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There is currently no effective treatment for pancreatic ductal adenocarcinoma (PDAC).
While palliative chemotherapy offers a survival benefit to most patients, nearly all will
eventually progress on treatment and long-term survivability remains poor. Given the
lack of subsequent line treatment options, in this study, we sought to identify novel
strategies to prevent, delay, or overcome resistance to gemcitabine, one of the most
widely used medications in PDAC. Using a combination of single-cell RNA sequencing
and high-throughput proteomic analysis, we identified a subset of gemcitabine-resistant
tumor cells enriched for calcium/calmodulin signaling. Pharmacologic inhibition of
calcium-dependent calmodulin activation led to the rapid loss of drug-resistant pheno-
types in vitro, which additional single-cell RNA sequencing identified was due to
impaired activation of the RAS/ERK signaling pathway. Consistent with these observa-
tions, calcium chelation or depletion of calcium in the culture media also impaired ERK
activation in gemcitabine-resistant cells, and restored therapeutic responses to gemcita-
bine in vitro. We observed similar results using calcium channel blockers (CCBs) such as
amlodipine, which inhibited prosurvival ERK signaling in vitro and markedly enhanced
therapeutic responses to gemcitabine in both orthotopic xenografts and transgenic mod-
els of PDAC. Combined, these results offer insight into a potential means of gemcita-
bine resistance and suggest that select CCBs may provide a clinical benefit to PDAC
patients receiving gemcitabine-based chemotherapy.
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Pancreatic ductal adenocarcinoma (PDAC) often presents at late clinical stages and is
associated with poor outcomes and significant disease morbidity. While surgical resection
offers the most significant survival benefit, most patients are diagnosed with metastatic
disease and are ineligible for surgery (1). Regardless of whether surgery is performed,
nearly all intent-to-treat patients will receive broad-spectrum chemotherapy. In the first-
line setting, most patients are offered the multidrug regimen FOLFIRINOX (5-fluoroura-
cil, leucovorin, irinotecan, and oxaliplatin) or gemcitabine with albumin-conjugated
(nab)-paclitaxel. Following progressive disease on FOLFIRINOX, the combination of
gemcitabine and nab-paclitaxel can be offered as a second-line treatment (2). Though the
combination of 5-fluorouracil, leucovorin, and liposomal irinotecan is approved following
progression on gemcitabine-based chemotherapy, this approach only modestly extends
survival (3). Hence, gemcitabine resistance remains a pressing issue in clinical oncology,
and there is an immediate need for new therapeutic approaches to either enhance the effi-
cacy of gemcitabine-based chemotherapy or restore drug sensitivity for patients with
gemcitabine-refractory PDAC.

While several molecular mechanisms for gemcitabine resistance have been suggested,
these have yet to translate to a safe and effective strategy to potentiate the effects of che-
motherapy in the clinic. For example, the receptor tyrosine kinase epidermal growth
factor receptor (EGFR) has been linked to gemcitabine resistance in preclinical studies
(4). However, the combination of gemcitabine and the selective EGFR inhibitor erloti-
nib has since been evaluated in a large-scale phase III trial, improving median overall
survival by less than 2 wk compared with gemcitabine alone (5). Gemcitabine has been
combined with several other targeted therapies in clinical trials, including drugs target-
ing EGFR (5), Smoothened (6), and vascular endothelial growth factor (7, 8). Despite
the clear link between each of these molecules and gemcitabine resistance in preclinical
studies (9-11), the results of these trials have largely been negative, with little change
in overall or progression-free survival (5-8). As a result, erlotinib remains the only
Food and Drug Administration (FDA)-approved targeted therapy for use in combina-
tion with gemcitabine, though its long-term benefit is unclear (12).

In the present study, we sought to provide additional insight into gemcitabine resis-
tance in PDAC, with the goal of identifying a more effective strategy to improve drug
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Pancreatic cancer is a leading
cause of cancer-related death, in
part due to incomplete responses
to standard-of-care
chemotherapy. In this study, using
a combination of single-cell RNA
sequencing and high-throughput
proteomics, we identified the
calcium-responsive protein
calmodulin as a key mediator of
resistance to the first-line
chemotherapy agent gemcitabine.
Inhibition of calmodulin led to the
loss of gemcitabine resistance

in vitro, which was recapitulated
using a calcium chelator or Food
and Drug
Administration-approved calcium
channel blockers (CCBs), including
amlodipine. In animal studies,
amlodipine markedly enhanced
therapeutic responses to
gemcitabine chemotherapy,
reducing the incidence of distant
metastases and extending
survival. Hence, incorporating
CCBs may provide a safe and
effective means of improving
responses to gemcitabine-based
chemotherapy in pancreatic
cancer patients.
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responses in the clinic. We first challenged an established
PDAC cell line with a tolerable dose of gemcitabine and con-
ducted single-cell RNA sequencing. This revealed unique,
drug-resistant populations enriched for calcium ion binding
and calmodulin/NFAT signaling pathways. When resistant
clones were selected by incubating cells with increasing concen-
trations of gemcitabine for several passages, whole-proteome
analysis revealed a significant up-regulation of calmodulin 2
(CALM2), consistent with our prior sequencing data. Pharma-
cologic inhibition of calcium-dependent calmodulin activation
restored gemcitabine sensitivity in vitro, which further single-
cell RNA-sequencing analysis revealed was associated with the
inhibition of prosurvival ERK signaling, a known driver of
gemcitabine resistance (13-16). This was recapitulated using
the calcium chelator BAPTA-AM, which similarly mitigated
ERK activation and restored gemcitabine sensitivity in vitro.

Based on retrospective clinical data that PDAC patients
receiving the L-type calcium channel (LTCC) inhibitor amlodi-
pine may have improved clinical outcomes when administered
gemcitabine-based chemotherapy (17), we hypothesized that
LTCC inhibition might be an effective means of depleting
intracellular calcium, thereby disrupting calmodulin-dependent
ERK pathway activation. Accordingly, incubation with the cal-
cium channel blockers (CCBs) amlodipine or nifedipine
restored gemcitabine sensitivity in vitro, also attributed to the
inhibition of ERK signaling. Amlodipine similarly reduced
ERK activation in ex vivo slice cultures of PDAC tumors and
restored gemcitabine sensitivity in orthotopic xenografts of
gemcitabine-resistant (GR) tumor cells, reducing metastases
and extending overall survival. Finally, amlodipine enhanced
the antineoplastic effects of gemcitabine in an aggressive model
of transgenic PDAC, markedly improving survival compared
with gemcitabine monotherapy. Combined, these results sug-
gest that calcium-dependent calmodulin activation may func-
tion as a potential means of gemcitabine escape in PDAC.
Based on these observations, CCBs such as amlodipine warrant
additional exploration as an adjuvant to gemcitabine-based
chemotherapy, particularly given their low cost and favorable
toxicity profiles.

