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ARTICLE INFO ABSTRACT

Keywords: Rationale: Pancreatic stellate cells (PSCs) produce a collagen-rich connective tissue in chronic pancreatitis and
Collagen assay pancreatic ductal adenocarcinoma (PDAC). Ca2+—permeable ion channels such as ORAI1 are known to affect PSC
?esm}(l)plamla proliferation and myofibroblastic phenotype. However, it is unknown whether these channels play a role in
on channe -

11 .
Oncochannelopathy collagen secretion

Methods: Using the PSC cell line PS-1, we characterized their cell-derived matrices using staining, mass spec-
troscopy, and cell migration assays. We developed and validated a high-throughput in vitro fibrosis assay to
rapidly determine collagen quantity either with Sirius Red or, in the optimized version, with the collagen-binding
peptide CNA-35-tdTomato. We assessed collagen deposition upon stimulating cells with transforming growth
factor p1 (TGF-p1) and/or vitamin C without or with ORAI1 modulation. Orail expression was assessed by
immunohistochemistry in the fibrotic tumor tissue of a murine PDAC model (KPfC).

Results: We found that TGF-p1 and vitamin C promote collagen deposition from PSCs. We used small interfering
RNA (siRNA) and the inhibitor Synta-66 to demonstrate that ORAI1 regulates collagen secretion of PSCs but not
NIH-3T3 fibroblasts. Physiological levels of vitamin C induce a drastic increase of the intracellular [Ca2+] in
PSCs, with Synta-66 inhibiting Ca" influx. Lastly, we revealed Orail expression in cancer-associated fibroblasts
(CAFs) in murine PDAC (KPfC) samples.

Conclusion: In conclusion, our study introduces a robust in vitro assay for fibrosis and identifies ORAI1 as being
engaged in PSC-driven fibrosis.

Tumor fibrosis

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common
malignant tumor of the exocrine pancreas. Pancreatic cancer has one of
the poorest prognoses among all cancers with a 5-year survival rate of 13
% [1]. A hallmark of PDAC is the development of a collagen-rich, fibrotic
stroma, also referred to as desmoplasia. The fibrotic extracellular matrix
(ECM) itself promotes cancer growth, invasion, metastasis formation,
and chemotherapy resistance [2-4]. Thus, there is a negative correlation
between ECM deposition and patient survival [5]. In PDAC, specific
matrix components are overrepresented, such as type VI collagen,
fibrillin-1, or periostin [6]. The ECM not only serves as a rigid scaffold
but also exhibits cues that impact cellular behavior. Collagens in the
ECM interact with integrins in the plasma membrane of pancreatic
cancer cells and promote their proliferation and migration [7]. In
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addition, the fibrotic stroma creates a barrier around the tumor,
hampering therapeutical drug delivery and thereby contributing to
therapy failure [8]. For these reasons, the tumor stroma is viewed as a
potential therapeutic target [9].

However, the role of fibrotic stroma in terms of tumor growth and
prognosis is not unambiguous. In vivo, mouse studies revealed that the
total depletion of myofibroblasts, accompanied by reduced type I
collagen levels and altered ECM organization, resulted in an invasive
tumor phenotype and reduced animal survival [10]. Similar results were
found when type I collagen in myofibroblast in PDAC mouse models was
downregulated [11]. Deleting Sonic Hedgehog, a ligand driving des-
moplasia, resulted in undifferentiated and more aggressive PDAC in
mouse models [12]. Clinical trials investigating an additional benefit of
Hedgehog inhibitors in combination with the chemotherapeutic agent
gemcitabine were halted due to a lack of efficacy [13]. Hence, despite
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numerous studies, the significance of fibrosis development in pancreatic
cancer is still not fully elucidated.

The main drivers of PDAC fibrosis are pancreatic stellate cells (PSCs)
and diverse cancer-associated fibroblasts (CAFs). When contributing to
tumor fibrosis, these cells upregulate alpha-smooth muscle actin (aSMA)
expression and adopt a myofibroblast-like shape [3,14,15]. Besides
secreting an abundance of collagens and other ECM proteins, PSCs
orchestrate the alignment of collagen fibers in the tumor stroma [16].
Collagen fiber alignment promotes pancreatic cancer cell migration and
invasion through contact guidance [17]. One of the most significant
growth factors in PSCs in PDAC is the transforming growth factor f1
(TGF-p1) [18,19]. TGF-p1 enhances PSC proliferation, migration, and
ECM protein deposition [20]. PSCs are not only TGF-p1 responsive but
also secrete high amounts of this protein. Besides TGF-p1, vitamin C is
another essential component for ECM synthesis. As a redox cofactor, it
allows the hydroxylation of proline and lysine residues, facilitating
collagen triple helix assembly. In addition, vitamin C significantly
stimulates the proliferation of fibroblasts and collagen expression [21,
22]. Interestingly, vitamin C has been demonstrated to regulate mem-
brane receptors and ion channels, and these activities are directly or
indirectly linked with calcium ions [23]. In cancer, vitamin C may
participate in cellular Ca®* homeostasis and can induce Ca?* influx, e.g.,
into retinoblastoma and laryngeal carcinoma cells [24,25].

TGF-p1 secretion of PSCs depends on the function of ion channels
such as the Ca®*channel ORAI1 [26]. Moreover, ORAI1 is crucial in PSC
activation, proliferation, and migration [27]. In addition, ORAI1 pro-
motes fibroinflammatory gene expression in PSCs [28]. Furthermore,
Orail inhibition prevents the progression of early chronic pancreatitis in
vivo in mice [27]. Based on these findings, we hypothesized that ORAI1
is involved in PDAC fibrosis.

As ORAIl is a Ca®* channel, and intracellular [Ca®™] is key in
exocytotic processes [29], we postulated that ORAI1 mediates collagen
release and deposition from PSCs in PDAC. A crucial precondition for
addressing this hypothesis would be a sensitive, high-throughput
fibrosis assay specifically for PSCs, which - to the best of our knowl-
edge — does not exist to date. Therefore, we aimed to establish a new in
vitro assay for pancreatic fibrosis. Then, using this tool, we assessed and
mechanistically dissected the involvement of ORAIl in PSC-mediated
collagen secretion.

Results

High-throughput in vitro fibrosis assay for quantifying collagen secretion of
PSCs

For addressing a potential role of ORAI1 in pancreatic fibrosis, we
first developed a high-throughput PSC fibrosis assay using the human
pancreatic stellate cell line PS-1 [30]. Initially, we designed the 96-well
plate-based fibrosis detection assay based on the fact that Sirius Red
binds to basic amino acids and thereby detects extracellular matrix
proteins [31,32]. We validated the assay using collagen standards and
found the detection limit of the assay to be ~ 0.1 mg/ml collagen I,
above which Sirius Red absorbance follows a linear regression (Supp.
Fig. 1). PS-1 cells deposit a thick, contiguous layer of ECM over ten days
(Fig. 1B). Matrix secretion is especially prominent when PSCs are
stimulated with 10 ng/ml TGF-$1 and 50 pg/ml (284 uM) vitamin C
(Fig. 1A-C, Supp. Fig. 2). The sigmoidal pattern of Sirius Red absorbance
over time implies that PS-1 cell-derived matrix deposition saturates after
10 days (Fig. 1C).

As mentioned above, a limitation of Sirius Red is that it is not specific
for collagens, as it also detects basic amino acids of other cellular and
ECM proteins [33]. This was reflected in our assay setting by the socalled
7’ factor (Z prime factor) [34], which turned out to be Z’=—0.60. This
negative value implies that the assay setting is not suitable for
high-throughput screening. Thus, we set out to obtain a more specific
readout regarding the collagen quantity. Collagens are the most
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abundant constituents of the PDAC ECM, and multiple collagens are
associated with PDAC progression and prognosis [6].

We assessed the quality of decellularized matrices by immunostain-
ing using a collagen I (COL1A2) antibody as well as the collagen-binding
peptide CNA-35-tdTomato (Fig. 1D). These stainings confirm the pres-
ence of collagens in the fibrillar PS-1 cell-derived ECM. Moreover, using
confocal microscopy, we measured that CNA35-tdTomato-stained
matrices have a thickness of 18.5 + 2.3 um (N = 3 independent exper-
iments), confirming their three-dimensional nature of the ECM. Com-
plementary to immunofluorescence, we assessed the collagen content of
the PS-1 cell-derived ECM using Western blotting (Fig. 1E). Indeed,
decellularized matrices, secreted by PS-1 cells over 7 days, contain
mature collagens. In contrast, PS-1 whole cell lysates contain only pro-
collagens but no mature collagens. Furthermore, the matrix produced by
PS-1 cells contains numerous other proteins as detected by Coomassie
staining (Fig. 1F). We assessed the qualitative composition of the matrix
with mass spectroscopy (Supp. Table 1). The main constituents of the
matrix are collagens and glycoproteins, similar to previously reported
ECM constituents in the pancreas and PDAC [6].

