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Abstract The tumor environment contributes importantly
to tumor cell behavior and cancer progression. Aside from
biochemical constituents, physical factors of the environ-
ment also influence the tumor. Growing evidence suggests
that mechanics [e.g., tumor (stroma) elasticity, tissue pres-
sure] are critical players of cancer progression. Underly-
ing mechanobiological mechanisms involve among others
the regulation of focal adhesion molecules, cytoskeletal
modifications, and mechanosensitive (MS) ion channels
of cancer- and tumor-associated cells. After reviewing the
current concepts of cancer mechanobiology, we will focus
on the canonical transient receptor potential 1 (TRPC1)
channel and its role in mechano-signaling in tumor-asso-
ciated pancreatic stellate cells (PSCs). PSCs are key play-
ers of pancreatic fibrosis, especially in cases of pancreatic
ductal adenocarcinoma (PDAC). PDAC is characterized
by the formation of a dense fibrotic stroma (desmoplasia),
primarily formed by activated PSCs. Desmoplasia contrib-
utes to high pancreatic tissue pressure, which in turn acti-
vates PSCs, thereby perpetuating matrix deposition. Here,
we investigated the role of the putatively mechanosensi-
tive TRPCI1 channels in murine PSCs exposed to elevated
ambient pressure. Pressurization leads to inhibition of
mRNA expression of MS ion channels. Migration of PSCs
representing a readout of their activation is enhanced in
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pressurized PSCs. Knockout of TRPC1 leads to an attenu-
ated phenotype. While TRPCl-mediated calcium influx
is increased in wild-type PSCs after pressure incubation,
loss of TRPCI1 abolishes this effect. Our findings provide
mechanistic insight how pressure, an important factor of
the PDAC environment, contributes to PSC activation.
TRPC1-mediated activation could be a potential target to
disrupt the positive feedback of PSC activation and PDAC
progression.
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Abbreviations
ECM Extracellular matrix
IFP Interstitial fluid pressure

MDCK-F Madin—Darby canine kidney focus cells
MS ion channels Mechanosensitive ion channels

PDAC Pancreatic ductal adenocarcinoma
PSCs Pancreatic stellate cells

TME Tumor microenvironment

TRPC Canonical transient receptor potential
TRPV4 Transient receptor potential vanilloid 4
VSMC Vascular smooth muscle cells

aSMA a-Smooth muscle actin

Introduction

Mechanotransduction, the conversion of physical stimuli
into biochemical signals, plays an important role in many
physiological and pathophysiological processes. Examples
include proprioception, touch, hearing, sensation of blood
flow, and cell migration (Lee et al. 1999; Martinac 2004;
Lombardi et al. 2008). In addition to these physiological
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processes, biomechanics have been recognized to play a
role in tumor pathophysiology. Tumor tissues are consid-
erably stiffer than healthy tissues, which allows them to
be detected by palpation when examining a patient, and
which correlates with tumor cell survival and prolifera-
tion (Lu et al. 2012). Tumors are frequently characterized
by an abnormal deposition of extracellular matrix (ECM)
mediated by cancer cells, stromal fibroblasts, and immune
cells (Bhowmick et al. 2004; Orimo et al. 2005; Vonlaufen
et al. 2008a; Quante et al. 2011; Apte et al. 2013). Increas-
ing evidence suggests that altered tumor mechanics is an
important hallmark of cancer (Suresh 2007; Levental et al.
2009; Nagelkerke et al. 2015). In this paper, we will review
current aspects of tumor mechanics with special empha-
sis on the role of mechanosensitive ion channels in tumor
mechanosensing. We will focus on PDAC to accentuate the
relevance of biophysics in cancer biology and highlight the
role of TRPC1 channels in this system.

Matrix rigidity in cancer and fibroblast activation

The physical environment of tumors and their surround-
ing tumor microenvironment have become the subject
of intense research (Jain et al. 2014; Wei and Yang 2015;
Nagelkerke et al. 2015; Ivey et al. 2015). The increased
deposition of ECM proteins and the compression of the
interstitium arising from proliferating cancer cells and
tumor-associated fibroblasts lead to an increased stiffness
of the tumor. Matrix stiffening is not only the resulting
outcome of tumorigenesis, it is one of the contributing fac-
tors for tissue fibrosis and tumor formation (Levental et al.
2009). The physical properties of the tumor environment
have a major impact on tumor cells and contribute to their
malignant transformation. Culturing of A549 lung carci-
noma cells on stiff substrates provoked an enhanced transi-
tion to a mesenchymal phenotype as opposed to growth on
softer substrates (Tilghman et al. 2010). Another example
was shown in hepatocellular carcinoma cells, which prolif-
erate faster and are more chemotherapy-resistant when cul-
tured on a stiffer matrix (Schrader et al. 2011).

In addition to tumor cells, the surrounding stromal cells
also sense the altered mechanics. A correlation of matrix
rigidity and myofibroblast differentiation could be shown
for fibroblasts of various organs, e.g., lungs, heart, and
liver (Li et al. 2007; Quinlan and Billiar 2012; Rahaman
et al. 2014; Yong et al. 2015). Thus, hepatic stellate cells,
which represent the main hepatic myofibroblasts, are acti-
vated in response to the rigidity of the matrix (Olsen et al.
2011; Guvendiren et al. 2014). Sensing of substrate rigid-
ity involves actin stress fiber formation, integrin-mediated
signaling, and mechanosensitive ion channels signaling
at the focal adhesions (Koo et al. 2002; Kobayashi and
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Sokabe 2010; Jansen et al. 2015). In lung myofibroblast,
the matrix stiffness-dependent differentiation involves the
transient receptor potential vanilloid 4 (TRPV4) channel,
a known mechanosensitive ion channel of the TRP family
(Rahaman et al. 2014).

