotting. HSP90 was used as loading control. Representative western blots of 5–6 independent experiments are shown. (B) Vital cell count of siSDHB
transfected PDECs was normalized to control transfected cells. Bars display median ± quartiles (Q0.75 as upper, Q0.25 as lower deviation) of 4 independent ex-
periments. (C,D) Percentage of SABG+ and Ki67 + PDECs were normalized to respective control transfected cells. Bars represent mean ± SEM of three independent
experiments. Representative images of SABG and Ki67 stainings are shown.
* = p < 0.05, ** = p < 0.01.
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Fig. 4. SDHB has minor impact on stemness properties of PDECs. H6c7-kras or Panc1 cells were transfected with control siRNA (Ctrl) or SDHB siRNA (siSDHB),
respectively. After one day, indirect coculture (co) with HSC was started and PDECs were analyzed after five days. (A) Expression of Nanog and Nestin was
determined by RT-qPCR and normalized to the house keeping gene GAPDH. Data are presented as n-fold mRNA expression with control siRNA transfected PDECs set
as 1. Bars display median ± quartiles (Q0.75 as upper, Q0.25 as lower deviation) of at least 3 independent experiments. (B) Shown are representative in vitro
immunofluorescence stainings of Nanog and Nestin. Hoechst was used as nuclei stain in H6c7-kras and Panc1 cells. (C) Number of colonies of PDECs transfected with
control siRNA being set as 1 and different colony forms (holoclone, meroclone, paraclone) presented as percentage of total colonies are shown. Bars show
mean± SEM of at least 4 independent experiments. (D) Representative images of PDEC colony formation are shown.
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Simulation times as well as replicates were considered as random ef-
fects. The model was fitted using the R package lme4 [47] and p-values
were calculated by likelihood ratio test against a control model without
the fixed effect of interest (i.e. HSC vs. HMF-culture). Screening of
scientific literature for gene-cancer associations was performed using
the semedico search engine [48]. P-values< 0.05,< 0.01 or< 0.001
were regarded as statistically significant and are indicated with aster-
isks (*, ** or *** respectively).

3. Results

3.1. Cell growth and metabolic status of H6c7-kras and Panc1 cells are
dependent on the hepatic microenvironment

The PDEC lines H6c7-kras and Panc1 exhibit a dormant cell status
(flattened morphology, Ki67-, SABG+, high pp38/pErk ratio) in the
presence of HSC compared to coculture with HMF [8]. In contrast, HMF
coculture promotes reversal of this quiescent phenotype and prolifera-
tion of PDECs underscoring the impact of the hepatic microenviron-
ment on growth behavior of disseminated PDECs and metastatic out-
growth in the liver [8]. To investigate whether these phenotypic and
functional alterations are associated with metabolic reprogramming,

the metabolic status of benign (H6c7-pBp), premalignant (H6c7-kras)
and malignant (Panc1) PDECs in response to different hepatic stromal
cells was analyzed by determining the expression of key enzymes of
glycolysis, PPP and OXPHOS. No differences with respect to Lactate
dehydrogenases A and B (LDHA/LDHB), Transaldolase (TALDO) and 6-
Phosphogluconate dehydrogenase (PGD) were detected in the three cell
lines when cocultered with either HSC or HMF (Fig. 1A). Transketolase
(TKT) was only less expressed in H6c7-pBp cells under HMF coculture
but not affected in the other cell lines. G6PD was slightly higher ex-
pressed in PDECs under HMF-coculture. Expression of Monocarboxylate
Transporter 4 (MCT4) being indicative for glycolysis was not altered by
the different coculture conditions. Most strikingly, premalignant and
malignant PDEC lines showed a clearly elevated SDHB expression in the
presence of HSC compared to HMF-coculture (Fig. 1A + B). Thus, low
proliferative activity of premalignant and malignant PDECs seemed to
be associated with enhanced SDHB expression under HSC-coculture. Of
note, in line with their malignant phenotype monocultured Panc1 cells
were characterized by a low SDHB expression compared to pre-
malignant H6c7-kras and benign H6c7-pBp cells (Supplementary
Fig. 1). To analyze whether stromal cell-mediated differences in SDHB
expression are indicative for an altered OXPHOS and mitochondrial
activity, oxygen consumption rate (OCR) in differentially cocultured