Results

Select GR Tumor Cells Are Enriched for Calmodulin/NFAT
Signaling. Recent evidence suggests that, like human tumors,
cancer cell lines can be highly heterogeneous in culture (18).
Therefore, we sought to explore the innate heterogeneity of the
widely used PANC-1 cell line and identify potential subpopula-
tions that demonstrate intrinsic resistance to gemcitabine-
induced cell death. We first conducted a short-term experiment
comparing untreated and gemcitabine-treated PANC-1 cells
after 24 h, the point at which drug-treated cells begin to show
early signs of stress, growth arrest, and/or death. Cells were
serum-starved overnight, and then changed to full-serum media
containing 1 pM gemcitabine for 24 h. Cells were then col-
lected, subjected to single-cell RNA sequencing, and compared
with untreated PANC-1 cells. Following sequencing, cell popu-
lations were visualized via Seurat’s uniform manifold approxi-
mation and projection (UMAP) dimensionality reduction.
Gemcitabine-treated PANC-1 cells were transcriptionally distinct
from the untreated population (Fig. 14). Using the previously
described criteria (19), cells were clustered based on transcrip-
tional similarity. When visualized, untreated PANC-1 cells and
gemcitabine-treated cells were each represented by three nonover-
lapping clusters (Fig. 1B). Following clustering, cell-cycle genes
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Fig. 1. Select GR tumor cells are enriched for calmodulin/NFAT signaling.

(A) PANC-1 tumor cells were incubated with either a saline vehicle or 1 pM
gemcitabine and analyzed by single-cell RNA sequencing as described, and
populations were visualized via UMAP scatterplot. (B) Control and drug-
treated PANC-1 cells were grouped into eight transcriptionally distinct clus-
ters (see also S/ Appendix, Fig. S1A). (C) Each cell was analyzed for cell
cycle-related genes, and the stage of the cell cycle is shown, with GR clus-
ters demonstrating increased expression of S phase genes. (D) Select genes
used in the cell-clustering algorithm. (E) Functional enrichment analysis for
GO biological process terms using GiTools statistics. Top GO terms exhibit-
ing differences in gemcitabine-treated clusters (resistant) compared with
untreated clusters and displaying >15 genes per term are shown. (F)
Enrichment analysis for GO terms related to cell signaling. (G) Individual
genes significantly up-regulated in the calcium ion binding gene set in GR
clusters. (H) Transcriptional enrichment of known NFAT targets in each cell
cluster.

were evaluated to determine the cell-cycle phase positioning of
each cell population (Fig. 1C). Select hierarchical genes used to
determine cell clustering are shown in Fig. 1.D.

Based on the expression of S phase genes and lack of genes
involved in cell stress/cell death, gemcitabine-associated clusters
3, 1, and 7 were presumed as potentially GR. To gain insight
into the potential signaling pathways driving these more drug-
resistant phenotypes, we next conducted enrichment analysis
for genes in relation to Gene Ontology (GO) biological pro-
cesses in each cluster (Fig. 1E). The GR clusters displayed sig-
nificant up-regulation of several cell processes, namely genes
involved in the cell cycle, accommodating cell stress and DNA
damage (Fig. 1 E). Additionally, the hyperresistant cluster 1 also
displayed significant up-regulation of more focused gene sets,
namely receptor ligand binding, mitogen-activated protein
kinase (MAPK) signaling, and several gene sets involved in cal-
cium ion transport, binding, and signaling (Fig. 1F). Specifi-
cally, drug-resistant clusters displayed up-regulation in several
genes associated with intracellular calcium signal transduction,
namely CALM2, that was most strongly up-regulated in cluster
1 (Fig. 1G). As calmodulin is known to exert its effect in part
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through the downstream activation of NFAT, we next deter-
mined the relative expression of known NFAT targets. Consis-
tent with enhanced CALM2 expression, cluster 1 displayed
significant enrichment for NFAT target genes, while NFAT
genes were among genes with decreased expression in clusters

of untreated cells (Fig. 1H).

Calmodulin Is Frequently Overexpressed in Gemcitabine-
Treated PDAC. To generate a more uniformly GR model
system, we again used the PANC-1 cell line, and generated
drug-resistant populations by culturing cells in increasing con-
centrations of gemcitabine for several passages until viable in
concentrations well beyond the 1Cs, (Fig. 24). Once these GR
populations were established (Fig. 2B), the drug-resistant phe-
notype was confirmed by 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay using increasing
concentrations of gemcitabine, which showed an expected
decline in viability for naive PANC-1 cells yet no significant
change in cell viability in PANC-1-GR cells (Fig. 2C). Similar
results were observed in cell death, as concentrations of 5 and
10 pM led to a strong apoptotic response in naive cells, with
little to no apoptosis observed in GR cells (Fig. 2 D and E).

After verifying the GR phenotype, we next compared the
protecome of PANC-1 and PANC-1-GR cells using two-
dimensional (2D) gel electrophoresis (SI Appendix, Fig. S1A).
This revealed several differentially expressed proteins between
the two cell lines, including serine and arginine-rich splicing
factor 3 (SRSF3), the ALEX family member ARMX1, keratin,
type II cytoskeletal 1 (K2C1), and others (S Appendix, Fig.
S1B). However, consistent with previous single-cell RNA-
sequencing data, PANC-1-GR cells also had a nearly fourfold
increase in the expression of CALM2 (Fig. 2 Fand G), similar
to the intrinsically drug-resistant and CALM2-enriched popula-
tion identified in Fig. 1. After confirming this increase by
Western blot (Fig. 2H), we evaluated calmodulin expression in
36 PDAC surgical specimens. Of these 36 patients, 18 were
chemotherapy-naive and 18 received neoadjuvant gemcitabine-
based chemotherapy before surgery. Consistent with our in vitro
data, gemcitabine-treated patient specimens generally had more
robust calmodulin expression than chemotherapy-naive patents,
localizing predominantly to the cytoplasm and cell membrane of
the neoplastic epithelium (Fig. 2J).