Pancreatic ductal adenocarcinoma

The starring role of the biomechanical microenvironment
is particularly evident in pancreatic ductal adenocarcinoma
(PDAC). Tumors of the exocrine pancreas account for over
95 % of all pancreatic cancers. PDAC is by far the most
frequent cancer of the exocrine pancreas (Matthaios et al.
2011). It is a highly aggressive malignancy with one of the
worst prognoses of all cancer types (Malvezzi et al. 2015).
Its lethal nature is in part due to the late onset of clinical
symptoms, the aggressive growth, and the rapid expansion
of distant metastases (Hidalgo 2010; Oettle 2014). PDAC
is characterized by abundant deposition of connective tis-
sue surrounding the tumor, a process called “desmoplasia”
(Apte et al. 2004; Vonlaufen et al. 2008b). The stroma can
form up to 90 % of the total tumor mass and contributes
to the marked chemo-resistance and to an extraordinar-
ily high tissue pressure (Erkan et al. 2012; Stylianopoulos
et al. 2012; Schober et al. 2014; Xie and Xie 2015). ECM
production in PDAC is mainly accomplished by pancreatic
stellate cells (PSCs). The ECM production of the PSCs
contributes in combination with other fibroblasts, mac-
rophages and immune cells to the formation of a so-called
tumor microenvironment (TME), which plays a critical
role in metastasis and tumor progression (Joyce and Pol-
lard 2009; Hanahan and Weinberg 2011). Tumor vessel
compression as well as solid stress and high interstitial
fluid pressure promote hypoxia and oxidative stress in
the PDAC and the surrounding TME (Koong et al. 2000;
Asaumi et al. 2007; Longo et al. 2016). Hypoxia, together
with paracrine stimulation and increased tissue pressure,
is a typical PDAC feature and promotes cancer cell prolif-
eration, survival and metastasis (Niizeki et al. 2002; Yokoi
and Fidler 2004; Biichler et al. 2004; Cohen et al. 2015).
The physical and biochemical properties of the TME (pres-
sure, ECM components, stiffness, acidity, hypoxia, growth
factors, and cytokines) in turn also contribute to PSC acti-
vation (Watanabe et al. 2004; Feig et al. 2012). However,
there are also recent reports showing a protective role of the
abundant stroma against PDAC progression (Ozdemir et al.
2014; Rhim et al. 2014). It is not yet clear, whether the des-
moplastic reaction is part of a defense mechanism by pro-
viding a barrier limiting the metastasis of the tumor cells
or whether the stroma drives and stimulates the aggres-
sive behavior and progression of pancreatic cancer (Von-
laufen et al. 2008a; Apte et al. 2013; Gore and Korc 2014).
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Stroma-targeted therapies have not yet been successful
(Neesse et al. 2015).

Pancreatic stellate cells

Pancreatic stellate cells (PSCs) reside in the periacinar and
periductal space of the pancreas and comprise ~4—7 % of all
pancreatic cells (Apte et al. 1998; Omary et al. 2007). They
are often compared with hepatic stellate cells (HSCs), the
major hepatic myofibroblast, mediating among others the
fibrotic reaction in liver injury. PSCs and HSCs share many
morphological and functional characteristics (Buchholz
et al. 2005; Moreira 2007; Kordes et al. 2009; Puche et al.
2013). PSCs exhibit two states, a quiescent and an activated
state (Bachem et al. 1998). Quiescent PSCs contain numer-
ous fat droplets with vitamin A and express desmin and
glial fibrillary acidic protein (Apte et al. 1998; Masamune
and Shimosegawa 2009). In healthy pancreas, PSCs mainly
contribute to tissue integrity and homeostasis by regulat-
ing the turnover of the extracellular matrix via secretion of
metalloproteinases and their inhibitors (Phillips et al. 2003).
Under pathological conditions, such as in PDAC or chronic
pancreatitis, PSCs convert to an activated, myofibroblast-
like phenotype. Activated PSCs lose their vitamin A drop-
lets and show an enhanced alpha smooth muscle actin
(aSMA) expression. The activation leads to an increase in
proliferative and migratory activity (Masamune and Shi-
mosegawa 2009). One characteristic property of activated
PSCs is the abundant production and secretion of extracel-
lular matrix components (Bachem et al. 2005; Masamune
and Shimosegawa 2009). The activation process is medi-
ated by a variety of soluble factors, like cytokines (Interleu-
kin-1, Interleukin-6, TNFa), growth factors (PDGF, TGF-
B, Activin A), ethanol and oxidative stress (Kikuta et al.
2006; Masamune and Shimosegawa 2009; Feig et al. 2012).
Potential sources of these factors can be pancreatic cancer
cells as well as activated macrophages, platelets, acinar
cells, endothelial cells, and PSCs themselves (Bachem et al.
2005; Vonlaufen et al. 2008a). These paracrine and auto-
crine interactions produce positive feedback of cross-stim-
ulation resulting in a perpetuation of PSCs activation and
disease progression (Apte et al. 1999; Mews et al. 2002).