Fig. 5. Macrometastases in the liver of PDAC bearing KPC mice are characterized by a low SDHB expression but elevated Nestin expression compared to
micrometastases. Liver sections of mice harboring endogenous advanced PDAC (n= 5) were examined for the presence of micrometastases (lesion
diameter≤ 200 μm) and macrometastases (lesion diameter > 200 μm) by (A) HE-staining and (B_D) staining of Cytokeratin-19 (CK-19) to detect the tumoral
lesions, (B + D) SDHB and (C + D) Nestin. Hoechst was used as nuclei stain. A) Representative images of micro- and macrometastases in HE-stainings are shown. B)
Scoring of SDHB expression presented as median fluorescence intensity (MFI)/cell and C) Scoring of Nestin expression presented as number of Nestin + lesions. D)
Representative images of single stainings performed in serial sections from a micrometastasis (top, dotted line) and a macrometastasis (bottom) are shown.
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H6c7-kras cells was measured. In line with the elevated SDHB expres-
sion, HSC-cocultured H6c7-kras cells exhibited a significantly higher
basal OCR and responded much stronger to FCCP treatment compared
to cells after HMF-coculture, the latter showing a significantly higher
reserve respiratory capacity (Fig. 2A+B). Together with our previous
findings [8] these data suggest that PDECs when exposed to HSCs are
characterized by elevated SDHB expression along with an oxidative
phenotype (Fig. 2A + B) both being associated with a quiescent cell
status. In contrast, HMF-cocultured PDECs exhibited lower SDHB ex-
pression and a glycolytic phenotype (Fig. 2C) along with elevated cell
growth.

3.2. Downregulation of SDHB expression in HSC-cocultured H6c7-kras and
Panc1 cells leads to enhanced cell growth

In order to investigate whether enhanced SDHB expression is re-
sponsible for HSC-mediated alterations in PDECs, SDHB expression was
transiently downregulated by siRNA treatment before PDECs were co-
cultured in the presence of HSC. Along with the reduced SDHB ex-
pression (Fig. 3A), both, basal OXPHOS and reserve respiratory

capacity, were clearly diminished leading to a shift from an oxidative to
a more glycolytic phenotype (Supplementary Fig. 2A + B) comparable
to that acquired upon HMF-coculture (Fig. 2C). Furthermore, SDHB
knockdown significantly enhanced cell growth of both cell lines in-
creasing the numbers of vital cells 1.78-fold and 1.97-fold in HSC-co-
cultured H6c7-kras and Panc1 cells, respectively (Fig. 3B), being similar
to vital cell numbers observed after HMF-coculture (data not shown).
Moreover, the proportion of SABG + cells – indicative for a quiescent
phenotype - was reduced (Fig. 3C), while the proportion of proliferating
Ki67 + cells was enhanced (Fig. 3D), both effects being more pro-
nounced in H6c7-kras than Panc1 cells. These data indicate that HSCs
promote an enhanced SDHB expression along with an oxidative phe-
notype in PDECs conferring a quiescent cell state.