As this could potentially be confounded through disease het-
erogeneity, we next evaluated this phenomenon using two
established models of murine PDAC. The first was the well-
established Pdx1-Cre X LSL-Kras“'?P x LSL-7P53%'72H
(KPC) model of invasive PDAC. This model faithfully recapit-
ulates human PDAC histotypes with several key features,
including poor responses to chemotherapy. To model the long-
term effects of gemcitabine, mice were allowed to develop overt
PDAC for a minimum of 3.5 mo, at which point they were
randomized at a 50:50 male-to-female ratio into one of two
treatment groups (z = 4 per group). Mice were treated with
intraperitoneal (IP) injections of either phosphate-buffered
saline (PBS) vehicle or 100 mg/kg gemcitabine twice per week
and killed when showing clear signs of health decline, for exam-
ple weight loss, ascites, or lethargy (Fig. 2/, » = 4 or 5 per
group).

In parallel experiments, we also used the G-68 cell line—derived
xenograft (CDX), as described in our previous publication (20).
This model uses a primary pancreatic cancer cell line derived
from a non-Hispanic, white female with a T3N1 tumor harbor-
ing KRAS®'?P and TP53%**¥ mutations similar to those used
in the KPC model. Cells (5 X 10°) were subsequently injected
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into the flank of NOD scid gamma (NSG) mice and, once
tumors reached 100 to 200 mm?® in size, animals were treated
with either vehicle or 40 mg/kg of gemcitabine once per week
(Fig. 2K; n = 4 or 5 per group). In both KPC and G-68 mouse
models, gemcitabine-treated animals consistently had uniform
up-regulation of calmodulin by immunohistochemistry, often
localizing to the cell membrane (Fig. 2.7).

Given the inherent limitations of 2D cell culture and the
animal models described above, we next established ex vivo slice
cultures of two PDAC patients undergoing surgical resection
by sectioning a 6-mm tumor core at 250-pm intervals and cul-
turing as described (21, 22). After sectioning, slice cultures
were incubated with either a PBS vehicle or 5 pM gemcitabine
and evaluated after 72 h by immunohistochemistry (Fig. 2M).
Consistent with our previous observations, slice cultures treated
with gemcitabine had increased staining for calmodulin, which
localized predominantly to the neoplastic epithelium (Fig. 2/V).

Calmodulin-Dependent ERK Activation Is Required for
Gemcitabine Resistance In Vitro. To determine the biologic
significance of calmodulin signaling in gemcitabine resistance,
we next conducted a series of cell-viability assays using PANC-
1-GR cells, treating cells with increasing concentrations of
gemcitabine with or without inhibitors of canonical calmodulin
signaling. PANC-1-GR cells were serum-starved overnight,
and pretreated with a dimethyl sulfoxide (DMSO) control
(1:1,000), an NFAT-inhibiting peptide (NFATI) (25 pM), the
CAMK inhibitor KN-62 (10 pM), or the cell-permeable antag-
onist of calcium-dependent calmodulin activation W-7 (10
MM). At this time, cells were changed to full-serum media with
additional inhibitors, as well as varying doses of gemcitabine.
After another 48 h, cell viability was evaluated by MTT assay.
Though W-7-mediated calmodulin inhibition led to the loss of
the GR phenotype, reducing cell viability and increasing drug-
induced apoptosis, there was no effect on cell viability using
either KN-62 or NFATi (Fig. 3 A-C).

Thus, as the canonical targets of calmodulin signals do not
appear to have a role in the maintenance of gemcitabine resis-
tance, we next treated PANC-1-GR with W-7 as described
and, after 24 h, conducted single-cell RNA sequencing. Cells
were then displayed via UMAP dimensionality reduction, and
clustered as previously. Using this approach, untreated and
W-7—treated cells were each represented by five clusters (Fig. 3
D and E). We again conducted enrichment analysis for genes
in relation to GO biological processes in each cluster, revealing
a significant down-regulation in several cell processes, most
notably those involved in the cell cycle (Fig. 3F). As these cell-
cycle genes could potentially have a disproportionate impact on
clustering, we next excluded cell-cycle genes from analysis and
re-formed cell clusters (SI Appendix, Fig. S2A). Untreated
PANC-1-GR cells were represented by six well-defined clusters
and treated cells were represented by five, with little overlap
between groups (87 Appendix, Fig. S2B). Moreover, treated cells
still displayed a highly significant reduction in the same cell
processes compared with untreated cells (SI Appendix, Fig.
S20).

To determine a potential mechanism to explain these find-
ings, we conducted subsequent gene set enrichment analysis in
each cluster for known cell signaling pathways. This revealed
significant W-7-mediated suppression of GO signal receptor
binding pathways, as well as genes in the GO MAPK and
ERK1/2 cascade gene sets (Fig. 3 G-1). We therefore explored
the biologic significance of ERK inhibition with respect to the
GR phenotype by repeating cell-viability assays as described,
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now incorporating pharmacologic inhibitors of MEK-dependent
ERK activation in the form of U0126 or PD-98059. In both
cases, PANC-1-GR cells became highly gemcitabine-sensitive
(Fig. 3)). Incubation with W-7 reduced ERK activation in
PANC-1-GR cells by immunocytochemistry and in both the
calmodulin-low PANC-1 and calmodulin-high PANC-1-GR cells
by Western blot (Fig. 3 K'and ). Despite the inhibition of ERK
signals in gemcitabine-sensitive cells, W-7 only modestly enhanced
the cleavage of caspase 3 (Fig. 3L). However, in PANC-1-GR
cells, W-7 markedly enhanced the cleavage of caspase 3, consistent
with the observed increase in cell death (Fig. 3L).