Using fluorescence microscopy, we observed that CNA-35-tdTomato
produces more vibrant images than Sirius Red when assessing fibrillar
collagen (Fig. 1D). Accordingly, CNA-35-tdTomato has an approxi-
mately 6-fold signal increase upon PS-1 cell stimulation with 10 ng/ml
TGF-p1 and 284 uM vitamin C, as compared to a 3-fold signal increase
with Sirius Red (Fig. 1G). This indicates that CNA-35-tdTomato is su-
perior to Sirius Red in detecting PS-1 cell-derived collagen in a plate-
based assay. Moreover, the Z’ factor amounts to Z'=0.30 for the CNA-
35-tdTomato-based assay indicating a substantial improvement of the
assay quality as compared to the Sirius Red-based assay. It can now be
applied in a high-througput setting. Additionally, CNA-35-tdTomato
offers more technical flexibility than Sirius Red, as decellularization is
no longer necessary because of its much higher sensitivity and speci-
ficity. Therefore, we used CNA-35-tdTomato staining as the primary
readout of the subsequent experiments.

PS-1 cell-derived matrices regulate PDAC cell migration behavior

The biochemical characteristics of the PS-1 cell-derived matrix
seemed indeed promising as a PDAC fibrosis model, as it recapitulates
properties of the ECM in PDAC. Next, we tested the physiological quality
of the PS-1 cell-derived matrix. Studying the response of cells plated
onto cell-derived matrices is a common way to validate the quality and
functionality of the cell-derived matrix model [35,36]. For this, we
compared the migratory behavior and morphological characteristics of
the human PDAC cell line Panc-1 seeded onto uncoated tissue
culture-treated dishes versus an artificial reconstituted in vitro-poly-
merized ECM [37-39] or a decellularized PS-1 cell-derived matrix
(Fig. 2A).

Panc-1 cells seeded onto uncoated dishes perform a negligible
amount of random cell migration in an undirected manner (Fig. 2B-C).
In contrast, Panc-1 cells seeded onto the cell-derived matrix move with a
much higher persistence along the ECM fibers — as evidenced by the
distribution of the step-by-step turning angles between each time in-
terval (Fig. 2B-C, Supplementary Videos 1-3). This persistent migration
behavior defined by a preferential adhesion to the aligned substrate is
also known as haptotaxis. Cell persistence is in direct contrast to the
behavior of Panc-1 cells migrating on an unaligned, reconstituted ECM
(Fig. 2D). Hence, the translocation of Panc-1 cells on the PS-1 cell-
derived matrices is higher (Fig. 2E). Cell migration velocity does not
differ between Panc-1 cells seeded onto a PS-1 cell-derived matrix and
those seeded on an artificially reconstituted matrix (Fig. 2F). Thus, the
migration “motor” of Panc-1 cells appears not to be affected by these
different matrices.

Cell shape mirrors the migratory behavior. Panc-1 cells migrating on
the PS-1 cell-derived matrix have a more elongated morphology that is
aligned with the matrix fibers (Fig. 2A, G). In contrast, Panc-1 cells
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Fig. 1. PS-1 cells produce a dense collagen-based extracellular matrix.

(A) Exemplary brightfield images of decellularized PS-1 cell-derived ECM without stimulation (Medium), and upon stimulation with 284 yM vitamin C (VitC), 10 ng/
ml TGF-p1 (TGF-p1) and combined 284 pM vitamin C and 10 ng/ml TGF-p1 stimulation (VitC + TGF-p1), acquired at t = 7 days. Scale bar = 50 um. (B) Time-
dependence of PS-1 cell-derived ECM deposition upon stimulation with 284 pM vitamin C and 10 ng/ml TGF- 1, acquired directly after starting the stimulation
(t = 0) and after t = 3d, 6d, and 10d Scale bar = 50 ym. (C) Time course of PS-1 cell-derived ECM deposition after treatments detailed in (B). The quantity of
deposited matrices was measured at time points t = 0; 1; 2; 3; 6; 7; and 10 d, using Sirius Red absorbance as readout (N/n = 3-6 independent experiments, with
12-18 matrices per data point). The dashed line indicates a sigmoidal curve fit. (D) Representative fluorescence images of decellularized matrices after Sirius Red
(left), COL1A2 (middle), and CNA-35-tdTomato (right) labeling (N = 3). Scale bar = 50 ym. (E) Western blots of COL1A2 from PS-1 cell-derived ECMs (cell-derived
matrices CDM 1-3, N = 3) compared to PS-1 whole cell lysate. Bands appear at the theoretical molecular mass of immature a2 procollagen (160 kDa) and mature o2
(120 kDa) collagen. (F) Coomassie staining of PS-1 cell-derived ECM and PS-1 cell lysate-containing gel after electrophoresis, showing numerous protein bands. (G)
Scatter bar plot shows the sensitivity of Sirius Red absorbance (left) versus CNA-35-tdTomato fluorescence (right), as readouts to quantify PS-1 cell-derived ECM
deposition. The absorbance and fluorescence at t = 7 d were normalized to the mean of the decellularized PS-1 cell-derived ECM without stimulation (Medium) (N/n
= 3 individual experiments / 9-11 cell-derived matrices). Data in (C) and (G) are displayed as mean+SEM with statistical comparison in (G) using Student’s t-test.
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Fig. 2. The PS-1 cell-derived matrix impacts the migratory properties of Panc-1 cells.

(A) Representative phase contrast images depict Panc-1 cells migrating in uncoated tissue-culture flasks (left), on an artificial reconstituted matrix (middle), and on a
decellularized PS-1 cell-derived matrix (right). Scale bar = 100 um. (B) Trajectories of individual Panc-1 cells normalized to common starting points. Cells were
migrating on an uncoated substrate (blue, left), reconstituted artificial ECM (orange, middle), and decellularized PS-1 cell-derived matrix (magenta, right) for 24 h
The diameter of the black circles indicates the median start-to-end translocation of Panc-1 cells, detailed in (E). Scale bar 200 um. (N = 4 independent experiments / n
= 70 cells). (C) The relative frequency of turning angles, calculated relative to the previous time interval of the migration trajectories depicted in (B), were
determined at each time point for each Panc-1 cell, then binned in 10° steps to assess the level of migratory persistence, further detailed in (D). (D-G) Scatter plots
depict the quantification of cell migration parameters: persistence (D), translocation (E), velocity (F), and circularity (G). Data points in (D-G) are displayed as

median and 95 % confidence interval, with a statistical comparison performed using the Kruskal-Wallis test with Dunn’s post-hoc test.

migrating on uncoated dishes are more circular. The data above in-
dicates that the PS-1 cell-derived matrix promotes persistent Panc-1 cell
migration, which underlines the physiological relevance of this model
system.

Vitamin C stimulates collagen exocytosis from PSCs and induces
ca®tentry

Having developed the appropriate model system and assay setup, we
mechanistically dissected collagen release and deposition from PS-1
cells. Above, we observed that 10 ng/ml TGF-p1 as well as 284 uM
vitamin C stimulate ECM deposition (Fig. 1C). Thus, we investigated the
impact of vitamin C and TGF-pl on collagen release by detecting
intracellular collagen using CNA-35-tdTomato in permeabilized PS-1
cells. Upon treating PS-1 cells with 10 ng/ml TGF-p1, 284 puM vitamin
C, or their combination, we observed distinct cellular distributions of
collagen. To qualitatively estimate the differences, we established a
scoring system where a higher score indicates a more advanced/pro-
nounced collagen release of intracellular collagen molecules to extra-
cellular fibers (Fig. 3A). Unstimulated PS-1 cells display either no
distinct collagen signal (score 0) or a perinuclear signal (score 1)
(Fig. 3B). Treatment with 10 ng/ml TGF-p1 exhibits an enhanced peri-
nuclear signal, indicating that TGF-f1 drives perinuclear collagen
accumulation indicative of increased collagen synthesis. In contrast,
vitamin C drives collagen exocytosis, as evidenced by the presence of
extracellular collagen fibers (score 3). The highest amounts of collagen
accumulation in the cell periphery (score 2), and collagen release were
found upon stimulation of both collagen synthesis and release, using 10
ng/ml TGF-f1 and 284 uM vitamin C in combination (Fig. 3C). To
investigate how fast PS-1 cells respond to vitamin C, we compared 284
uM vitamin C added for only 1 h, to overnight 284 uM vitamin C
treatment, in TGF-f1-pretreated PS-1 cells. Collagen accumulates in the
cell periphery already after 1 h vitamin C addition (Fig. 3B-C). The data
above shows that vitamin C mediates collagen release by inducing pe-
ripheral collagen accumulation and exocytosis.

Given that collagen secretion occurs by exocytosis [29] — which in
itself is a Caz+—regulated process — we hypothesized that vitamin C
influences exocytosis through Ca%". Vitamin C could either be involved
indirectly via Ca?" signaling molecules or directly by eliciting Ca®*
signals. First, we tested whether vitamin C elicits Ca®* signals itself by
performing intracellular Ca®" measurements on PS-1 cells (Fig. 3D).
Here, we found a striking, concentration-dependent increase of the
intracellular [Ca®"] of PS-1 cells, already prominent after 284 uM
vitamin C treatment, and further increased using 1 mM vitamin C
(Fig. 3E, Supp. Fig. 3). However, it is known that vitamin C quenches the
fluorescence of acriflavine [40] and anthocyanin [41] by a redox reac-
tion. To ascertain that our observations are not artifacts due to a redox
interaction between the Ca?*-sensitive dye Fura-2 and vitamin C, we
tested whether different concentrations of vitamin C affect the fluores-
cent properties of Fura-2 in a cuvette (Fig. 4F). Here, we found that the
spectrum of Fura-2 is not affected by vitamin C in the concentration
range of 1 uM - 1 mM. Thus, we conclude that vitamin C leads to an
increased intracellular [Ca®"] in PSCs in a dose-dependent manner.