Pressure in chronic pancreatitis and PDAC

The tissue pressure in desmoplastic areas of the chroni-
cally inflamed pancreas as well as in PDAC is significantly
higher than in healthy pancreas (Jalleh et al. 1991; Proven-
zano et al. 2012; Stylianopoulos et al. 2012). Values for
chronic pancreatitis are in the range of 30 mmHg, while
those for the healthy pancreas are ~10 mmHg (Madsen and

Winkler 1982; Bradley 1982; Manes et al. 1994). It was
proposed that desmoplasia and a fibrotic capsule ensheath-
ing the gland lead to a misbalance of main pancreatic duct
pressure (Karanjia et al. 1992). In murine PDAC models,
extraordinarily high pressures of ~100 mmHg (intersti-
tial fluid pressure, IFP) were measured within the tumors.
IFP measurements were performed with a piezoelectric
pressure transducer in pancreata of normal mice and in a
genetic autochthonous PDAC mouse model (Provenzano
et al. 2012). In addition to elevated IFP within the tumor,
growth-induced solid stress from proliferating cancer
cells and cancer-associated fibroblasts contributes to the
mechanical microenvironment (Stylianopoulos et al. 2012).
High tissue pressures in PDAC were either ascribed to ele-
vated interstitial fluid pressure (IFP) or to growth-induced
solid stress (Provenzano et al. 2012; Stylianopoulos et al.
2012). While the cause of the high-pressure in PDAC is
discussed controversially (Provenzano et al. 2012; Chauhan
et al. 2014; DelGiorno et al. 2014) its presence is not ques-
tioned and has important implications for therapy resist-
ance of PDAC. The elevated pressure in PDAC precludes
its effective perfusion and thereby greatly diminishes its
accessibility by chemotherapeutic drugs.

PSCs can be directly activated by pressure, and on the
other hand increased tissue pressure is one of the pre-
dominant factors promoting the fibrotic response of PSCs
(Watanabe et al. 2004). The exact mechanisms of pressure-
induced PSC activation and pressure sensation are largely
unknown. In general, two mechanisms of pressure-induced
PSC activation are discussed: (1) pressure-mediated activa-
tion of p38 MAPK signal transduction leads to an increased
proliferation of PSCs (Watanabe et al. 2004). Interestingly,
risk factors of pancreatic cancer, like ethanol and acetalde-
hyde, also activate p38 MAPK signaling pathways mediat-
ing cell growth and differentiation (Masamune et al. 2002;
Kikuta et al. 2004; Masamune and Shimosegawa 2009).
p38 MAPK activity is responsible for aSMA expression
in PSCs, a prominent marker for activation, and could
also be shown in hepatic stellate cells (Reeves et al. 2000;
Watanabe et al. 2004; Novo et al. 2014). (2) Pressure also
stimulates TGF-$ secretion of PSCs, which is in line with
findings in hepatic stellate cells and consistent with an
autocrine pressure-mediated PSC activation (Sakata et al.
2004; Watanabe et al. 2004). Increased TGF-p levels could
also be detected in patients with chronic pancreatitis (Sri
Manjari et al. 2012). Nevertheless, the mechanisms of
mechanosensing in PSCs are still elusive.

Mechanosensing

Sensing of the mechanical changes of the microenviron-
ments involves intra- as well as extracellular components.
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The mechanosensing is based on (1) integrins, and (2) their
interaction with the ECM, (3) the intracellular cytoskeleton
and (4) mechanosensitive ion channels, which are all inte-
grated in various intracellular signaling cascades (Hytonen
and Wehrle-Haller 2015; Jansen et al. 2015). Being mecha-
nosensitive switches, MS ion channels convert mechani-
cal stimuli attaining the cell membrane (pressure, stretch,
shear) into electrical and biochemical signals, which affect
the cellular and physiological reactions. Several members
of the transient receptor potential (TRP) family have been
identified to mediate a variety of mechanosensory pro-
cesses (Tobin et al. 2002; Sidi et al. 2003; Christensen and
Corey 2007).

TRPC channels

Channels of the canonical transient receptor potential
(TRPC) family have been implicated in a variety of sen-
sory systems, including mechano-signaling (Lin and
Corey 2005; Christensen and Corey 2007; Gottlieb et al.
2008). TRP channels have the molecular architecture of
voltage-gated cation channels, with a tetrameric organi-
zation, each subunit having six transmembrane domains.
In addition to chemical parameters (pH, osmolarity,
ligand interaction) which affect TRPC channel activ-
ity, the family of TRPC ion channels was also attributed
to mechano-signaling functions (Minke and Cook 2002;
Maroto et al. 2005; Lin and Corey 2005; Spassova et al.
2006; Christensen and Corey 2007; Gottlieb et al. 2008).
The mechanical force can activate the TRPC channels
directly by sensory stimuli or indirectly via a variety of
second messengers (Liu and Montell 2015). TRPC6 chan-
nels were proposed to be activated by mechanically and
osmotically induced membrane stretch (Spassova et al.
2006). In parallel, TRPC6 is also activated via Phospho-
lipase C and diacylglycerol (Vazquez et al. 2004; Dietrich
and Gudermann 2014).