Given these alterations in MAPK signaling, we next explored
the relationship between calmodulin and KRAS in this context.
As active KRAS signaling occurs at the cell membrane (23), we
first restained human tumor tissue for calmodulin and evalu-
ated its localization under high magnification. In most patients,
calmodulin was expressed at the cell membrane, with similar
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results observed in PANC-1-GR cells in vitro (Fig. 3M). How-
ever, when PANC-1-GR cells were treated with W-7, calmodu-
lin was delocalized from the cell membrane and was more
abundant in the cytoplasm (Fig. 3M). We next assessed the
direct association between calmodulin and KRAS via immuno-
precipitation, which affirmed that KRAS coprecipitated calmodu-
lin, though this was strongly inhibited by W-7 (Fig. 3 N and O).
We next evaluated whether this affected RAS activation by incu-
bating samples with a glutathione S-transferase (GST)-tagged
RAF1 RAS-binding domain (RBD). RBD-KRAS complexes
were immunoprecipitated, resolved, and visualized by Western
blot showing a substantial reduction in KRAS activity in
W-7—treated cells (Fig. 3P).

Finally, to determine if calmodulin is required for ERK acti-
vation in human tumor tissue, we again generated slice cultures
from two PDAC patients undergoing surgical resection and
incubated specimens either with a DMSO vehicle or with W-7.
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Fig. 3. Calmodulin-dependent ERK activation is required for gemcitabine resistance in vitro. (A) PANC-1-GR cells were incubated with a fixed concentration
of either a DMSO control (1:1,000), an NFAT-inhibiting peptide (25 pM), the CAMK inhibitor KN-62 (10 uM), or the calmodulin inhibitor W-7 (10 pM). After 2 h,
cells were challenged with increasing concentrations of gemcitabine, and cell viability was evaluated after 48 h by MTT assay. Error bars represent mean +
SEM. (B and C) PANC-1-GR cells were incubated with a DMSO vehicle or 10 uM W-7 followed by 0, 5, or 10 pM gemcitabine, and cell death was evaluated
after 48 h by Annexin-FITC assay. Error bars represent mean + SEM. (D-F) PANC-1-GR cells were incubated with a DMSO vehicle or 10 pM W-7 for 24 h, at
which time cells were collected and evaluated by single-cell RNA sequencing. Populations were visualized via UMAP scatterplot, transcriptionally distinct clus-
ters were identified, and each was subjected to enrichment analysis for cell processes identified in Fig. 1. (G) Cell clusters were interrogated by GiTools for
alterations to cell signaling pathways, showing significant down-regulation of MAPK and ERK signaling in W-7-treated clusters. (H and /) Individual genes in
the ERK and MAPK gene sets, respectively. (/) PANC-1-GR cells were incubated with a fixed concentration of either a DMSO vehicle (1:1,000) or MEK/ERK
inhibitors U0126 (5 uM) or PD-98059 (5 pM). After 2 h, cells were challenged with increasing concentrations of gemcitabine, and cell viability was evaluated
after 48 h by MTT assay. Error bars represent mean + SEM (*P < 0.05). (K) PANC-1-GR cells were incubated with a fixed concentration of either a DMSO vehi-
cle or W-7 (10 pM), and ERK activation was evaluated by immunochemistry after 24 h. (L) PANC-1 and PANC-1-GR cells were treated as described and ERK
pathway activation was evaluated by Western blot. (M) Human PDAC tumor tissue or PANC-1-GR cells incubated with a DMSO vehicle or W-7 (10 pM) were
stained via immunofluorescence for calmodulin. (N and 0) PANC-1-GR cells were again treated with either a DMSO vehicle or W-7, and the interaction
between KRAS and CALM was evaluated by immunoprecipitation. WCE, whole-cell extract. (P) Following treatment, PANC-1-GR cells were subjected to a
KRAS activity assay using an IP with a GST-tagged RBD of the RAF protein. Following IP, complexes were resolved and visualized by Western blot for KRAS. Control
and W-7-treated samples were compared with a positive control (GTPyS) and negative control (GDP). (Q) Excisional biopsies from two PDAC patients undergoing
survival resection were cored, sectioned at 250-um intervals, and cultured ex vivo either in a control DMSO vehicle or 10 pM W-7. After 72 h, slice cultures were
formalin-fixed, paraffin-embedded, and stained either with H&E, via immunohistochemistry for CALM, or dual-stained for CK19 and PCNA.

After 48 h, tissues were stained with hematoxylin and eosin
(H&E), via immunohistochemistry for pERK, or dual-stained
for the duct marker CK19 and the proliferation surrogate
PCNA. Consistent with cell-culture data, W-7—treated tumor
slices displayed a substantial reduction in ERK activation, as
well as diminished proliferation in CK19-positive tumor nests

(Fig. 3Q).

PNAS 2022 Vol.119 No.18 2200143119

Calcium Depletion Disrupts ERK Activation and Restores
Gemcitabine Sensitivity In Vitro. As calmodulin inhibitors
such as W-7 are not clinically useful, we next sought to deter-
mine whether manipulating calcium would mimic the effects of
W-7 on drug resistance in PANC-1-GR cells. As previously,
PANC-1-GR cells were serum-starved overnight either with
control Dulbecco’s modified Eagle’s medium (DMEM) or
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75 was evaluated after 24 h by MTT assay. Error
bars represent mean + SEM. (P and Q) PANC-1-
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DMEM supplemented with the calcium chelator BAPTA-AM
(10 pM). Cells were then changed to medium containing 10%
fetal bovine serum (FBS) with or without BAPTA-AM, as well
as varying doses of gemcitabine. After another 48 h, cell viabil-
ity was evaluated by MTT assay. Consistent with our observa-
tions using W-7, BAPTA-AM led to the loss of gemcitabine
resistance, which reduced cell viability in a dose-dependent
manner (Fig. 44). We next treated PANC-1-GR cells as previ-
ously and, after 24 h, conducted single-cell RNA sequencing.
Cells were again displayed via UMAP dimensionality reduction
and clustered as earlier described.

Using this approach, untreated PANC-1-GR cells were rep-
resented by seven well-defined clusters with seven additional
clusters for BAPTA-AM-treated PANC-1-GR cells (Fig. 4 B
and C). We again conducted enrichment analysis for genes in
relation to GO biological processes in each cluster, revealing a
significant down-regulation in several of the same cell processes
affected by W-7, especially those involved in the cell cycle (Fig.
4D). When evaluating GO gene sets associated with cell signal-
ing, we again observed a significant down-regulation in the GO
signal receptor binding pathway gene set, as well as most genes
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death was evaluated by Annexin-FITC assay.
(24h) Error bars represent mean + SEM (*P < 0.05).

in the GO MAPK and ERK1/2 cascade gene sets (Fig. 4 £-G).
The BAPTA-AM-mediated inhibition of ERK activation was
next confirmed by Western blot (Fig. 4H) and, like W-7,
BAPTA-AM-mediated calcium chelation disrupted the forma-
tion of calmodulin/KRAS formation as determined by immu-
noprecipitation experiments (Fig. 4 7and )).