3.3. Downregulation of HSC-mediated SDHB expression in H6c7-kras and
Panc1 cells increases CSC-properties

It has been recently shown that CSC-properties of PDECs are
maintained and promoted by the hepatic microenvironment [18]. To
investigate whether SDHB expression level not only affects cell growth
but also CSC-properties in PDECs, HSC-cocultured H6c7-kras and Panc1
cells either transfected with control siRNA or SDHB siRNA were char-
acterized with respect to expression of the CSC-markers Nanog and
Nestin as well as self-renewal capacity. While no clear effect could be
observed on Nanog RNA and protein levels, Nestin expression was en-
hanced after SDHB knockdown, being more pronounced on protein
level and in H6c7-kras cells compared to Panc1 cells (Fig. 4A + B). In
line with the increased Nestin expression, SDHB suppression elevated
self-renewal capacity in both PDEC lines being more pronounced in
H6c7-kras cells than Panc1 cells leading to formation of more and
larger colonies (Fig. 4C + D). In detail, the number of H6c7-kras co-
lonies was increased 1.62-fold after SDHB knockdown compared to
control transfected cells. However, no alterations in the formation of
the different colony morphologies (holo-, mero- and paraclones) were
noticed in either cell line (Fig. 4C). These data indicate that the oxi-
dative metabolic phenotype of PDECs acquired under HSC coculture,
being sustained and characterized by SDHB expression, is associated
with an alteration in proliferative activity and CSC-properties.

3.4. Liver micrometastases of PDAC bearing KPC mice are characterized by
a higher SDHB expression and lower Nestin expression than
macrometastases

Liver micrometastases (< 200 μm) of tumor bearing KPC mice are
characterized by a low proliferative activity and surrounded by an
unobtrusive, HSCs containing liver micromilieu. In contrast,

Fig. 6. In silico predicted SDH activity in mono- and cocultured PDECs and
hepatic stromal cells. Predicted reaction fluxes of SDH in H6c7-kras and
Panc1 cells as well as HSC and HMF, each cultured under mono- and coculture
conditions are shown. Data are expressed as reaction activity (absolute mmol/
h). Simulation was performed in triplicates of three independent experiments.
* = p < 0.05.

Table 1
Significantly different reaction activities of distinct metabolic subsystems in H6c7-kras cells under HSC- and HMF-coculture. Significant differences between reaction
activities are shown for H6c7-kras cocultured (co) with HSC or HMF as mean log2 fold changes. Positive values indicate that H6c7-kras co HMF reaction activities are
higher compared to H6c7-kras co HSC and negative values vice versa. Simulation was performed in triplicates of three independent experiments.

Subsystem reaction name mean log2 fold
change

p-value bonferroni corrected

Citric acid cycle ACONT aconitase hydratase 4,75 5.276E-07
ACONTm aconitate hydratase, mitochondrial 3,93 5.452E-07
ICDHyrm Isocitrate dehydrogenase (NADP+), mitochondrial 3,60 1.202E-07
SUCD1m succinate dehydrogenase, mitochondrial −25,0 0.015

Glycolysis/gluconeogenesis ENO enolase 2,78 4.028E-05
FBA fructose-bisphosphate aldolase 3,75 0.04
GAPD glyceraldehyde-3-phosphate dehydrogenase 2,75 8.330E-05
PFK phosphofructokinase 3,75 0.04
PGK phosphoglycerate kinase 2,75 8.330E-05
PGM phosphoglycerate mutase 2,78 4.028E-05
PYK pyruvate kinase 3,02 3.216E-05
TPI triose-phosphate isomerase 3,26 0.003

Pentose phosphate pathway r0407 Sedoheptulose 1,7-bisphosphate D-glyceraldehyde-3-phosphate-lyase Carbon
fixation

3,26 0.023
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macrometastases (> 200 μm) exhibited a higher proportion of pro-
liferating Ki67 + tumor cells being located in an HMFs enriched mi-
croenvironment further supporting the view that HSCs promote a dor-
mant phenotype in disseminated PDAC cells [8]. To analyze whether
the in vitro identified association of reduced cell growth of PDAC cells
and enhanced SDHB expression in the presence of HSCs also applies in
situ, consecutive liver sections of KPC mice containing micro- and
macrometastases (Fig. 5A) were analyzed for SDHB expression. In ac-
cordance with our findings of an elevated SDHB expression in PDECS
under HSC-coculture compared to HMF-coculture (Fig. 1), micro-
metastases exhibited stronger SDHB expression compared to macro-
metastases (Fig. 5B + D). Furthermore, micrometastases exhibited low
to no Nestin expression, while considerable Nestin expression was ob-
served in 3/5 macrometastases (Fig. 5C +D) supporting our in vitro
findings of a CSC-suppressing role of SDHB in PDAC cells.