To test whether vitamin G impacts on Ca®*signaling, we examined
the phosphorylation states of the upstream Ca?* signaling molecule,
Ca?*/calmodulin-dependent protein kinase II (CaMKII), and the
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downstream transcription factor cAMP response element-binding pro-
tein (CREB) at various time points after vitamin C stimulus (Fig. 3G).
Despite the significant changes in collagen exocytosis that we presented
above (Fig. 3B-C), neither CaMKII nor CREB phosphorylation were
affected by vitamin C stimulation (Fig. 3H).

Vitamin C elicits Ca?* entry into PSCs

Following up on the finding that vitamin C elicits an increase in
intracellular [Ca®"], we next investigated where Ca2' ions originate
from. Here, we focused on the ORAI1 channel as it is a key ion channel in
the activation, proliferation, and migration of PSCs through enabling
Ca?* influx [27]. First, we investigated the impact of vitamin C (284 uM)
on the [Ca2+]i in the absence of extracellular Ca®*(Fi g. 4A). Under these
conditions, vitamin C fails to increase the [Ca2+]i in PS-1 cells (Fig. 4B).
However, when we proceed to superfuse PS-1 cells with Ca®*-containing
Ringer’s solution supplemented with vitamin C, the [Ca®"]; drastically
increases. This implies that vitamin C triggers Ca®" influx from the
extracellular space. To assess Ca2tentry further, we used the Mn?*
quench assay [37,42,43]. Here, increased Fura-2 quenching by Mn**
entry is a surrogate of increased Ca2" influx. We found that vitamin C
leads to a drastic Mn?*entry into PS-1 cells, which would correspond to
a marked Ca®"influx (Fig. 4C-D). We observed the same effects when
pretreating PS-1 cells with 284 uM vitamin C for 24 h Moreover, the rate
of Mn?"entry decreases upon treatment with the ORAI1 inhibitor
Synta-66 (10 uM) but does not reach the baseline level. Our findings
suggest that vitamin C induces Ca®*-entry within minutes independently
of a pretreatment, likely via a direct effect on an ion channel. Further-
more, the data indicate that calcium ions responsible for the vitamin
C-dependent [Ca2+]i increase mainly originate from the extracellular
space.

The finding that there is still significant Mn?*entry into PS-1 cells
upon ORAI1 inhibition using 10 pM Synta-66 implies that Ca%*does not
exclusively enter the cells through ORAIL. To ascertain this observation,
we performed Mn?" quench experiments in siORAI1 PS-1 cells (Fig. 4E).
ORAI1 small interfering RNA (siRNA) reduces ORAII expression in PS-1
cells by approximately 75 % compared to PS-1 cells treated with
scrambled siRNA as determined by qPCR. PS-1 cells also express ORAI2
and ORAI3, and the expression of these genes is not affected by siORAI1
treatment (Supp. Fig. 4). We found that there is no difference between
the vitamin C-induced Mn2*entry of PS-1 cells treated with siORAI1
siRNA compared to the scrambled siRNA control (Fig. 4E). This finding
implies that vitamin C-elicited Ca?Tinflux is likely not primarily through
ORAIL.

From the results above, it remained unclear whether vitamin C-
induced Ca?t entry, blockable by Synta-66, is cell line-specific or a
general phenomenon. To provide a broader basis for our findings, we
included primary murine PSCs (mPSCs) and the embryonic mouse
fibroblast cell line NIH-3T3 as additional cell types in our study (Fig. 4G-
J). Vitamin C induces Ca?tinflux into primary PSCs (Fig. 4G-H) but not
into NIH-3T3 cells (Fig. 4I-J). This indicates a distinct response to
vitamin C in PSCs compared to NIH-3T3 fibroblasts. 10 uM Synta-66
impairs Mn?*entry in primary PSCs (Fig. 4H), suggesting that Ca2"
influx mechanisms are comparable in the human PSC cell line PS-1 and
primary murine PSCs. However, the amplitude of vitamin C-elicited
Ca?" influx in human PS-1 cells is higher than that of murine PSCs. This
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Fig. 3. Vitamin C mediates collagen exocytosis and causes an increase of the [Ca%*]; in PS-1 cells.

(A) Representative fluorescence images of fixed and permeabilized PS-1 cells labeled with CNA35-tdTomato. Single-cell fluorescence images visualizing intracellular
and extracellular collagen fiber deposition in detail are examples of the established scoring system. Score 0: marginal signal of intracellular collagen; Score 1:
perinuclear collagen accumulation; Score 2: peripheral collagen accumulation distributed throughout the entire cytoplasm; Score 3: extracellular collagen fibers.
Scale bar = 20 um. (B) The scatter plot depicts the relative frequency of matrix deposition scores of PS-1 cells without stimulation (Medium), 284 uM vitamin C (VitC)
and 10 ng/ml TGF-B1 (TGF-p1) for 24 h each, or combination treatment for 1 h, or overnight (O/N), (N / n = 3 independent experiments / n = 3 means of individual
data points). (C) The diagram shows the weighted scores of data presented in (B), allowing statistical comparison of collagen release between different treatments.
(D) Pseudocolored F349/F3g0 ratio images correlating with the intracellular [Ca®*] of PS-1 cells upon control superfusion (left panel, Ctrl) and after superfusion with
284 uM vitamin C (top) or 10 uM vitamin C (bottom). (E) Quantification of vitamin C superfusion on the F340/F3g ratio over time at different concentrations, i.e., 10
uM (grey), 100 uM (brown), 284 uM (green), 1 mM (orange). Vitamin C superfusion starts at t = 200 s as indicated by the black arrow. (N /n = 3 independent
experiments / n = 41-61 cells). (F) Fluorescence intensities at different excitation wavelengths reveal the excitation spectra of Fura-2 dissolved in Ringer’s solution
(1.2 mM Ca?*, red) or Ca®*-free Ringer’s solution (0 mM Ca?*, blue) without vitamin C (light), with 284 pM vitamin C (medium), or with 1 mM vitamin C (dark).
Under the same settings, the spectrum of 10 mM vitamin C without Fura-2 is depicted in green. A black arrow indicates the isosbestic wavelength of Fura-2. Dashed
lines at 1 = 340 nm and 1 = 380 nm indicate the excitation wavelengths used for the ratiometric measurements (N / n = 3 experiments / n = 3 replicates). (G)
Representative Western blots of phospho-CAMKII (p-CAMKII, top, left) versus pan-CAMKII (CAMKII, middle, left), and phospho-CREB (p-CREB, top, right) versus
pan-CREB (CREB, middle, right), compared to the respective GAPDH bands (bottom) at t = 0; 1; 8; 24; 72 h (H) The diagram depicts the quantitative evaluation of the
Western blot bands, normalized to GAPDH, over time (N / n = 3 experiments / n = 3 replicates). Data points are displayed as mean+SEM, with statistical comparison
i‘n (C) performed using one-way ANOVA with Tukey’s post-hoc test.

differential response across species may be attributed to the inability of viability under all conditions, indicating that neither 10 pM Synta-66
human cells to synthesize vitamin C in contrast to murine cells [44]. nor siORAII impair cell viability (Fig. 6E).

Surprisingly, Synta-66 (10 uM) does not inhibit but rather augments the The observed effects of Synta-66 were seen within 24 h Yet,
Ca%tinflux into NIH-3T3 cells (Fig. 4J). As ORAI2 is known to be acti- pancreatic fibrosis evolves over a much longer time course. To assess

vated by Synta-66, and ORAI3 is not affected by Synta-66 at all [45], this collagen deposition over a longer time in vitro, we determined the

result may hint at Orai2 in NIH-3T3 fibroblasts. In summary, we found impact of 10 uM Synta-66 on collagen secretion during a 7d period in PS-

that ORAI1 may not be a key player in vitamin C-elicited Ca®*influx. 1 cells. Indeed, collagen accumulation is significantly decreased when
PS-1 cells stimulated with 10 ng/ml TGF-p1 and 284 uM vitamin C are
treated additionally with 10 uM Synta-66 (Fig. 6F) over one week.