To further evaluate whether calcium is necessary for ERK acti-
vation, we next conducted a series of experiments in serum-free
media, utilizing recombinant EGF as a positive stimulus for ERK
activation. We first serum-starved PANC-1-GR cells overnight
with either control DMEM or DMEM plus BAPTA-AM and
stimulated cells with 0.5 ng/mL recombinant EGF. After 10 min,
ERK activation was evaluated by Western blot. Low-dose EGF
strongly enhanced ERK phosphorylation in control serum-free
media, though this was not observed in BAPTA-AM-—containing
media (Fig. 4K). We repeated these experiments using DMEM
lacking calcium and observed similar results with poor ERK acti-
vation under calcium-free conditions (Fig. 4Z). These experiments
were repeated using higher doses of EGF (1 to 2 ng/mL). Under
these conditions, EGF noticeably induced ERK phosphorylation
in BAPTA-AM-supplemented or calcium-free media, though this
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activation was weaker than in control media (Fig. 4 M and N).
Given the effect of calcium-free media on ERK activation, we
next repeated cell-viability assays as described, now using either
control serum-free media supplemented with 2% FBS or calcium-
free media supplemented similarly (low-calcium media). Similar
to results using BAPTA-AM, cells grown in low-calcium media
were poorly drug-resistant with reduced viability across all doses
of gemcitabine after 24 h (Fig. 40), and displayed increased apo-
ptosis when administered a 5 pM dose (Fig. 4 Pand Q).

Calcium Channel Blockers Impair Prosurvival ERK Signaling
and Improve Gemcitabine Sensitivity In Vitro. Based on retro-
spective observations that PDAC patients receiving CCBs
display improved therapeutic responses to gemcitabine-based
chemotherapy (17), we hypothesized that CCBs might provide
a clinically useful means to deplete intracellular calcium,
thereby interrupting calmodulin-induced ERK activation and
improving therapeutic responses. We therefore stained the 36
excisional biopsies from PDAC patients for LTCCs, the pri-
mary target of CCBs (24) (Fig. 54). LTCCs were ubiquitous to
both chemotherapy-naive and chemotherapy-treated patients
(Fig. 5B), and were expressed in several PDAC cell lines,
including PANC-1-GR, which localized exclusively to the cell
membrane (Fig. 5 Cand D).

We next serum-starved PANC-1-GR cells overnight and pre-
treated with either a DMSO control or the CCBs nifedipine or
amlodipine (5 pM). After 2 h, cells were changed to full-serum
media containing the same treatments and increasing concen-
trations of gemcitabine. After another 48 h, cell viability was
evaluated by MTT assay. In PANC-1-GR cells treated with
either nifedipine or amlodipine, gemcitabine reduced cell via-
bility in a dose-dependent manner (Fig. 5F), and sensitized
cells to gemcitabine-induced apoptosis when subjected to
Annexin-FITC (fluorescein isothiocyanate) assay (Fig. 5F).
Similar results were observed using gemcitabine-naive PANC-1,
MiaPaCa-2, and ASPC-1 cells (SI Appendix, Fig. S3).

To identify the underlying mechanism, PANC-1-GR cells
were again treated with amlodipine and compared with
untreated controls after 24 h by single-cell RNA sequencing.
Cells were again displayed via UMAP dimensionality reduction
and clustered as described (Fig. 5G). These amlodipine-treated
PANC-1-GR cells demonstrated high transcriptional similarity
to W-7— and BAPTA-AM-treated cells, all of which were sig-
nificantly different from the controls, particularly for genes
related to the cell cycle (ST Appendix, Figs. S4 and S5). When
this comparison was restricted to control and amlodipine-
treated cells, untreated PANC-1-GR cells were represented by
five clusters, and amlodipine-treated cells by an additional five
clusters (Fig. 5H).

We again conducted enrichment analysis in these clusters for
genes in relation to GO biological processes in each cluster,
revealing a significant down-regulation in several of the same
cell processes affected by W-7 and BAPTA-AM in the amlodi-
pine groups, including genes involved in cell-cycle progression
(Fig. 51). We found that most amlodipine-treated cells showed
inhibition of several pathways involved in calcium ion transport,
closely mimicking results using BAPTA-AM (8] Appendix, Fig.
S6). Also, as previously, amlodipine-treated cells displayed pro-
found suppression of MAPK and ERK1/ERK2 cascades (Fig. 5)),
with nearly all drug-associated clusters showing a pronounced
down-regulation of previously identified genes in the MAPK and
ERK pathways (Fig. 5 K'and I). At the protein level, amlodipine
treatment inhibited the direct association between calmodulin and
KRAS as determined by immunoprecipitation (Fig. 5M), and

PNAS 2022 Vol.119 No.18 2200143119

treatment with either nifedipine or amlodipine impaired ERK
pathway activation by Western blot (Fig. 5V), with similar results
observed in chemotherapy-naive MiaPaCa-2 and ASPC-1 cell
lines (Fig. 5 O and P). As ERK is central to cell survival, we also
examined the effects of nifedipine and amlodipine on responses to
several other chemotherapy medications used in PDAC and found
that the CCBs ubiquitously enhanced chemotherapy sensitivity in
PANC-1, MiaPaCa-2, and ASPC-1 cells (SI Appendix, Fig. S7).

To translate these findings to tumor tissues, we again gener-
ated slice cultures from two PDAC patients undergoing surgical
resection and incubated specimens either with a DMSO vehi-
cle, nifedipine, or amlodipine. After 48 h, tissues were stained
with H&E, via immunohistochemistry for pERK, or dual-
stained for the duct marker CK19 and the proliferation surro-
gate PCNA. As previously, tumor slices treated with either
nifedipine or amlodipine displayed a substantial reduction in
ERK activation, as well as diminished proliferation in CK19-
positive tumor nests (Fig. 5Q).