TRPCI1 channels

TRPC1 was the first identified member of the mammalian
TRPC family, forming a cation channel (Zitt et al. 1996).
TRPCI1 can function as a homotetrameric cation channel
(Minke and Cook 2002) and is also able to heteromultim-
erize with TRPC3, TRPC4, TRPCS5, and TRPC6 as well
as TRPP2 and TRPV4 (Hofmann et al. 2002; Gottlieb
et al. 2008; Patel et al. 2010; Ma et al. 2011). The role of
TRPC1 as mechano-sensitive channel has been the sub-
ject of controversial debates (Beech et al. 2003; Vazquez
et al. 2004; Maroto et al. 2005). Initially, it was reported
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that overexpression of TRPCI1 in frog oocytes increased the
number of stretch-activated ion channels in patch-clamp
recordings (Maroto et al. 2005). The same authors showed
that TRPC1 anti-sense treatment was able to reduce the
stretch-induced channel activity. However, subsequent
studies were not able to reproduce these findings. Dietrich
and colleagues showed that pressure-induced constric-
tion of cerebral arteries (Bayliss effect) was not altered in
TRPC1-deficient mice (Dietrich et al. 2007). Additionally,
the effect on MS ion channel activity after overexpression
of human TRPC1 in COS cells was remarkably lower (ten-
fold increase compared to mock control) than the 1.000-
fold increase achieved with an activation of the mechano-
sensitive K,p channel (Gottlieb et al. 2008). Interestingly,
the same authors showed a different localization pattern
of TRPC1 in different cell lines and systems. TRPC1 was
barely detectable in the plasma membrane of COS and
CHO cells, but instead accumulated in the membrane of
the endoplasmic reticulum (Hofmann et al. 2002; Gottlieb
et al. 2008). In comparison, TRPC1 expression in oocytes
(with a TRPC1-mediated response to mechanical force)
was located in the surface membrane (Gottlieb et al. 2008).

On the other hand, numerous studies performed in dif-
ferent organ systems and cell types clearly showed that
TRPCI1 channels are part of mechano-signaling cascades.
Thus, TRPC1 was proposed to be a critical component of
(1) biomechanical signaling in the heart underlying the
development of pressure-induced heart failure and hyper-
trophy (Seth et al. 2009; Eder and Molkentin 2011), (2)
mechanotransduction in primary afferent sensory neurons
(Garrison et al. 2012) as well as (3) in dorsal root ganglion
neurons (Staaf et al. 2009), and (4) stretch-activated ion
channels in the larval bullfrog skin (Hillyard et al. 2010).
(5) A role of TRPCI in mechano-signaling during cell
migration could be shown by Fabian and colleagues. The
migration of siTRPC1 Madin-Darby canine kidney focus
cells (MDCK-F) and synoviocytes from TRPCI1~/~ mice
has a reduced directionality and attenuated calcium tran-
sients following mechanical stretch (Fabian et al. 2012).
(6) TRPC1 links the outgrowth of spinal axons to substrate
rigidity (Kerstein et al. 2013). The reasons underlying the
apparent discrepancies with respect to the mechanical reg-
ulation of TRPCI are not yet known. Possibly, a varying
subunit composition depending on the background of the
respective cell type may account for the differential results
of studies addressing the putative mechano-sensitivity of
TRPCI1 channels.

In our study, we show that TRPC1 channels are part of
the mechanisms causing pressure-induced activation of
murine PSCs. Our findings suggest that TRPC1 channels,
by mediating the pressure-induced activation of PSCs, con-
tribute to the perpetuation of PSC activation in PDAC.
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Results and discussion

Altered mRNA expression of different mechanosensitive
ion channels in response to exposure to elevated
pressure

To test the effect of increased pressure on ion channel
expression levels in PSCs, cells were pre-incubated for 24 h
under elevated pressure (100 mmHg) inside a humidified
pressure chamber. mRNA expression of different putatively
mechanosensitive ion channels (TRPM7, TREK1, TRPV4,
PIEZO1, and TRPC1) were analyzed by means of qPCR
under control conditions and following pressurization in
WT and TRPC1-KO cells. TRPM7 is a known mechano-
sensitive member of the TRP family, which has been linked
to mediating the calcium (and magnesium) influx into
fibroblasts in response to increased membrane tension (Wei
et al. 2009; Ryazanova et al. 2010; Kuipers et al. 2012)
and to pressure loading in mesenchymal stem cells (Xiao
et al. 2015). TREK1 is a member of the two-pore domain
(K,p) KT channel family and is one of the first molecularly
identified stretch-activated mechanosensitive channel in
mammals (Patel et al. 1998; Enyedi and Czirjak 2010). It is

directly sensitive to membrane tension (Berrier et al. 2013).
TRPV4 was shown to be activated by osmotic stimuli caus-
ing cell swelling and to participate in sensation of pressure
and nociception (Liedtke et al. 2000; Suzuki et al. 2003).
Likewise, mechanically activated TRPV4 mediates cal-
cium influx at focal adhesions by indirectly interacting with
B1 integrins (Matthews et al. 2010). In tumor vessels, the
downregulation of TRPV4 channels was shown to result in
aberrant mechano-signaling of tumor endothelial cells in
response to the extracellular matrix. The resulting abnor-
mal angiogenesis was linked to tumor progression (Ada-
pala et al. 2015). PIEZO1 has been identified as a member
of a novel class of mechanosensitive channels, albeit it is
still unknown whether Piezol proteins are pore-forming
ion channels or modulators of neighboring ion channels
(Coste et al. 2012; Volkers et al. 2015).