ORALII regulates collagen release in PSC-derived matrices Our findings suggest that ORAILI is involved in the collagen release of
murine and human PSCs. On the other hand, ORAI1-regulated collagen

After elucidating the mechanistic details of vitamin C-elicited Ca* release is not a general phenomenon applicable to all fibroblasts and
response and finding that ORAI1 does not play a key role in that process, may be overridden by other mechanisms. Accordingly, Synta-66 has no

we tested our original hypothesis that ORAI1 regulates collagen release effect on the collagen release from the fibroblast cell line NIH-3T3.
and deposition from PSCs. To evaluate the role of ORAIL in collagen

release, we applied CNA-35-tdTomato labeling. Indeed, the staining

with CNA-35-tdTomato of non-permeabilized PS-1 cell culture allowed ORAII is present in cancer-associated fibroblasts in fibrotic PDAC

the detection of extracellular fibrillar collagen after 24 h, both qualita-

tively (Fig. 6A, C) and quantitatively (Fig. 6B, D). To minimize dye After pointing out that ORAI1 is involved in collagen release from
internalization, the staining duration was shortened to 20 min. We PSCs, we aimed at investigated the relevance of this finding in PDAC
inhibited Ca?* influx using the small-molecule inhibitor Synta-66 and fibrosis. Therefore, we measured Orail protein expression in pancreatic
employed a siRNA-based approach to silence ORAII expression. As ex- cancer in situ, using tissue slices from genetically engineered KPfC mice

pected, stimulation with 10 ng/ml TGF-pl and 284 uM vitamin C that harbor a heterozygous loss of p53 and conditionally express mutant
markedly increases collagen release of PS-1 cells after 24 h (Fig. 6A-B). K-Ras (genotype Kras"""$'~5"2P 1p53//+ pDX1-Cre"). We assessed Orail

Importantly, VitC + TGF-p1 fails to induce collagen release in siORAI1- by immunohistochemistry in murine KPfC tissue sections (Fig. 1A-B,
treated PS-1 cells. Moreover, 10 uM Synta-66 significantly reduces Supp. Fig. 6) that contain numerous tumor nodes as well as neighboring
collagen release of PS-1 cells treated with scrambled siRNA but not when ~ non-tumorous pancreatic tissue. We detected a punctate Orail staining
treated with siORAII (Fig. 6B). To distinguish whether the inhibitory pattern in PDAC, primarily in aSMA”cancer-associated fibroblasts.
effects of Synta-66 are due to the inhibition of vitamin C or TGF-p1 Moreover, the vessel-lining endothelial cells express Orail in PDAC and
stimulus, we investigated them individually. Our data confirms that in the surrounding non-tumorous pancreatic tissue.
especially vitamin C facilitates collagen release, which is impaired by 10 Next, we compared Orail expression in non-fibrotic nodes with
uM Synta-66 (Supp. Fig. 5). These data indicate that ORAI1 together collagen-rich fibrotic tumor nodes (Fig. 1B). To visualize tumor fibrosis,
with vitamin C are regulators of collagen release from the human PSC we used the fluorescently labeled bacterial collagen-binding peptide
cell line PS-1. CNA-35-tdTomato [46,47]. Quantitative histopathology indicates that
Similarly to PS-1 cells, stimulation with 10 ng/ml TGF-p1 and 284 overall, 25 % of aSMA "cells are Orail*. Intriguingly, Orail™ CAFs are
uM vitamin C markedly increases collagen release from mPSCs and NIH- more prevalent in tumor nodes that contain marked fibrosis than in
3T3 fibroblasts (Fig. 6C-D). Moreover, the ORAI1 inhibitor 10 uM Synta- non-fibrotic tumor nodes (Fig. 1C). These findings show that Orail is
66 reduces collagen release from primary murine PSCs. In contrast, the expressed in CAFs in fibrotic PDAC.
collagen release from NIH-3T3 cells is not affected by 10 uM Synta-66.
These data imply that the treatments affect collagen release differen- Discussion
tially in different cell types, which is in line with our mechanistic find-
ings in the Mn?* quench assay (Fig. 5). Whenever Synta-66 reduces Ca>* In this study, we provide evidence for the functional significance of
influx, collagen secretion is also reduced. However, in NIH-3T3 fibro- ORAI1 in PSC-driven fibrosis. We gained new insights regarding the role
blasts, the inhibitory effect of Synta-66 appears to be overridden, e.g., by of vitamin C and ORAI1 in PSC collagen release and identified a novel
activation of Orai2 channels [45]. An alternative explanation could be mechanism of vitamin C-induced Ca®" entry. We revealed Orail
that the different treatments affect cell viability, consequently affecting expression predominantly in CAFs within the fibrotic PDAC microen-
collagen release. To exclude this possibility, we assessed cell viability by vironment in PDAC in situ. Importantly, we present critical methodo-
measuring cellular ATP content. We found that cells have similar logical innovations to study fibrosis and cell-derived matrices. In
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Fig. 4. Ca*"entry after vitamin C treatment can be impaired by Synta-66 in PSCs but not in NIH-3T3 cells.
(A) The [Ca®"];, here represented by the Fz40/Fasgo ratio rises when VitC is added to PS-1 cells in the presence of extracellular Ca®* (1.2 mM), but not in the absence of
extracellular Ca". Dotted lines indicate time points when superfusion solutions were changed. (N / n = 4 independent experiments with ny 5 mm caz.= 45 and 0y 5 mm
caz++vitc = 90 cells). (B) Scatter bar plot shows the quantification of F340/F3g0 ratios under the different experimental conditions. (C-J) Mn2+quench experiments in
which the decline of Fura-2 fluorescence is quantified as F/F,. A steeper slope of the F/F, diagrams is indicative of a higher Mn?*influx. This value is depicted as the

Mn?*entry rate which is a surrogate of Ca*>"influx. The treatments tested were 1 mM Mn
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-free Ringer (Control), in the presence or absence of 284 uM vitamin

C (VitC), or 284 uM vitamin C and 10 uM Synta-66 (VitC + Synta). In addition, we tested Mn?"entry into PS-1 cells pretreated with 284 uM vitamin C for 24 h
(Prestim). F/F, diagrams depict populations of wildtype PS-1 cells (C-D) (N/n = 5 independent experiments / n > 273 cells), PS-1 cells treated with scrambled siRNA
(siScr) and ORAII siRNA (siORAII) (E-F) (N/n = 3 independent experiments / > 19 cells), primary murine PSCs (G-H) (N/n = 3 independent experiments / > 36
cells), and NIH-3T3 cells (I-J) (N/n = 3 independent experiments / > 27 cells). Data points are displayed as median and 95 % confidence interval, with a statistical
comparison performed using the Kruskal-Wallis test with Dunn’s post-hoc test.
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Fig. 5. PSC-derived matrix quantity but not cell viability is impaired upon ORAI1 inhibition.

(A) Representative CNA-35-tdTomato fluorescence images of extracellular collagen deposition of PS-1 cells. Cells were transfected with scrambled siRNA (siScr) or
siRNA against ORAI1 (siORAII), and were cultured for 24 h without stimulation (Medium), or with stimulation using 284 yM vitamin C and 10 ng/ml TGF-p1 with
0.1 % DMSO (VitC+TGFp1), or with 10 pM Synta-66 (VitC+TGFp1+Synta66). Scale bar = 50 um. (B) Scatter plot depicts CNA-35-tdTomato fluorescence of cell-
derived matrices (depicted in (A)) normalized to the fluorescence intensity of siScr-treated PS-1 cell-derived matrices stimulated with VitC+TGFp1. Matrices ob-
tained from siScr- and siORAI1-treated PS-1 cells are separated by a vertical blue line. (N/n = 3 independent transfections / 10 cell-derived matrices). (C) Repre-
sentative CNA-35-tdTomato fluorescence images depicting cell-derived matrix structure of primary murine PSCs (mPSCs, top) and NIH-3T3 cells (bottom). Cells were
treated as detailed in (A). Scale bar = 50 pm. (D) Scatter plots of CNA-35-tdTomato fluorescence (depicted in (C)) normalized to the fluorescence intensity of matrices
obtained from PSCs stimulated with VitC+TGFp1 (N/n = 3 mice with >8 cell-derived matrices); and NIH-3T3 cells (N/n = 3 different passages/ >18 cell-derived
matrices). Matrices obtained from mPSCs and NIH-3T3 fibroblasts are separated with a vertical blue line. (E) Cell viability per well was quantified using total cellular
ATP luminescence, corresponding to data points in (B) for PS-1 cells and to data points in (D) for NIH-3T3 cells. Cell populations are separated with a vertical blue
line. (F) The scatter plot depicts a decrease of CNA-35-tdTomato fluorescence when matrix-producing PS-1 cells stimulated with VitC+TGFp1 are treated with 10 uM
Synta-66 for 7 days. (N/n = 3 independent experiments / 9 cell-derived matrices). Lines and error bars in all scatter plots except (D) are displayed as mean + SEM,
with statistical comparison performed using Student’s t-test for (F), and for (B) using one-way ANOVA with Tukey’s post-hoc test. Data points in (D) are displayed as
Tedian and 95 % confidence interval, with a statistical comparison performed using the Kruskal-Wallis test with Dunn’s post-hoc test.