Amlodipine Extends Survival in Orthotopic Xenografts of GR
PDAC Cells. To determine the in vivo efficacy of amlodipine as
an adjunct therapy in GR PDAC, we transfused PANC-1-GR
cells with luciferase (PANC-1-GR™) and implanted 0.8 X 10°
cells into the pancreas of NSG mice (Fig. 6A4). Disease progres-
sion was monitored by In Vivo Imaging System (IVIS), and
once animals developed 100-mm’ tumors, they were enrolled
into one of four treatment groups. Mice were given IP injec-
tions of a PBS vehicle (z = 5), 100 mg/kg gemcitabine twice
per week (# = 7), 2.5 mg/kg amlodipine daily (z = 5), or twice
weekly gemcitabine with daily injections of amlodipine (2 =
9). Mice were killed when showing clear signs of health decline,
such as weight loss or lethargy, at which time tissues were col-
lected and subjected to histopathology (Fig. 6B). Consistent
with the GR phenotype, mice treated with gemcitabine had no
statistically ~significant survival advantage compared with
vehicle-treated controls. Additionally, amlodipine monotherapy
also failed to alter disease outcomes. However, mice treated
with both gemcitabine and amlodipine had significantly
enhanced survival, with 5/10 mice reaching the study end point
of 100-d postenrollment (Fig. 60).

On dissection, 5/5 control mice had extensive nodular
masses throughout a firm, enlarged pancreas, as did 6/6
gemcitabine-treated mice and 5/5 amlodipine-treated mice.
Additionally, 4/5 control mice developed extensive hepatic and
splenic metastases, as did 6/7 gemcitabine-treated mice and 5/5
amlodipine-treated mice (Fig. 6D and SI Appendix, Fig. S8).
However, only 3/9 mice treated with gemcitabine and amlodi-
pine had large, frank tumors throughout the pancreas, and only
1/9 developed liver metastases (Fig. 6 D-F). Consistent with
our in vitro data, pancreatic tumors treated with the combina-
tion of gemcitabine and amlodipine had little ERK activation
compared with all other groups, paralleled by a substantial
reduction in proliferation (Fig. 6 G and H).

Amlodipine Potentiates Gemcitabine Chemotherapy in KPC
Mice. While amlodipine has clear efficacy as a gemcitabine
adjunct in xenografted tumor cells, these experiments are lim-
ited, as these tumors do not resemble clinically relevant human
PDAC histotypes. Further, these xenografted tumors lack the
dense, fibroinflammatory reaction that is a hallmark of PDAC
and rely on immunocompromised mice. We therefore used the
well-accepted Pdx1-Cre X LSL-KRASS'?P x LSL-7P53%7*H
(KPC) mouse model of autochthonous PDAC. As described in
the original reference, KPC animals develop pancreatic
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Fig. 5. Calcium channel blockers impair prosurvival ERK signaling and improve gemcitabine sensitivity in vitro. (A) Excisional biopsies from 36 PDAC patients
were sectioned and stained via immunohistochemistry for LTCCs and representative images are shown for each from either chemotherapy-naive patients (n
= 18) or patients who had received neoadjuvant gemcitabine-based chemotherapy (n = 18). (B) The percentage of patients in each group with LTCC-
expressing and non-LTCC-expressing tumors. (C) PANC-1, MiaPaCa-2, Capan-1, and ASPC-1 cells were evaluated for LTCC expression by Western blot. (D)
PANC-1-GR cells were stained for LTCCs by immunofluorescence, showing strong membrane localization. () PANC-1-GR cells were incubated with a fixed
concentration of either a DMSO vehicle (1:1,000) or the CCBs nifedipine (5 pM) or amlodipine (5 pM). After 2 h, cells were challenged with increasing concen-
trations of gemcitabine, and cell viability was evaluated after 48 h by MTT assay. Error bars represent mean + SEM. (F) PANC-1-GR cells were treated simi-
larly and cell death was evaluated by Annexin-FITC assay. (G-/) PANC-1-GR cells incubated with either a DMSO control vehicle or amlodipine (5 uM) for 24 h.
Cells were then collected and evaluated by single-cell RNA sequencing. Cell populations were visualized via UMAP scatterplot, transcriptionally distinct clus-
ters were identified, and each was subjected to enrichment analysis for cell processes identified in Fig. 1, with amlodipine-treated clusters showing signifi-
cant down-regulation of MAPK and ERK signaling. (K and L) Individual genes in the ERK and MAPK gene sets, respectively. (M and N) PANC-1-GR cells were
treated similarly, and the interaction between KRAS and calmodulin was evaluated by immunoprecipitation. Cell lysate was also evaluated by Western blot
for ERK pathway activation. (O and P) MiaPaCa-2 and ASPC-1 cells were treated with nifedipine (5 pM) or amlodipine (5 uM), and ERK activation was evaluated
by Western blot. (Q) Excisional biopsies from two PDAC patients undergoing survival resection were cored, sectioned at 250-um intervals, and cultured ex
vivo either in a control DMSO vehicle, nifedipine (5 pM), or amlodipine (5 uM). After 72 h, slice cultures were formalin-fixed, paraffin-embedded, and stained
either with H&E, via immunohistochemistry for CALM, or dual-stained for CK19 and PCNA.
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Fig. 6. Amlodipine extends survival in orthotopic xenografts of GR tumor cells. (A-C) PANC-1-GR cells were transduced with stable expression of firefly lucif-
erase (PANC-1-GR™), and 0.8 x 10° cells were implanted into the pancreas of NSG mice. Disease progression was monitored by IVIS, and once animals
developed 100-mm? tumors, they were enrolled into one of four treatment groups. Mice were given IP injections of a PBS vehicle (n = 5), 100 mg/kg gemci-
tabine twice per week (n = 7), 2 mg/kg amlodipine daily (n = 5), or twice weekly gemcitabine with daily injections of amlodipine (n = 9). Mice were killed
when showing clear signs of health decline such as weight loss or lethargy, and survival is shown via the Kaplan-Meier method. (D) At the study end point,
gross changes in the pancreas, liver, and spleen were evaluated and representative images are shown for each group. (£) Tissues also were stained with
H&E, and representative images are shown for tumors in the pancreas and liver. Arrows point to areas of tumor tissues. (F) The percentage of mice in each
group showing metastatic lesions to the liver, spleen, and/or body wall. (G and H) Tissues were stained with H&E or via immunohistochemistry for pERK or
PCNA and quantified as described, and results are displayed as individual value plots.