3.5. The hepatic microenvironment influences in silico SDH activity

To gain further insight into metabolic interactions of PDECs with
hepatic stromal cells, RNA-sequencing and differential gene expression
analysis were performed of mono- and cocultured H6c7-kras and Panc1
cells as well as mono- and cocultured HSC and HMF. Through mapping
of the expression data on a generic model of cellular metabolism and
subsequent simulation of the individual models in mono- and coculture,
metabolic activity was investigated in the individual cell types. In line
with the elevated SDHB expression (Fig. 1) and OCR (Fig. 2) experi-
mentally determined under these conditions, in silico data indicate that
predominantly H6c7-kras cells acquired a significantly higher SDH
activity in the presence of HSC compared to the presence of HMF
(Fig. 6). Thus, predicted activity of H6c7-kras cells was 0 when grown
together with HMF cells indicating that these cells exhibited no SDH
activity under these conditions. However, predicted activity was>0

Fig. 7. In silico modeling indicates that metabolic
subsystems significantly differ in H6c7-kras and
Panc1 cells under HSC- and HMF-coculture.
Significant differences between reaction activities
are shown for A) H6c7-kras cells and B) Panc1 cells
cocultured (co) with HSC or HMF as mean log2 fold
changes. Positive values indicate that H6c7-kras/
Panc1 co HMF reaction activities are higher com-
pared to H6c7-kras/Panc1 co HSC and negative va-
lues vice versa. Reactions are summarized in meta-
bolic subsystems citric acid cycle, glycolysis/
gluconeogenesis and pentose phosphate pathway.
For each subsystem standard deviation is shown and
relative point size indicates how many reactions with
significant difference have been detected in each
subsystem. Simulation was performed in triplicates
of three independent experiments.

Table 2
Significantly different reaction activities of distinct metabolic subsystems in Panc1 cells under HSC- and HMF-coculture. Significant differences between reaction
activities are shown for Panc1 cells cocultured (co) with HSC or HMF as mean log2 fold changes. Positive values indicate that Panc1 co HMF reaction activities are
higher compared to Panc1 co HSC and negative values vice versa. Simulation was performed in triplicates of three independent experiments.

Subsystem reaction name mean log2 fold
change

p-value bonferroni
corrected

Citric acid cycle CSm citrate synthase, mitochondrial 5,55 0.049
MDHm malate dehydrogenase, mitochondrial −1,94 0.002
r0384 2-oxoglutarate:[dihydrolipoyllysine-residue succinyltransferase]-lipoyllysine 2-

oxidoreductase (decarboxylating, acceptor-succinylating)
−28,27 1.06E-09

SUCOAS1m Succinate–CoA ligase (GDP-forming), mitochondrial −2,10 1.618E-05
SUCOASm Succinate–CoA ligase (GDP-forming), mitochondrial 1,50 0.005

Glycolysis/gluconeogenesis PYK pyruvate kinase −5,86 5.431E-10
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when cells were grown together with HSC pointing to a higher SDH
activity which is in line with our experimental data.

Moreover, HSC exhibited no considerable flux through SDH in
monoculture, whereas SDH activity was enhanced under coculture with
H6c7-kras cells. In contrast, cocultured HMF showed a lower SDH ac-
tivity compared to monocultured HMF. For Panc1 cells, no change in
SDH activity could be predicted. Overall, these data suggest that an
uninflamed hepatic microenvironment promotes SDH activity pre-
dominantly in premalignant PDECs with HSC being also characterized
by an elevated metabolic flux through SDH.