All of these channels (TRPM7, TREKI1, TRPV4,
PIEZOI1, and TRPCI1) are expressed in primary murine
PSCs with PIEZO1, TRPM7, and TRPCI being the
most abundant ones when normalized to HPRT expres-
sion (see Fig. 1a). TRPC1-KO leads to marked changes
of their mRNA expression when compared to WT PSCs
(see Fig. 1b—d). Expression of Trpm7, Trpv4, and Trekl
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Fig. 1 mRNA analysis of mechanosensitive ion channels in WT
and TRPCI-KO PSCs. mRNA expression of different putatively
mechanosensitive ion channels (TRPM7, TREK1, TRPV4, PIEZO1,
TRPC1) was evaluated in PSCs from WT and TRPC1-KO mice. a All
of these channels are expressed in murine PSCs. b—e Under control
conditions (white panel) TRPC1-KO leads to an increased mRNA
expression of Trekl (b), Trpm7 (c¢), and Trpv4 (d) when compared

WT KO WT KO

WT KO WT KO

to WT PSCs. After pressure incubation (grey panel), expression of
Trpm7, Trpv4, Piezol, and Trpcl is reduced in WT. In TRPC1-KO,
only mRNA expression of Trpv4 is significantly reduced after pres-
sure incubation. Expression levels were normalized to WT controls
and are shown relative to mRNA expression of the housekeeping
gene Hprt (n = 4; *p < 0.05 vs. WT control)
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is significantly increased in TRPC1-KO cells under con-
trol conditions. Thus, it appears as if knock-out of TRPCI
is compensated for by elevated expression levels of other
mechanosensitive ion channels. Expression coupling
between different TRP channels was also observed in
vascular smooth muscle cells (VSMCs) in which siRNA-
mediated downregulation of TRPC1 is accompanied by
increased TRPC6 expression (Selli et al. 2009). Conversely,
in VSMCs of TRPC6-deficient mice TRPC3 channels are
upregulated (Dietrich et al. 2005). Therefore, it is not unex-
pected that TRPC1 deficiency leads to altered expression of
alternative mechanosensitive ion channels in PSCs.

Pressurization of PSCs causes a drastic inhibition of the
ion channel mRNA expression in both genotypes (except
for Trekl in WT and Piezol in TRPC1-KO). In WT cells,
expression of 7rpcl mRNA is reduced after pressure incu-
bation (see Fig. 1f). Similarly, the upregulation of Trpv4,
Trpm7, and Trekl is reversed in TRPC1-KO PSCs. It can
be speculated that the presumed activation of mechanosen-
sitive ion channels by elevated pressure induces negative
feedback on their mRNA expression levels to reduce the
number of activated ion channels in the plasma membrane.
To test this hypothetical scenario, future studies will have
to combine pressure incubation with simultaneous damp-
ening of, e.g., intracellular calcium signaling in PSCs, for
instance by using the calcium chelator BAPTA. Alterna-
tively, channel blockers could be applied that would also
impair TRP channel-mediated monovalent cation influx
into PSCs.

Pressure leads to enhanced migration of PSCs

Activation of quiescent PSCs in chronic pancreatitis or
PDAC leads to an increased recruitment and migration of
PSCs. Therefore, migration represents a suitable param-
eter to analyze pressure-induced activation of PSCs and the
role of TRPC1 played therein. The role of mechanosensi-
tive calcium channels in PSC activation and migration is
still elusive. However, there is accumulating evidence for
an involvement of mechano-sensitive ion channels in cell
migration obtained in other cell types. Thus, TRPC1 knock-
down and knock-out lead to an impaired directionality of
migrating MDCK-F cells and synoviocytes, respectively
(Fabian et al. 2012). Likewise, reduced TRPV4 expres-
sion in tumor-derived endothelial cells from transgenic
adenocarcinoma mice lead to an abnormally high migration
velocity and impaired substrate mechanosensitivity (Ada-
pala et al. 2015).

We analyzed the impact of TRPC1 knockout in PSCs
after pressure incubation on cell migration. Figure 2a—d
depicts trajectories of individual WT and TRPC1-KO PSCs.
Under control conditions, translocation of WT and TRPC1-
KO PSCs is not different (Fig. 2a, b; WT: 43.4 £ 3.1 vs.
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Fig. 2 Migration of PSCs from WT and TRPCI1-KO mice after
pressure incubation. a—d Singe cell trajectories are normalized to
common starting points and mean translocation is indicated by the
radius of a circle. Under control conditions, translocation of WT and
TRPC1-KO PSCs does not differ (a and b). Pressure incubation sig-
nificantly increases the translocation only of WT PSCs (¢ and d). e
Additionally, migration velocity is significantly higher in WT than in
TRPCI1-KO after pressurization, most notably 2—6 h after pressure
incubation (N = 5, n = 20; *p < 0.05 WT vs. KO after pressure)

KO: 44.8 + 4.9 um). Pressurization accelerates migration
of WT PSCs by 29 % (Fig. 2c; mean translocation WT:
55.6 £ 6.8 um). This stimulatory effect of the pressuriza-
tion is strongly attenuated in TRPC1-KO PSCs. Transloca-
tion of pressurized TRPC1-KO PSCs is not different from
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Fig. 3 Calcium influx in WT and TRPC1-KO PSCs after pressure
incubation. a, b Representative graphs showing the relative fluores-
cence intensity (Fsgs5[%]) of Fura-2 AM loaded PSCs. After addition
of Mn** (dashed line), quenching of the Fura-2 AM signal could be
observed. The corresponding mean slope Am(Fj4s/t) was calculated,
with m/ representing the slope under control conditions and m2 that

that of TRPC1-KO control cells (Fig. 2d; mean transloca-
tion TRPC1-KO: 51.8 £ 6.8 um). In Fig. 2e, we analyzed
the time course of migration speed following pressuriza-
tion. The speed increases in both genotypes, however, it is
significantly higher in WT compared to TRPC1-KO PSCs,
which is particularly evident 2—6 h after pressurization (see
Fig. 2e).