intraepithelial neoplasms at 6 wk, focal PDAC at 15 wk, and
advanced PDAC at 18 wk (25). Thus, in this study, animals
were allowed to develop overt disease for a minimum of 3.5
mo, at which point 100% of mice in our colony have devel-
oped locally invasive PDAC (20). After verifying the expression
of LTCCs in murine PDAC by immunohistochemistry (Fig.
74), we randomized mice at a 50:50 male-to-female ratio into
one of four treatment groups. Mice were either treated with IP
injections of a saline vehicle, 100 mg/kg gemcitabine twice per
week, daily injections of 2 mg/kg amlodipine, or twice weekly
gemcitabine with daily IP injections of 2 mg/kg amlodipine. As
previously, mice were killed when showing clear signs of health
decline such as weight loss or lethargy, at which time tissues
were collected and subjected to histopathology (Fig. 7 B).
Consistent with our previous observations (20), KPC mice
treated with gemcitabine monotherapy had a very modest sur-
vival advantage. Similar to results using orthotopic xenografts,
amlodipine failed to extend survival beyond that of saline-
treated mice, though the combination of gemcitabine and
amlodipine had a significant survival advantage compared with
all other groups (Fig. 7C and SI Appendix, Fig. S9A). On nec-
ropsy, the pancreas from mice in the combination arm was
generally smaller, softer, and displayed a reduced incidence of
nodular tumors throughout. This corresponded to a significant
reduction in the weight of the pancreas, particularly when nor-

malized to body weight (Fig. 7D and SI Appendix, Fig. S9B).

PNAS 2022 Vol.119 No.18 2200143119

On histologic evaluation, single-agent gemcitabine or amlodi-
pine failed to significantly alter the gland architecture when
compared with saline-treated controls (Fig. 7 E~G and S/
Appendix, Fig. S9 C-E). However, consistent with the reduc-
tion in gland weight, the majority of mice treated with both
gemcitabine and amlodipine had at least some preservation of
normal gland architecture, as well as a reduction in the number
of lesions per high-power field and tumor-associated fibrosis
(Fig. 7 E-H). While single-agent amlodipine failed to signifi-
cantly reduce ERK activation at the study end point, mice in
the combination arm displayed reduced ERK activation with
parallel reductions in proliferation and enhanced apoptosis

(Fig. 7 -K and SI Appendix, Fig. S9 F-H).

Discussion

For decades, gemcitabine has remained one of the most impor-
tant and widely used medications in the treatment of PDAC.
Though gemcitabine-based chemotherapy provides a modest
survival in both the first- and second-line setting, nearly all
tumors will eventually experience disease progression and long-
term survivability remains poor. Though gemcitabine resistance
is well-documented in the clinic, the cellular and molecular
mechanisms that underlie GR phenotypes remain unclear.
Though several possible mechanisms have been suggested, none
has successfully translated to a clinically useful combination
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group, see S/ Appendix, Fig. S9 C-H.

strategy to reverse gemcitabine resistance or prolong its thera-
peutic efficacy.

As mentioned, PDAC tumors frequently overexpress EGFR,
which has been linked to gemcitabine resistance through the
transactivation of antiapoptotic PI3K/AKT signaling (4).
Despite the promise of this approach in preclinical studies, the
addition of the EGFR inhibitor etlotinib to gemcitabine mono-
therapy extended median overall survival by less than 2 wk in a
phase III trial (5). Given the lack of a more effective treatment
option, erlotinib was approved for this indication by the FDA.
In the years since, several other targeted therapies have been
combined with gemcitabine in clinical trials, in most instances
with strong scientific rationale. However, progress has been dif-
ficult and, at this time, no additional treatment strategy has
earned FDA approval.

Notable examples include the EGFR inhibitor cetuximab,
which failed to significantly improve survival when combined
with gemcitabine-based chemotherapy (26). Similarly, though
the addition of VEGF signaling inhibitors bevacizumab and axiti-
nib showed early promise in combination with gemcitabine-based
chemotherapy in phase II trials, neither combination showed a
meaningful clinical benefit in phase III testing (7, 8). In addition
to VEGF, Hedgehog/Smoothened signaling has been directly
implicated in gemcitabine resistance in PDAC via the downstream
activation of GLI-SOX2 signaling (27). However, the Smooth-
ened inhibitor vismodegib also failed to improve outcomes when
added to gemcitabine in a clinical trial (6).
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In this study, we explored potential means of escape from
gemcitabine-induced apoptosis via a combination of single-cell
RNA sequencing and high-throughput proteomic analysis.
These data appeared to implicate aberrations in calcium-
dependent calmodulin signaling in gemcitabine resistance. Spe-
cifically, cell lines, animal models, and human PDAC tissues
showed an increase in the expression of CALM2 following
long-term treatment with gemcitabine, often accumulating
at the cell membrane. Pharmacologic ablation of calcium-
dependent calmodulin activation was sufficient to reverse
gemcitabine resistance in vitro, which subsequent analyses
determined was through the inhibition of prosurvival ERK and
MAPK signaling. This is consistent with previous observations
demonstrating that ERK signaling is central to gemcitabine
resistance in PDAC (13, 14, 28). However, the relationship
between calmodulin and ERK activation is poorly understood
and appears to be highly context-dependent.

In KRAS-driven cancers such as PDAC, calmodulin has con-
tradictory roles in directing the activation of the MEK/ERK
and PI3K/AKT pathways (29). For example, consistent with our
observations, the KRAS4b isoform has been shown to interact
with calmodulin in a prenylation-dependent and nucleotide-
independent manner (30), though this association does appear to
require calcium (31, 32). While this interaction has been known
for years, its biological consequences are controversial, involving
additional signaling effectors that operate in a highly context-
specific manner. For example, phosphorylated calmodulin can
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potentiate  KRAS-induced activation of PI3K/AKT signaling,
tightening the binding between KRAS4b and PI3Ka (33). This
appears to also involve association with the IQ domain GTPase-
activating  scaffolding protein 1 (IQGAP1), which associates
with calcium-bound calmodulin and contributes to KRAS-
dependent activation of PI3K at the cell membrane (34, 35).
Further complicating these events, conformational ensembles of
KRAS4B—calmodulin complexes are diverse, often involving
additional posttranslational modifications such as farnesylation
and methylation (36).