general, cell-derived ECMs are becoming increasingly popular tools to conceivable downstream of the vitamin C-induced Ca®* influx into PSCs
study the involvement of physiologically relevant substrates. Indeed, the that could potentially result in collagen release: (i) Ca?" influx can
PS-1 cell-derived matrix has a composition resembling the pancreatic modulate the cytoskeletal dynamics required for vesicle movement to-
stroma, with aligned fibers that provide a “railway”, resulting in a wards the plasma membrane, analogous to Ca?*-mediated cytotoxic T
directional Panc-1 cell migration, also known as haptotaxis [48]. cell degranulation [51], or to vesicular IL-8 secretion by airway
Thereby, our PS-1 cell-derived matrices provide a solid framework for epithelial cells [52]; (ii) elevated Ca?* levels near the plasma membrane
future studies to explore the process and significance of PDAC cell could facilitate vesicular membrane fusion [53]; (iii) other signaling
haptotaxis on a pancreas-mimicking substrate. pathways might be affected by Ca®" even though we did not observe any
Despite the considerable advantages of cell-derived matrices over impact of vitamin C on CAMKII and CREB. It is known that Ca®" fluc-
artificially reconstituted matrices, cell-derived matrices are challenging tuations are crucial in the endoplasmic reticulum for Ca2*-binding
to create and, demand considerable time, effort, and experience in chaperones such as BiP, CyPB, and calreticulin to bind and release
handling, and often ultimately yield a low throughput. We tackled these collagen, as Cabral et al. revealed by studying the null mutations of the
limitations by harnessing the specificity and sensitivity of CNA-35- cation channel TRIC-B encoding gene TMEM38B in osteogenesis
tdTomato in detecting collagen. We optimized a 96-well-based assay imperfecta [54]. Theoretically, the excess intracellular [Ca®*] generated
to study collagen secretion in a qualitative and quantitative manner. by vitamin C-elicited Ca?* influx could be transported into the endo-
Besides assessing collagen accumulation and release in decellularized plasmic reticulum via pumps, where elevated [Ca**] would increase
and even in native samples, CNA-35-tdTomato allowed the assessment chaperon activity. Ultimately, this could stabilize collagen assembly and
of collagen trafficking upon cell permeabilization. CNA-35-tdTomato is induce post-translational modifications that would culminate in
highly sensitive and specific compared to traditional fibrosis dyes such enhanced collagen release. However, these theories remain to be veri-
as Sirius Red. The fact that CNA-35-tdTomato is a bacterial peptide fied experimentally.
makes it also cost-effective compared to antibodies. Because of its high Assessing the role of ORAI1 in the vitamin C-induced Ca®" influx, we
sensitivity, CNA-35-tdTomato allows studying cell-derived matrix found that the influx into PS-1 cells and murine PSCs is blockable by
secretion after only 24 h Thus, experiments are greatly accelerated when Synta-66. However, siORAI1 application left the Ca®" influx unaffected,
compared with existing protocols where collagen accumulation may be indicating that ORAI1 is not the primary ion channel in charge. Even
needed for over a week [36], prior to detection. Using PS-1 cells, we though Synta-66 is selective for Ca®-release activated Ca?" (CRAC)

fine-tuned our assay to study PDAC-like ECM secretion, accumulation, channel inhibition over inhibition of Ky1.3, hERG, TRPM4, or TRPM7
and, subsequently, PDAC cell behavior on the cell-derived matrix. We channels [55], we postulate that Synta-66 has yet unknown off-target

created a relevant disease-mimicking model for PDAC by stimulating inhibitory effects on other Ca®*-permeable channels. Alternatively, the
PS-1 cells with vitamin C and TGF-p1. Such a disease-mimicking model partial reduction in Ca* influx observed with Synta-66 could be due to a
may be valuable because of the dire need for translatable approaches for secondary mechanism where the initial Ca**entry, potentially through a
drug screening and development in PDAC [49]. Moreover, our assay is different membrane channel, triggers Ca?* release from intracellular
flexible for studying matrix production by other types of fibroblasts. stores. This release might activate store-operated Ca?" entry, involving
Applying our in vitro assay, we studied the impact of vitamin C on ORAIL1 to a lesser extent and explaining the partial inhibition observed
pancreatic fibrosis and showed how vitamin C increases ECM release, with Synta-66 but not with siRNA-mediated ORAI1 knockdown.
and in particular collagen release, from PSCs. Vitamin C is well known Based on the result that NIH-3T3 cells do not respond to vitamin C
for being a cofactor in collagen synthesis and has e.g., also been with Ca®" influx, it is likely that vitamin C-induced Ca®* influx is not
described to stimulate fibroblast proliferation [21,22]. We, on the other present or is overridden by other mechanisms in these cells. It is known
hand, found evidence that vitamin C stimulates collagen release from that Synta-66 inhibits ORAIl, activates ORAI2, and does not affect
PSCs. Since exocytosis is often a Ca®*-regulated process, we hypothe- ORAI3 [45]. Thus, the finding that vitamin C together with Synta-66
sized that vitamin C influences collagen exocytosis through Ca®*. induces a marked Ca?' entry in NIH-3T3 might be due to Synta-66
Indeed, we could reveal that vitamin C induces a Ca?" influx into PS-1 activating Orai2 [56]. Given that vitamin C is an important metabolite
cells as well as into murine PSCs. Even though the exact mechanisms in the human body, we believe that further mechanistic characterization
of vitamin C-regulated Ca®" entry remain unclear, the oxidoreductive of the vitamin C-induced Ca®*entry is warranted in more specialized
properties of vitamin C can provide a plausible explanation. Notably, model systems.
ORAI1 is redox-sensitive [50], and numerous other ion channels are We revealed that ORAI1 inhibition, both with siORAII and Synta-66,
affected by vitamin C and its metabolites, namely voltage-gated Ca%* resulted in diminished collagen release from PS-1 cells. When applying
channels, NMDA-receptors, and various TRP channels [23]. Thereby, Synta-66 to murine PSCs we observed the same phenomenon. However,
vitamin C would regulate Ca?"-permeable channels to enable Ca®* the collagen release from the fibroblast cell line NIH-3T3 was not
entry. affected by Synta-66. These findings indicate that ORAIl-regulated
Based on the literature, several potential mechanisms are collagen release may not be a general phenomenon applicable to all
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(A) Representative immunohistochemistry images of PDAC tissue and neighboring non-tumorous tissue (N = 4) stained for the CAF marker aSMA (cyan), the ca®t
channel Orail (yellow), the collagen-binding CNA-35-tdTomato (magenta) and DAPI (blue). * marks a nest of tumorous ductal cells, # marks a blood vessel, scale bar
= 20 um. (B) Representative immunohistochemistry images (N = 4) stained for markers detailed in (A) depict non-fibrotic versus fibrotic tumor nodes that differ in
CNA-35-tdTomato staining intensity, scale bar = 20 um. Inset, magnified from the white rectangle, highlights xXSMA™ CAFs in the tumor lining with differential Orail
staining pattern, scale bar = 10 um. (C) Scatter plot depicts the ratio of Orail™ aSMA™ cells compared to all ®SMA™ cells with each data point representing an
individual tumor node (N = 4 mice with nnop-fibrotic = 9, DFibrotic = 14 tumor nodes). Data in (C) are displayed as mean+SEM with statistical comparison using

Student’s t-test.

fibroblasts. Instead, it might be specific to stellate cells. This could be
attributed to different sets of ion channels and the expression of different
Orai isoforms which requires further investigations.

We further proceeded to assess the pathophysiological role of ORAI1
in fibrosis. We detected Orail primarily in aSMA™ CAFs, especially in
fibrotic tumor nodes. We, therefore, want to emphasize the role of Orail
within the stromal compartment, particularly in CAFs and PSCs. A
recent study showed that the PSC cell line PS-1 expresses ORAIl

channels: ORAI1 in PS-1 cells promotes AKT signaling, cell proliferation,
and TGF-f1 secretion [26]. Considering our results, the involvement of
ORAI1 in TGF-f1 secretion is likely a positive feedback cycle that further
augments PS-1-mediated collagen deposition.

As vitamin C has been intensively studied in fibrosis since its original
description almost 100 years ago (in 1928, Albert Szent-Gyorgyi isolated
this substance from adrenal glands), we were initially surprised that its
link to Ca* entry in myofibroblasts is obscure. For cancer, it is not
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entirely novel that vitamin C can modulate cellular Ca®>* homeostasis. It
can induce Ca®" influx, e.g., into retinoblastoma and laryngeal carci-
noma cells [24,25]. Moreover, pharmacologic vitamin C treatment (4 g
ascorbate/kg body weight/day) inhibits the growth of pancreatic tumor
xenografts and displays synergistic cytotoxic effects when combined
with gemcitabine in pancreatic cancer [57,58]. However, earlier in vitro
studies used excessively high concentrations of 10-20 mM, presumably
heavily altering the redox homeostasis and/or impacting cell volume
homeostasis [59,60]. In contrast, we used vitamin C in an approximately
35 times lower, physiologically relevant concentration which already
promotes collagen deposition and release. Reflecting on our data,
vitamin C would act profibrotic in pancreatic cancer. The profibrotic
effects of vitamin C treatment could be beneficial, especially at the early
stages of the PDAC, by further isolating cancer cells. As a complete lack
of fibrosis is detrimental, and excessive fibrosis may also worsen late
PDAC prognosis, partial inhibition of PDAC fibrosis by impairing ORAI1
seems therapeutically plausible. The clinical applicability of Synta-66,
however, may be limited because of its high ICsy value. Alternatively,
a drug similar to Synta-66, namely CM4620 can be considered in the
clinical setting, as it is currently undergoing Phase II clinical trials to
treat pneumonia in COVID-19 patients and acute pancreatitis [61,62].
Combined with the fact that ORAI1 promotes PSC proliferation [26],
pharmacologic ORAI1 inhibition would stop the positive feedback cycle
leading to PDAC desmoplasia.