Effects of pressurization could also be shown in
VSMCs, where pressure pre-incubation (72 h, 180 mmHg)
leads to a significant increase of VSMCs migration on dif-
ferent matrices (Onoue et al. 2008). It was also shown that
exposure to pressure leads to an increase of the intracel-
lular calcium concentration in VSMCs (Hishikawa et al.
1994). Lung cancer cells also respond with increased
migration to pressurization (Kao et al. 2014). The authors
postulated that cancer cells must cope with the increased
interstitial fluid pressure within tumors and therefore
adapt to the increasing pressure for initial invasion steps.
Pressure-induced lung cancer cell migration was proposed
to be accelerated because of an increased expression of
aquaporin 1, which has been linked to cell migration in dif-
ferent cell types (Papadopoulos et al. 2008; Schwab et al.
2012; Kao et al. 2014). In PSCs, we can link the effect of
accelerated migration after exposure to enhanced pressure
to TRPC1 channels. Loss of TRPC1 leads to an attenuated
reaction to enhanced pressure.

Loss of TRPC1 channels leads to reduced calcium
influx after pressure incubation

Based on the attenuated increase of migration of pressur-
ized TRPC1-KO PSCs (see Fig. 2) and the known impor-
tance of calcium in this process (Schwab et al. 2012), we

after Mn?* application. The Mn>** quenching was performed in con-
trol cells (grey line) and in pressurized PSCs (black line). ¢ Pressure
incubation leads to an increase of calcium influx into WT PSCs. In
contrast, calcium influx of TRPC1-KO is not affected by pressuriza-
tion (b). Mean change of the slope was normalized to control condi-
tions (HEPES/Ringer solution; N = 4, n = 29-49; p < 0.05)

tested whether pressurization induces calcium influx into
PSCs and whether this is TRPCI-dependent. Calcium
influx was measured by employing the Mn>* quench
method. The slope of the Mn>*-induced decrease of the
Fura-2 fluorescence was taken as a surrogate of calcium
influx (Merritt et al. 1989; Lindemann et al. 2013). Fig-
ure 3a, b shows original recordings from individual WT
and TRPC1-KO PSCs. While calcium influx is increased in
pressure incubated WT PSCs (Fig. 3c), this is not the case
in TRPC1-KO PSCs.

Conclusion and model

Elevated pressure leads to a significant activation of murine
PSCs. This could be validated by quantifying different acti-
vation parameters (migration, calcium signaling). Pressure
incubation was performed at A + 100 mmHg above atmos-
pheric pressure, representing an elevation of only ~13 %.
Accordingly, pH changes caused by pressure-induced
alterations of pCO, were negligible. The fact that PSCs
respond to these small changes points to the sensitivity of
the mechanosensation in PSCs. Nevertheless, the question
is how this isotropic force can lead to mechano-signaling in
nearly uncompressible cells. The effect of isotropic hydro-
static pressure can be explained in different ways: (1) pres-
sure within a constant (cell) volume will lead to changes in
thermodynamics. According to the model of cellular tenseg-
rity, it can affect the cytoskeleton and impair the balance
between contractile filaments and extracellular tethering
sites to the ECM, leading to changes in mechano-signaling
(Myers et al. 2007; Ingber et al. 2014). (2) Elevated pres-
sure leads to changes in the lipid bilayer membrane (e.g.,
increased membrane bending rigidity, increase of gel-like
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states of the membrane, stronger lipid chain ordering) and
can directly affect the membrane-bound proteins like ion
channels or transporters (Scarlata 2005; Skanes et al. 20006;
Purushothaman et al. 2015). The influence of pressure on the
plasma membrane could be shown in different high-pressure
approaches (480 MPa) (Brooks 2014; Winter 2015; Purush-
othaman et al. 2015), as well as under physiologic, isotropic
pressurization (+310 mmHg) (Nirmalanandhan et al. 2015).
Our results are consistent with the idea, that pressure
contributes to activation of TRPCI1 channels and leads
to calcium influx into PSCs. This in turn affects the acti-
vation of PSCs and their cell behavior such as migration.
Therefore, we propose that TRPC1 channels contribute to
pressure-induced activation of PSCs. Calcium-dependent
differentiation of cardiac fibroblast was linked to TRPM7
or TRPV4 channel activation (Du et al. 2010; Adapala
et al. 2013). By forming heteromers with TRPV4 channels
TRPC1 also participates in calcium signaling of vascu-
lar endothelial cells (Ma et al. 2011). Homomeric TRPC1
channels did not seem to be functional, so that their role in
functional heteromeric channel complexes with other mem-
bers of the TRPC family or TRPV4/6 is more likely (Storch
et al. 2012; Dietrich et al. 2014). Along these lines, TRPC1
could be viewed as a pressure-activated subunit of het-
eromeric mechanosensitive ion channels. To elucidate the
details of the TRPC1-mediated pressure sensing and subse-
quent signal transduction, will be the aim of future studies.
The activation of WT PSCs after pressurization may be
linked to TRPCl-dependent cytokine signaling in these
cells. In TRPC1-deficient mice cytokine production (e.g.,
KC) in both alveolar macrophages and lung epithelial cells
is reduced in response to bacterial infections (Zhou et al.
2015). A similar mechanism is also conceivable for the
activation of pressurized PSCs, since it is well known that
they are an abundant source of growth factors and cytokines
causing an autocrine activation (Shek et al. 2002; Bachem
et al. 2005). Along these lines the impaired activation of
pressurized TRPC1-KO PSCs would be a consequence of
reduced cytokine production (Bachem et al. 2006; Apte and
Wilson 2012). TGF-f potently stimulates matrix secretion
by PSCs (Schneider et al. 2001; Shek et al. 2002). Interest-
ingly, both TRPV4 as well as TRPC1 channels are involved
in TGF-B signaling pathways (Dong et al. 2010; Song
et al. 2014). These studies and our findings are consistent
with our idea proposed earlier that TRP channels in tumor
stroma cells fulfil important sensor and effector functions
in the tumor microenvironment (Nielsen et al. 2014). The
contribution of TRPC1 channels to pressure sensing in
PSCs combined with a potential role in cytokine secretion
could thereby make them a target to disrupt the positive
feedback induced by pressure-induced activation of PSCs.
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Materials and methods
Animals