3.6. Activity in metabolic subsystems significantly differs in H6c7-kras and
Panc1 cells under HSC- and HMF-coculture

Next, we used computational growth experiments to simulate the
metabolism of each cellular population under the respective culture
conditions. Computational modeling predicted 13 significantly different
reaction activities in the metabolic subsystems citric acid cycle, glyco-
lysis and PPP in H6c7-kras cells cultured in the presence of HSC com-
pared to HMF-coculture (Table 1, Fig. 7A). The most significant change
was predicted in the activity of SDH in HSC-cocultured H6c7-kras cells
compared to HMF-coculture (−25 log2 fold change in reaction ac-
tivity). Moreover, H6c7-kras cells cocultured with HMF were predicted
to be significantly more glycolytic (Table 1, positive fold change in
reactions being involved in glycolysis) than after HSC-coculture con-
firming our experimental data (Fig. 2). Again, in line with the coculture
data (Fig. 1), significantly altered reaction activities in Panc1 cells in
dependence of different coculture conditions were predicted, too, albeit
less pronounced than in H6c7-kras cells (Table 2, Fig. 7B). Six altered
reaction activities in citric acid cycle and glycolysis were predicted with
2-oxoglutarate:[dihydrolipoyllysine-residue succinyltransferase]-li-
poyllysine 2-oxidoreductase (decarboxylating, acceptor-succinylating)
showing the strongest fold change in HSC-cocultured Panc1 cells
compared to HMF-coculture (−28 log2 fold change in reaction ac-
tivity). Supporting our experimental data, in silico modeling predicted
changes in the metabolism of PDECs in response to different hepatic
stromal cells and that the changes in the metabolism of premalignant
H6c7-kras cells seemed to be more pronounced than those of malignant
Panc1 cells.

4. Discussion

The liver is the primary target for metastasis formation in PDAC and
liver metastases are a major burden for PDAC patients essentially lim-
iting their overall survival [49]. Mechanistically, there is increasing
evidence for the prometastatic character of an inflamed liver micro-
environment [4–6]. Therein, HSCs play a pivotal role in supporting
colonization and tumor cell growth once they are activated and trans-
differentiated into HMFs by inflammatory signals. Even though an al-
tered metabolism is a hallmark of cancer, the influence of HSCs com-
pared to HMFs on the metabolism of disseminated PDECs is unknown.

To get further insight into these interactions we used a well-estab-
lished indirect coculture system with HSCs and HMFs, respectively, to
model the hepatic microenvironment under different inflammatory
conditions and H6c7-kras and Panc1 being two PDEC lines differing
with respect to PDAC-associated mutations. Using this model along
with two different in vivo PDAC mouse models we demonstrated that
HSCs promote a dormant phenotype in PDECs while the presence of
HMFs fosters the reversal of this quiescent phenotype and leads to a
proliferation boost of PDECs [8]. Extending these findings, the present
study demonstrates that premalignant and malignant but not benign
PDECs showed a clearly enhanced expression of SDHB in the presence
of HSCs compared to HMFs being more pronounced in premalignant
H6c7-kras cells than in Panc1 cells. Consistently, a significantly in-
creased OXPHOS was determined in HSC-cocultured H6c7-kras cells.
One explanation for the stronger effects in the metabolic adaptation of

H6c7-kras cells in response to the hepatic micromilieu could be that
these cells harbor fewer genetic alterations than malignant Panc1 cells
which determine the cell's fate and behavior. Thus, these premalignant
cells still exhibit a higher plasticity implying also metabolic adaptation
to the environmental conditions. Supporting our findings, a marked and
lasting decrease in SDH-activity in premalignant hepatic lesions could
be associated with a high risk for progression into hepatocellular car-
cinoma [50] while OXPHOS was decreased in prostate and PDAC cells
when exposed to tumor-associated fibroblast-derived exosomes [51].