Methods
Animal experiments

20-week-old untreated, tumor-bearing KPfC-mice, harboring het-
erozygous loss of p53 and conditionally expressed mutant K-Ras (K-
Ras®'?P) from the endogenous locus in the pancreas (Kras"/1S1-G12D
Tp53ﬂ/ T Pdx1-Cre™) [63-65], were sacrificed to obtain PDAC tissue
slices for immunohistochemistry experiments. For obtaining primary
murine PSCs, heterozygous animals that harbor heterozygous loss of p53
but express wildtype K-Ras (Kras"?"* Tp53"/+ Pdx1-Cre*) were sacri-
ficed. Mice were housed in individually vented cages (IVC) containing
nesting material. Constant ambient temperature (22 °C + 2 °C), constant
humidity (55 % + 10 %), and a 12-hour light/12-hour dark cycle were
provided. All animal experiments were approved by the local authorities
(LANUV).

Murine PSC isolation

PSCs from the murine pancreas were isolated as previously described
[37-39,43]. Briefly, whole murine pancreata were removed, dissected,
and enzymatically digested using 0.1 % collagenase P (Sigma-Aldrich,
Merck KGaA) at 37 °C for 25 min in an orbital shaker. Next, digested
pancreatic tissue was centrifuged at 200 g at RT for 5 min, followed by
resuspending the homogenized tissue in Dulbecco’s Modified Eagle's
Medium/Ham’s Nutrient Mixture F12 cell culture medium (DMEM/Ham
F12 1:1, supplemented with 10 % FCS and 1 % penicillin/streptomycin;
Sigma-Aldrich). Then, tissue homogenizate was seeded onto FCS-coated
tissue culture dishes. PSCs were allowed to adhere for 2 h, followed by a
vigorous washing step that removed all nonadherent cells. This resulted
in a homogeneous PSC culture, which was cultured for 120 h, and then
used for the subsequent experiments.

Cell lines

The telomerase reverse transcriptase (TERT)-immortalized human
pancreatic stellate cell line PS-1 [30] was used for our mechanistic
studies and to produce cell-derived matrix for various downstream as-
says. PS-1 cells were cultured in DMEM/Ham-F12 medium supple-
mented with 10 % FCS and 1 % penicillin-streptomycin. The human
pancreatic epithelioid carcinoma-derived Panc-1 cell line and the
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murine embryonic fibroblast cell line NIH-3T3 were cultured in Dul-
becco’s Modified Eagle’s Medium (high glucose) supplemented with 1 %
glutamine and 10 % FCS. All cells were kept in an incubator at 37 °C and
5 % CO», then washed, trypsinized, and counted before applying them
for downstream assays.

ORAI1 knockdown

Silencing of ORAI1 gene expression was performed as described
previously [26]. Briefly, PS-1 cells, reaching a confluence of approxi-
mately 60 %, were transfected with either ORAIT siRNA (ON-TAR-
GETplus siRNA, Dharmacon) or scrambled siRNA (AllStars Negative
Control siRNA, Qiagen) using Lipofectamine RNAiMAX Reagent (Invi-
trogen), following manufacturers protocol. For confirming gene
silencing, RT-qPCR was performed 48 h after silencing with the Pow-
erUp™SYBR®Green Mastermix (Thermo Fisher) using a QuantStudio™
3 cycler (Thermo Fisher) and analyzed by the QuantStudio™ Design &
Analysis Software (Thermo Fisher). For RT-qPCR quantification, ORAII,
ORAI2, and ORAI3 gene expression were normalized to the mean
expression of the housekeeper genes GAPDH. Primers for all genes tested
were established previously [66]: GAPDH (NM_002046), FW:
ACGACCCCTTCATTGACCTCA, Rev: TTTGGCTCCACCCTTCAAGTG;
ORAI1 (NM_032790), FW: ACCTCGGCTCTGCTCTCC, Rev: GATCAT-
GAGCGCAAACAGG; ORAIZ2 (NM_032831), FW: TACCTGAGCAGGGC-
CAAG, Rev: TGGCCACCATGGCAAAG; ORAI3 (NM_152,288), FW:
ACGTCTGCCTTGCTCTCG, Rev: GAGTGCAAAGAGGTGCACAG.

Cell-derived matrix production

This study aimed to establish an assay for pancreatic stellate cell-
derived matrix production in vitro. A protocol by Kaukonen et al.
served as a basis [36] including three key steps: cell seeding and stim-
ulation, matrix deposition, and matrix extraction — these steps in the
protocol needed to be adapted to PSCs. We found 15,000 PS-1 cells as
optimal to be seeded in each well of a 96 well/plate. Then, PS-1 cells
were cultured in DMEM/Ham-F12 (pH 7.4, 10 % FBS) for 4 days until
reaching confluency. Then, the medium was changed to
DMEM/Ham-F12 medium (pH 7.4, 0.5 % FBS) supplemented with
vitamin C (50 ug/ml, 284 uM; Sigma-Aldrich) + TGF-p1 (10 ng/ml;
Peprotech) to stimulate matrix production. Vitamin C was replaced daily
due to its short half-life [67]. This was done by replacing half the volume
of the medium with fresh medium containing the doubled concentration
of vitamin C as proposed by other studies before [68]. Vitamin C was
freshly dissolved daily and was filtered with sterile filters (0.22 um pore
size) to eliminate unsolved crystals. In samples treated with 10 M
Synta-66 (AK Scientific), Synta-66 was also replaced daily to maintain
the 10 uM concentration. In respective controls, 0.1 % DMSO was added
as a vehicle.

Cell-derived matrix decellularization

Sirius Red is not highly specific for ECM proteins, as it also detects
basic amino acids of other proteins [33]. Methodically, this means that
matrices need to be decellularized, otherwise the signals of cellular
proteins overshadow the matrix signals. For COL1Al1 and
CNA35-tdTomato, this step is not necessary in native samples as cellular
protein signal is negligible. However, matrices were similarly decellu-
larized under each condition to keep the results comparable with Sirius
Red when indicated.

For matrix extraction, the matrices were decellularized as follows.
First, the medium was aspirated. Afterwards, cells were washed with
PBS. In a next step, the extraction solution (PBS with 0.1 % Triton-X and
2 % NH4OH) was added for around 60 s while checking the progress of
cell removal under a phase contrast microscope. Next, the extraction
solution was carefully removed, and the remaining matrix was washed
with PBS. Remaining DNA was removed by incubating the matrix with
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DNasel (Invitrogen) in a concentration of 10 ug/ml in PBS supplemented
with 5 mM MgCl,, DNase was incubated for 60 min in a warming cabinet
at 37 °C.

CNA-35-tdTomato production and purification

CNA35-tdTomato staining solution was extracted on a large scale
from E. coli BL21(DE3) competent bacteria (Novogen) transformed with
the pET28a-tdTomato-CNA35 plasmid (pET28a-tdTomato-CNA35 was a
gift from Maarten Merkx (Addgene plasmid #61,606; RRID: Addg-
ene_61,606) based on the original protocol by Aper et al. [46]. For
culturing the E. coli, LB medium was produced according to the man-
ufacturers instructions (BD Bioscience) and was supplemented with
kanamycin in a final concentration of 10 ug/ml. Bacterial growth was
arrested at an optical density of 0.6 at 600 nm, measured with a
photometer (Eppendorf BioPhotometer 6131). Next, CNA35-tdTomato
protein expression was induced by adding isopropyl-p -d-1-thio-
galactopyrano-side (IPTG, AppliChem PanReac) at a final concentration
of 1 mM. IPTG-based protein induction was conducted in a bacterial
incubator for 20 h at 37 °C with continuous shaking at 220 rpm. Next,
bacterial cells were lyzed, then centrifuged in an ultracentrifuge (Avanti
JXN-26, Beckman Coulter) at 4000 g and 4 °C for 20 min. Bacterial pellet
was washed twice in a solution containing 50 mM NaPi and 300 mM
NacCl, pH 7, followed by centrifugation steps at 4000 g and 4 °C for 20
min. Lysozyme (10 mg/ml) and protease inhibitor cocktail III (Calbio-
chem) were added to the samples and incubated on ice for 30 min on an
orbital shaker for another 10 min. Afterwards, 0.1 % Triton X-100
(Sigma Aldrich), DNase I (1 mg/ml) (Invitrogen) and RNase A (1 mg/ml)
(AppliChem PanReac) were added in a MgCl, solution (1 M), followed
by sonication on ice for 3 x 60 s with 60 s breaks between each cycle.
After that, cells were mechanically lyzed with a French press. The lysates
were centrifuged at 4 °C and 12,500 g for 45 min.