Primary pancreatic stellate cells were used for all experi-
ments. They were isolated from 8 to 12-week-old male/
female 129Sv/C57BL/6J WT and TRPCI1-KO mice
(Dietrich et al. 2007). Experimental protocols were
approved by the local committee for animal care.

Reagents

Chemicals were obtained from the following sources:
DMEM/F12, RPMI 1640 and laminin were purchased from
Sigma Aldrich (Steinheim, Germany). FCS Gold from was
purchased from GE-Healthcare (Little Chalfont, UK), col-
lagen I and penicillin/streptomycin were from Biochrom
(Berlin; Germany). Gey’s balanced salt solution (GBSS)
was from Pan-Biotech GmbH (Aidenbach, Germany).
Collagen III, collagen IV and fibronectin were purchased
from BD Biosciences (Franklin Lakes, US), collagenase P,
Reverse Transcriptase Assay and LightCycler® 480 SYBR
Green I master mix were from Roche Applied Science
(Mannheim, Germany). Fura-2 AM and DNase was pur-
chased from Thermo Fisher Scientific (Waltham, USA) and
TRI-reagent from Gibco (Darmstadt, Germany). All cell
culture dishes and flasks were obtained from Corning (New
York, USA).

Isolation of murine PSCs

Isolation of primary PSCs from murine pancreata was per-
formed in a modified procedure as described previously
(Haanes et al. 2012). Mice were sacrificed by isoflurane
treatment and subsequent cervical dislocation. The pan-
creas was removed and briefly washed in cold balanced
salt solution (GBSS) before homogenization. Pancreas
homogenates were then transferred to 3 ml GBSS with
0.1 % collagenase P and incubated at 37 °C for 25 min on a
shaker. After resuspending and adding GBSS to a final vol-
ume of 8 ml cells were centrifuged (8 min, 220 x g), resus-
pend in cell culture media (DMEM/F12, 10 % FCS-Gold,
1 % penicillin/streptomycin, supplemented with 14.3 mM
NaHCO;, pH 7.2) and seeded on to a pre-coated tissue cul-
ture dish (coated with FCS-Gold). Cells were incubated
for 2 h in the incubator, with subsequent forceful washing
steps with warm culture media. After each washing step
cells were observed under the microscope to ensure optimal
purity. Freshly isolated PSCs were incubated for 5-6 days
until first passaging. Cells were used for experiments after
two passages.
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Pressure-incubation

Incubation of PSCs was performed in a custom-made
pressure chamber for 24 h at 100 mmHg above ambient
atmospheric pressure (~760 mmHg). To this end, a Plexi-
glas chamber was used fitting into a standard cell culture
incubator. Pressurization with the humidified incubator
atmosphere containing 5 % CO, was achieved with an
air pump system and was monitored continuously with a
digital barometer. Pressure controls were also incubated
in the pressure chamber, but at atmospheric pressure
(~760 mmHg). Increasing the partial pressure of CO, in
the chamber by 13 % is theoretically expected to decrease
pH by A0.06 (14.3 mmol/l NaHCO; in cell culture media,
5 % CO, with aco, = 0.0307 mmol/L * mmHg (Burnett
and Noonan 1974)). Experimentally, we found no sig-
nificant differences (control: pH = 7.16 £ 0.04; pressure:
pH=7.23+0.05; n=38).

Quantitative real-time PCR (qPCR)

Total RNA was isolated from control cells and pressure-
incubated PSCs from wild-type and TRPCI-KO mice
using TRI reagent and subsequent DNase incubation.
Total RNA (1 pg) was used for reverse transcription
with the Reverse Transcriptase Assay. Isolated cDNA
was diluted to a total volume of 100 pl. For qPCR anal-
ysis, 2 ul cDNA template was used in combination with
the LightCycler® 480 SYBR Green I Master Mix in a
LightCycler® 480 System. Sequences of the used primer
pairs (10 pM) are listed in Table 1. qPCR reaction was
performed at 60 °C annealing temperature for 45 cycles.
qPCR experiments were done in cooperation with the
Institute of Pharmacology and Toxicology (University of
Miinster, Germany).