Several studies suggest a role of SDHB as a tumor suppressor in
different tumor entities and a role as oncometabolite for its substrate
succinate [52–55]. Accordingly, siRNA-mediated SDHB knockdown in
HSC-cocultured PDECs led to a reduced SDHB expression along with a
significantly reduced OXPHOS compared to control transfected cells.
Furthermore, SDHB knockdown enhanced cell growth of PDECs and
diminished signs of quiescence under HSC-coculture leading to com-
parable cell growth as after HMF-coculture without SDHB knockdown
(data not shown). Intriguingly, the above mentioned studies [53–55]
also highlight an inverse correlation between SDHB expression and
cancer stemness such as self-renewal capacity. This is in line with our
observation that CSC-properties in HSC-cocultured PDECs increased
after SDHB knockdown predominantly exemplified by elevated colony
formation. Further supporting a metastasis-suppressing role for HSC-
associated SDHB expression, liver micrometastases of tumor bearing
KPC mice were characterized by a prominent SDHB expression and
almost undetectable Nestin expression while macrometastases ex-
hibited a converse expression profile. These data are also consistent
with the observation that Nestin knockdown significantly reduced for-
mation of liver metastases in a murine PDAC model [17].

However, the relation between SDH and OXPHOS activity and CSC-
properties particularly in the metastatic context remains still poorly
understood. Two studies described a high dependency on OXPHOS in
pancreatic CSCs because inhibiting OXPHOS depleted the CSC pool and
impeded outgrowth of tumor spheres [56,57]. Explanations for the
discrepant findings to our study might be: i) selective inhibition of the
tumor suppressor SDHB instead of general OXPHOS suppression dif-
ferentially impacts CSC-properties and tumor outgrowth or ii) different
CSC subsets as described for normal stem cells may exist (slow-cycling
versus fast-cycling stem cell populations [58]) which are differentially
dependent on SDH activity and OXPHOS.

To gain further insight into the metabolic adaptation process of
PDECs to the hepatic microenvironment, RNA-sequencing and compu-
tational modeling was used to simulate the metabolism of each cellular
population under different stromal conditions. The results supported
our experimental data by predicting a more oxidative phenotype under
HSC-coculture with elevated SDH activity and a more glycolytic phe-
notype in the presence of HMF. On the global metabolic scale, meta-
bolic modeling revealed not only changes in glycolytic and TCA cycle
activity, but also a pronounced change in the activity of several other
pathways that have been linked to cancer growth in a coculture-de-
pendent fashion (data not shown). Additionally, all seven significantly
changed reaction steps in glycolysis, predicted to be more active in
HMF-cocultured cells, have already been associated with cancer.
Especially phosphofructokinase was shown to be highly expressed in
liver tumors [59] as well as enolase [60], phosphoglycerate kinase [61],
glyceraldehyde-3-phosphate dehydrogenase [62] promoting tumor
growth and metastasis. Overall, these results support a global re-
modeling of a cancer promoting metabolism in response to the pro-
inflammatory environment promoted by HMF.

Our previous studies [8] and the present study suggest the following
role of the hepatic microenvironment in metastases formation in PDAC:
A physiological (non-inflamed) hepatic micromilieu, showing sig-
nificantly higher amounts of HSCs than HMFs, leads to elevated SDHB
expression and an oxidative metabolic phenotype in disseminated
PDECs thereby promoting a dormant stage. It has still to be elucidated
whether elevated SDHB expression is the cause or consequence of the
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metabolic adaption of PDECs to the liver stroma. Concomitantly, CSC-
properties are maintained but controlled by the metabolic phenotype of
PDECs that seems to be mechanistically linked to SDHB expression le-
vels, thus underscoring a role of a physiological liver micromilieu and
SDHB as a tumor suppressor. Aging or exposure to certain life style
factors such as alcohol leads to transdifferentiation of HSCs into HMFs
and thereby to a (smouldering) liver inflammation. As a consequence,
this inflammatory switch promotes the downregulation of the tumor
suppressor SDHB and the acquisition of a glycolytic phenotype in
PDECs thereby fostering proliferation, self-renewal abilities and out-
growth of visible metastases.
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