Resulting protein-containing supernatants were purified using
nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen), according
to the manufacturer’s instructions. Briefly, beads were washed, then
mixed with the protein-containing bacterial supernatant on ice on an
orbital shaker for 60 min, allowing the 6xHis-tag of CNA35-tdTomato
proteins to attach to the Ni-NTA Agarose beads. After centrifugation
and washing, CNA35-tdTomato-attached bead pellets were loaded into
filter columns (Cytiva). After multiple washing steps, 250 mM imidazole
was added to elute the 6xHis-tagged CNA35-tdTomato proteins bound to
the beads. The eluate was collected and concentrated using Amicon
Ultra 0.5 ml 10k diafiltration filters, washed, then the filters were turned
upside down and centrifuged for 2 min at 1000 g and 4 °C to collect the
concentrated CNA35-tdTomato proteins. As a last step, the protein ly-
sates were kept at 37 °C overnight to promote fluorescent protein
maturation.

With the method described above, we obtained high quantities of
purified CNA35-tdTomato protein solution and determined its concen-
tration (1.037 mg/ml) using a BCA Protein Assay Kit (Pierce). CNA35-
tdTomato protein solution was aliquoted and kept for long-term stor-
age at —70 °C.

Immunohistochemistry

IHC from KPfC tissue slices was performed as previously described
[38]. Briefly, pancreata were fixed in 4 % paraformaldehyde, embedded
in paraffin, and then cut into 6 um sections with a RM2125 microtome
(Leica). Afterward, sections were deparaffinized with xylene, rehy-
drated in a stepwise manner. Antigen retrieval was performed using 10
mM sodium citrate buffer (pH 6.0), followed by blocking with 1 %
BSA-containing PBS (Sigma-Aldrich) for 1 h Slides were stained with
primary anti-ORAI1 antibody (75,522, RRID: AB_11,007,920, 1:100,
Novus Biologicals) in a humidified chamber at 4 °C overnight. After
washing 3 times in PBS, secondary antibody labeling was performed
using donkey anti-mouse Alexa Fluor 647 (A-31,571, RRID: AB_162,
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542, 1:1000, Thermo Fisher) at RT for 2 h After washing 3 times in PBS,
slices were labeled with Alexa Fluor 488-conjugated mouse anti-aSMA
(53-9760-82, RRID: AB_476,701, 1:600, Thermo Fisher) and
CNA-35-tdTomato (1:200) at RT for 2 h Slides were mounted in DAKO
mounting medium (Agilent) with 0.001 % DAPI (Sigma-Aldrich, Merck
KGaA) and covered with coverslips. Confocal microscopy was performed
on a Nikon Ti-2 setup (Nikon) in the NIS Elements AR software using
excitation wavelengths of 405 nm, 488 nm, 514 nm, and 633 nm, with a
630x total magnification.

IHC image analysis was performed in the QuPath software (RRID:
SCR_018257) [69]. First, cells were detected based on DAPI fluorescence
intensity using the built-in cell detection algorithm. Then, a pixel clas-
sifier was trained to detect XSMA and ORAI1-positive cells. The classifier
output was compared to manual classification, and training was stopped
when the automatic classification was at least as accurate as the manual
classification. To differentiate between fibrotic and non-fibrotic tumor
nodes, individual tumor nodes were manually segmented and then
binned depending on their CNA-35-tdTomato mean fluorescence
intensity.

Visualization of cell-derived matrix secretion and accumulation

Cell-derived ECM was visualized by Sirius Red, COL1A2, and CNA35-
tdTomato stainings. For Sirius Red detection, cell-derived matrices were
decellularized, washed with PBS, then stained with Picrosirius Red Stain
(F3BA, solution B, Roche) for 20 min. Subsequently, matrices were
washed four times with 0.1 M HCL. Finally, absolute ethanol was added
to prevent matrix shrinkage.

For COL1A2 immunostaining, cell-derived matrices were decellu-
larized, then washed twice with PBS. Afterwards, samples were blocked
with 1 % BSA in PBS for 30 min. Next, samples were incubated with
primary antibody against COL1A2 (14,695-1-AP, RRID: AB_2,082,037,
1:500, Proteintech) in 1 % BSA in PBS for 2 h at 4 °C. Dishes were
washed three times with PBS, followed by incubation with the secondary
antibody Alexa Fluor™ 488 goat anti-rabbit (A-11,008, RRID:
AB_143,165, 1:1000, Invitrogen) in 1 % BSA-PBS at RT for 20 min.
Finally, samples were washed three times with PBS.

CNA35-tdTomato stainings were performed following the original
description [46]. When compared to Sirius Red, matrices were first
decellularized. Otherwise, matrices were washed with PBS. Then,
matrices were incubated with CNA35-tdTomato (1:200) in PBS at room
temperature for 2 h Afterwards, samples were washed three times with
PBS.

The sensitivity and specificity of CNA35-tdTomato allowed for
intracellular and extracellular collagen staining at a single-cell level.
5000 PS-1 cells were seeded into glass-bottom dishes in DMEM/Ham-
F12 medium (10 % FBS). Non-confluent PS-1 cells were allowed to
adhere for 24 h Then, cells were treated with vitamin C (284 uM) and
TGF-f1 (10 ng/ml) in DMEM/Ham-F12 medium (0.5 % FBS) for another
24 h For a combined intracellular and extracellular collagen staining
(data displayed in Figs. 2 and 4), cells and matrices were fixed with 4 °C
methanol for 5 min, washed three times with PBS, and then stained with
CNA-35-tdTomato (1:200) in PBS for 2 h in the dark at room tempera-
ture. For live cell staining (data displayed in Fig. 6), dishes were washed
with PBS and stained at RT with CNA35-tdTomato (1:250) in PBS for 30
min, then washed three times with PBS.

Images were acquired with the 63x oil immersion objective of a Zeiss
Axio Observer D1 microscope (Zeiss) or Nikon Ti-2 confocal microscope
(Nikon). Sirius Red was either imaged with brightfield microscopy or
fluorescence microscopy as Sirius Red displays an intrinsic fluorescence
when excited at 561 nm wavelength [70]. COL1A2 was detected upon
excitation with 488 nm, and CNA35-tdTomato with 514 nm.

Cell-derived matrix quantification

Cell-derived ECM was quantified by Sirius Red as well as using
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CNA35-tdTomato in a 96-well-plate based assay. For quantitative Sirius
Red staining, matrices were decellularized, washed once with PBS, and
stained with Picrosirius Red Stain (F3BA, solution B, Roche) for 20 min.
Next, matrices were washed four times with 0.1 M HCl. To quantify
matrix amounts, absorbance measurements were performed with a
microplate reader (ThermoMax, Molecular Devices) at 546 nm.
Measured intensities were blank-corrected and subtracted by the refer-
ence wavelength of 650 nm, which is independent of Sirius Red
absorbance.

Because of the specificity of CNA35-tdTomato for collagens
compared to other proteins [47], staining was performed either on
decellularized cell-derived matrix (Fig. 2), or on cell-derived matrices
still containing live cells (Fig. 6). CNA35-tdTomato staining solution
(1:50) in PBS was incubated for 3 h at room temperature in the dark. In
cell-derived matrices containing live cells, incubation time was short-
ened to 20 min to minimize dye internalization. The staining solution
was removed, and samples were washed three times with PBS. For
matrix quantification, fluorescence intensities were measured with a
fluorescence plate reader (Fluoroskan II). CNA35-tdTomato was excited
at 544 nm and emission was detected at 590 nm. Measured intensities
were then blank corrected.

To assess the detection threshold and assay linearity of Sirius Red for
PS-1 cell-derived matrix quantification, rat tail collagen standards were
produced and stained to plot a standard curve. 1 mg/ml Rat tail collagen
type I (Corning) in PBS was incubated with Sirius Red on ice for 20 min.
Afterwards, the mixture was centrifuged at 5000 g and 4 °C for 10 min.
The supernatant was discarded, and the pellet was washed four times
with 0.1 M HCIL. Next, the pellet was resuspended in PBS. From there, a
serial dilution (1:2 with PBS) was performed to obtain collagen con-
centrations of 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, 0.063 mg/ml,
0.031 mg/ml and 0.016 mg/ml. 100 pl stained collagen of each con-
centration were added into 96-well plates. Absorbance measurements
were performed as described above.

To determine whether the Sirius Red and CNA-35-based matrix
production assays are suitable for high-throughput screening, we
applied the Z’ quality metric [34]. The Z’ factor is derived from the
standard deviations (SD) and means (x ) of positive (p) and negative (n)
control samples as:

3(SD, + SD,)

Z factor=1 - —————
[%p + Xa|

Absorbance and fluorescence readouts from PS-1 cells stimulated
with medium were used as the negative control, and readouts from cells
stimulated with VitC+TGF-p1 were used as the positive control. An ideal
assay would have a Z’=1, and negative values imply that the variance
between groups is not high enough to provide reliable readouts in a
high-throughput assay [34].