Table 1 List of primers used for gPCR

Migration experiments

The migration of PSCs was recorded with time-lapse
video microscopy, as described previously (Schwab et al.
2003). PSCs were seeded in tissue culture flasks (12.5 cm?,
~27.000 cells per flask) coated with a matrix whose compo-
sition mimics desmoplastic regions in PDAC. Its composi-
tion is shown in Table 2. Polymerization of the desmoplas-
tic matrix was done overnight in the tissue culture incubator
prior to seeding PSCs. Pressure incubation and control
treatments were performed with PSCs already seeded in
matrix-coated tissue culture flasks. Flasks were sealed
immediately after incubation and transferred to preheated
(37 °C) microscopy chambers. Cell migration was recorded
for 6 h at 5-min intervals using time-lapse video micros-
copy. The outlines of migrating PSCs were segmented with
the Amira Imaging Software Version 2.2 (Template Graph-
ics Software, Mercury Communication Systems, Carlsbad,
CA, USA), a self-made Java program and the National
Institutes of Health Image] Software (http://rsb.info.nih.
gov/ij/). Based on segmented cell contours, we calculated

Table 2 Composition of 2D matrix for migration experiments

End concentration %
RPMI 5x 10.4 g/l
HEPES 10x 10 mmol/l
NaOH pH7.4
Laminin 40 pg/ml 4.46
Fibronectin 40 pg/ml 4.46
Collagen IV 5.4 pg/ml 0.602
Collagen III 12 pug/ml 1.34
Collagen | 800 pg/ml 89.15

Adjusted to pH 7.4 with 1 M NaOH

Name Forward primer Reverse primer Size
HPRT 5’-ATGAGCGCAAGTTGAATCTG-3' 5'GGACGCAGCAACTGACATT 3’ 161
Accession: J00423.1

TRPM7 5'-TTCACTCGGTGCAAGCAGA-3’ 5'-GGTACACTGTGACAGGCTCG-3' 285
Accession: NM_021450.2

PIEZO1 5'-ATCGCCATCATCTGGTTCCC-3/ 5’-CTAGCTTGAGGGTGACGGTG-3/ 100
Accession: HQ215520.1

TREK1 5-TGCTGCATGCCTCATGCTT-3’ 5’-CTGAGCAGCAGACTTGGGAT-3' 100
Accession: NM_001159850.1

TRPV4 5""TCCTGAGGCCGAGAAGTACA-3' 5’-TCCCCCTCAAACAGATTGGC-3’ 166
Accession: NM_022017.3

TRPC1 5'-GCAACCTTTGCCCTCAAAGTG-3' 5'-GGAGGAACATTCCCAGAAATTTCC-3' 234

Accession: XM_006511053 (Liu et al. 2007)
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parameters such as migratory velocity (in um/min) and
translocation (in um). Migration was defined as the move-
ment of the cell center as a function of time. Mean translo-
cation represents the net distance covered during the whole
experiment.

Measurements of calcium influx into PSCs

For measurements of calcium influx, PSCs were pre-
incubated for 30 min with DMEM/F12 containing 3 uM
of the calcium-sensitive dye Fura-2 AM in the incuba-
tor. After dye loading, medium was changed to Ringer
solution (122.5 mM NaCl, 5.4 mM KCI, 1.2 mM CaCl,,
0.8 mM MgCl,, 5.5 mM p-glucose and 10.0 mM HEPES,
pH 7.4) and incubated for another 10 min at 37 °C. Experi-
ments were carried out at 37 °C. Fluorescence emission
was recorded at 500 nm after exciting the cells at a wave-
length of 365 nm. Images were acquired at 5-s intervals.
The experimental setup (monochromator, camera, and data
acquisition) was controlled by Metaflour software (Visitron
Systems, Puchheim, Germany).

Calcium influx into PSCs was indirectly measured by
means of the manganese (Mn>") quenching method (Mer-
ritt et al. 1989; Fabian et al. 2011). Mn?t enters the cell
lumen via calcium channels and binds to the calcium-sensi-
tive dye Fura-2 AM with higher affinity than calcium. This
leads to a decrease of the Fura-2 fluorescence intensity.
The decrease in intensity over time can be used for indirect
estimation of calcium influx. Fluorescence intensity was
measured over the whole cell area and was corrected for
background fluorescence. During measurements, a 5-min
control period with Ringer solution was followed by a
5-min perfusion of Mn?>*-Ringer solution (see above, plus
200 uM Mn*"). For data analysis the intensity was normal-
ized to the values of the control period. Afterwards, regres-
sion analysis of the calcium-dependent Fura-2 AM fluo-
rescence intensity over time allowed the determination of
the change of fluorescence quenching. The corresponding
mean change of the slope (Am Fj4s5/t = m2 — m1) was cal-
culated (m1 = slope during control conditions; m2 = initial
slope during Mn** perfusion). A more negative value of
Am indicates a higher calcium influx into the cells.

Statistical analysis

All experiments were repeated with PSCs from at least
N = 3 mice. The number of cells (n) analyzed is indi-
cated in the figure captions. Values are reported as mean
values = SEM. All data were tested for normality prior to
further statistical analysis. For normally distributed data,
the Student’s ¢ test was used. For mRNA data analysis,
the Software REST V2.0.13 (Relative Expression Soft-
ware Tool, QTAGEN GmbH, Hilden, Germany) was used.

@ Springer

Expression data were normalized to expression of the
housekeeping gene Hprt and random statistical analysis
was performed with 10,000 iterations. Differences between
experimental groups reaching p values <0.05 were consid-
ered significant.
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