Cell viability assay

Cell viability was assessed with the CellTiterGlo assay, as performed
previously [71]. Briefly, after detecting CNA35-tdTomato fluorescence
intensities with the plate reader, wells were supplemented with CellTi-
terGlo solution. After orbital shaking with 220 g at RT for 20 min, well
luminescence was detected and blank-corrected with a luminescent
plate reader (GloMax® Discover, Promega).

Cell migration assay

Panc-1 cells were seeded on different substrates onto T-12.5 cell
culture flasks. Flasks were either uncoated; coated with a reconstituted
ECM containing 40 pg/mL laminin (Sigma-Aldrich, Merck KGaA), 40
ug/mL fibronectin (Sigma-Aldrich), 800 pg/mL collagen I (Corning), 12
pug/mL collagen III (Corning), and 5.4 pg/mL collagen IV (BD Bio-
sciences) as published previously [37-39,72], or coated with
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decellularized cell-derived matrix, as detailed above. 70 000 Panc-1
cells were seeded into each flask in a suspension with DMEM. After
cell seeding, flasks were put back to the incubator overnight to let the
cells adhere to the underlying substrates. Before removing the flasks
from the incubator on the next day, caps were tightly closed to keep a
constant 5 % CO». The flasks were transferred to chambers heated to 37
°C for live cell imaging. Cell migration was recorded with CMOS cam-
eras (MikroCam SP 3.1, Bresser) and Axiovert 40C inverted phase
contrast microscopes (Zeiss) for 24 h in 15 min intervals.

Cell migration experiments were analyzed with the Amira-Avizo
Software Version 2019.2 (Thermo Fisher). The contours of migrating
Panc-1 cells were segmented manually. The x- and y-coordinates of the
geometric cell centers were tracked over time to deduce trajectories.
Quantitative parameters were determined to characterize the migratory
behavior: velocity (um/min), translocation (um), circularity, and
persistence. Velocity is derived by covered distance per time interval,
whereas translocation indicates the net distance between the starting
and end points. Cell persistence is determined by the quotient of total
path length covered during the course of the experiment (24 h) and
translocation. Accordingly, persistence has arbitrary units that vary
between 0 and 1, where higher values reflect a more persistent migra-
tion. The circularity is calculated by using the formula Circularity =

4 . . . .
P:;,:;;gg. If cells are perfectly circular, the circularity value is ‘1". In

contrast, circularity values approach ‘0’ for more branched cells.

Cell coordinates (x, y) were used to derive the vectors between
successive positions of the cell centroids. Angles between two consecu-
tive vectors (direction at t, vs. direction at t,.;) are defined as the
turning angles. Turning angles are calculated with the formula: a =

— =
cos71( U xV_
[u| = |v|

>, where U and V' represent consecutive vectors. U X

7 is the scalar product, || x |V]is the product of the vectors’
magnitudes. A positive or negative o indicates a positive or negative
vector along the y axis, respectively. Accordingly, a turning angle of
0° means a continuous, undisrupted vector, whereas +180° means that
the vector direction is reversed, i.e., the cell turns around.

Western blot and mass spectroscopy

To obtain sufficient quantity of cell-derived matrix for Western blot
and mass spectroscopy, PS-1 cells were cultured in 10 cm tissue culture
dishes according to protocols described above. After decellularization,
cell-derived matrix was brought into solution as follows. First, the ma-
trix deposited into tissue culture dishes was mechanically comminuted,
i.e., chopped using a scalpel. Then, cell-derived matrix was solubilized
with a buffer composed of 8 M urea, 2 % SDS and 100 mM TRIS. PS-1 cell
lysates were obtained using a radioimmunoprecipitation (RIPA) buffer
as described previously [39].

Gel electrophoresis was performed on 7.5 % PAGE gels and gels were
applied for Coomassie staining and COL1A2 Western Blotting. To in-
crease the protein amounts for the mass spectroscopy analysis, three
samples were pooled. Mass spectroscopy was performed by Prof. Simone
Konig’s group (IZKF Core Unit Proteomics, Miinster). The samples were
reduced, alkylated and tryptically digested. The analysis was performed
by applying label-free liquid chromatography mass spectrometry (data-
independent analysis mode, LC-MSE, Synapt G2 Si, Waters Corp.). The
evaluation was performed with Progenesis (Waters).

Spectrofluorometry

To record Fura-2 excitation spectra in the presence or absence of
vitamin C, Fura-2 was used (Fura-2 potassium salt, Sigma-Aldrich).
Measurements were performed in cuvettes using a FP-8300 fluores-
cence spectrometer. Fura-2 was dissolved in Ringer’s solution with two
different Ca®" concentrations: 1.2 mM Ca?" and Ca?'-free EGTA-
supplemented Ringer’s solution (0 mM Ca?"). Excitation spectra were
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recorded in both solutions, in each case without vitamin C as well as in
the presence of 10 uM, 284 uM, or 1 mM vitamin C.

Ca®* measurements

Ca%*imaging was conducted with the ratiometric Ca?* indicator
Fura-2, as done previously [37,39,66,71]. After cells had adhered
overnight onto glass-bottom dishes (VWR), cells were loaded with 3 uM
Fura-2AM dissolved in HEPES-buffered RPMI-1640 medium for 30 min
at 37 °C. After loading, PS-1 cells were washed with prewarmed
HEPES-buffered Ringer’s solution (140 mM NaCl, 5.4 mM KCl, 1.2 mM
CaCly, 0.8 mM MgCly, 5.5 mM glucose, 10 mM HEPES, pH 7.4). Then,
cells were placed inside the 37 °C-temperated heating chamber of the
imaging setup consisting of an inverted Axiovert 40 C microscope con-
nected to a MikroCam SP 3.1, a high-speed shutter and a polychromator.

During the experiments, cells were steadily superfused with pre-
warmed solutions. After a superfusion with Ringer’s solution for 200 s,
the inflow was changed to Ringer’s solution supplemented with vitamin
C in the following concentrations: 10 pM, 100 pM, 284 pM and 1 mM.
Fura-2 was alternately excited at 340 nm and 380 nm, and emission
intensities were captured at 510 nm in intervals of 10 s using the Visi-
View software (Visitron Systems). Average cellular fluorescence in-
tensities were background-corrected. Subsequently, F340/F3gp ratios
were determined. Increasing F340/F3g¢ ratios reflect increasing intra-
cellular Ca*.

To assess whether Ca®" is released from intracellular stores, cells
were incubated in Ca®"-free EGTA-supplemented Ringer’s solution (140
mM NaCl, 5.4 mM KCl, 0.8 mM MgCl,, 5.5 mM glucose, 10 mM HEPES, 1
mM EGTA, pH7.4), followed by adding vitamin C dissolved in Ca®"-free
EGTA-supplemented Ringer’s solution to reach the final concentration
of 284 uM. Lastly, we changed the superfusion solution to Ca®"-con-
taining Ringer’s solution supplemented with 284 pM vitamin C.

For the Mn?" quench experiments, Fura-2 was excited at its iso-
sbestic wavelength of 357 nm where the signal is independent of the
intracellular Ca®t concentration [37], and emission intensities were
recorded at 510 nm. Mn?*binds Fura-2 with a higher affinity than Ca%*
and quenches its fluorescence [73]. Thus, detected changes in the
fluorescence activity of Fura-2 are due to Mn?*-dependent quenching
effects, i.e. the level of negative steepness of the recorded curves is a
measure of CaZ*influx. During the measurements,
Fura-2AM-loaded-cells were initially superfused with Ringer’s solution.
To ensure proper binding of Synta66 to ORAI1 channels, PS-1 cells were
preincubated with 10 uM Synta-66, or in case of control, with 0.1 %
DMSO. Then, cells were superfused with Ca2+—free, 1 mM Mn2+—sup—
plemented Ringer’s solution with 284 pM vitamin C, 10 uM Synta-66 or
0.1 % DMSO. When indicated, the cells were pretreated with vitamin C
and TGF-p1 for 24 h prior to the experiment. Mn?* entry rates were
calculated from the negative slopes upon superfusion with Ca%*-free, 1
mM Mn?"-supplemented Ringer’s solution, which were subtracted by
the respective slopes of the curves before adding Mn2+-containing so-
lutions to compensate for potential photobleaching effects. Then, Mn?*
entry rates were indicated as Mn2" influx per minute (AF/Fy/min).

Statistics

Statistical analyses and graphics generation were performed using
Excel and GraphPad Prism, respectively. “N” indicates the number of
independent test series, whereas “n” indicates the number of datapoints,
e. g. the number of analyzed single cells or the number of wells in 96-
well plates experiments. Experiments were performed with N > 3. The
Shapiro-Wilk was applied to test for normal distribution. In the case of
normally distributed data, the data is presented as mean + SEM (stan-
dard error of the mean). When comparing two groups with normally
distributed data, Students t-test was applied as a significance test.
Comparison of more than two groups was performed with ordinary one-
way ANOVA (analysis of variance) with Tukeys post-hoc test. In the case
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of not normally distributed data, the data is presented as median + 95 %
confidence interval, and multiple comparisons were performed using the
Kruskal-Wallis test with Dunns post-hoc test. Statistical testing is based
on a significance level of a = 0.05 (two-tailed).
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