Though there is a growing body of evidence suggesting that
calmodulin can potentiate KRAS-induced activation of PI3K/
AKT signaling in epithelial cells (37), data regarding calmodu-
lin and ERK are less clear. In fibroblasts, calmodulin can
directly bind to KRAS to inhibit downstream activation of
RAF/MEK/ERK (38) and inhibit KRAS phosphorylation at
the hypervariability region (39). This has been suggested to
inhibit the sustained high activation of ERK following stimula-
tion by growth factors, preserving the proliferative effect of the
KRAS/ERK pathway (40). While similar results have been
observed in other model systems, several other studies support
a role for calmodulin in enhancing KRAS-induced ERK activa-
tion. In pheochromocytoma cells, pharmacologic inhibition of
calmodulin via W-13 or calmidazolium prevented the activa-
tion of both ERK and p38 MAPK (41).

Many studies have focused on the role of calmodulin-dependent
kinases in facilitating ERK activation (42, 43); others suggest a
more direct role for calmodulin in RAS activation. For example,
the EGF-responsive MAPK scaffold protein kinase suppressor of
Rasl (KSR1) has been shown to rewire calmodulin signaling in
hepatocytes, coupling calcium-dependent calmodulin activation to
ERK activation (44). In this study, calcium was required for the
association between calmodulin and KSR1, and calcium chelation
substantially reduced EGF-induced ERK activation in KSRI-
expressing cells (44). This is consistent with prior observations
that pretreating hepatocytes with calcium chelators or calmodulin
inhibitors, including W-7, markedly reduces ERK activation (45).
In PDAC cells, litde is known regarding the role of calmodulin
and ERK activation, though early evidence supports a role for cal-
modulin in enhancing ERK activation in PANC-1 cells, in part via
cross-talk with SRC kinase (46). Hence, though there is consensus
that many adenocarcinomas are dependent on calcium/calmodulin
signaling (29, 47-50), our study raises important questions regard-
ing the intersection between calmodulin and the KRAS/ERK path-
way in PDAC, which warrants continued exploration.

Nevertheless, though the exact means through which cal-
modulin contributes to KRAS/ERK activation in PDAC cells
remain unclear, our data suggest that calcium-dependent cal-
modulin signaling protects tumor cells from gemcitabine-
induced apoptosis. Accordingly, GR PDAC cells appear highly
sensitive to adjuvant therapies targeting calcium. As mentioned,
this is consistent with retrospective clinical data demonstrating
that PDAC patients receiving amlodipine had improved sur-
vival when receiving gemcitabine-based chemotherapy (17).
This is supported by a more recent retrospective study, which
determined that PDAC patients receiving a CCB had a median
overall survival of 15.3 mo compared with 10.1 mo for patients
without a CCB. Though encouraging, this study did not
restrict treatment to gemcitabine-based chemotherapy and is
suggestive rather than definitive (51). Hence, no studies to
date, ecither preclinical or clinical, have evaluated the CCBs to
gemcitabine-based chemotherapy in a controlled setting.

Several studies have, however, investigated the effects of
CCBs on tumor cells, some also related to drug resistance. For
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example, CCBs have been shown to reverse docetaxel- and
vincristine-induced multidrug resistance in non—small-cell lung
cancer cells in a transporter-independent manner (52, 53).
Recently, the LTCC subunit CACNG4 has been shown to be
up-regulated in aggressive breast cancers, increasing both cell
proliferation and migratory capacity (54). In gastric cancer,
both amlodipine and verapamil have been shown to restrain
tumor growth in vivo, particularly when combined with cis-
platin chemotherapy (55). Interestingly, the CCBs amlodipine
and lercanidipine impede ERK activation in gastric cancer cells,
cooperating with doxorubicin to induce cell death (56). In
PDAC, while CCB-induced cell death has been reported (57),
relatively little is known regarding LTCC biology. While most
PDAC cell lines appear CCB-sensitive with respect to prolifera-
tion (58), KRAS-mutated cells appear to be particularly sensi-
tive to CCB-induced apoptosis, blocking KRAS membrane
localization and activation (59). At present, there has yet to be
a randomized clinical trial exploring whether the addition of a
CCB can extend survival beyond placebo for patients receiving
gemcitabine-based chemotherapy. Therefore, this strategy may
warrant more careful clinical investigation, particularly given
the favorable toxicity profile, low cost, and ready availability of

CCBs such as amlodipine.

Materials and Methods

Transgenic Mice. Pdx1-Cre x LSL-Kras®'20 x LSL-TP53%172H (KPC) mice were
generated as described in our previous work (20, 60, 61). At roughly 3.5 mo of
age, KPC mice were administered an IP injection of a PBS vehicle, gemcitabine
(100 mg/kg), amlodipine (2 mg/kg), or the combination of gemcitabine and
amlodipine. KPC mice were killed when moribund or showing clear signs of
health decline, such as fur loss, weight loss, or lethargy, or when they reached
8 mo of age in the case of mice with prolonged survival. For euthanasia, animals
were anesthetized with isoflurane until unresponsive to toe tap and/or agonal
breathing. Thoracotomy served as the primary method of euthanasia and exsan-
guination the secondary method. For all mouse studies, males and females
were randomized at a 50:50 ratio.

Statistical Analysis. Nonsequencing, nonsurvival data were analyzed by two-
way ANOVA and fit to a general linear model in Minitab16, the validity of which
was tested by adherence to the normality assumption and the fitted plot of the
residuals. Results were arranged by the Tukey method, and were considered sig-
nificant at P < 0.05. Results are presented as mean + SEM unless otherwise
noted. Survival data were analyzed by the Kaplan-Meier/log-rank test method as
described previously (62).

study Approval. All experiments involving the use of mice were performed
following protocols approved by the Institutional Animal Care and Use Commit-
tee at the University of Illinois at Chicago. Patient slides and information were
obtained from patients who provided full written informed consent. This was
then deidentified by the Northwestern University Pathcore or the University of
Florida, both in accordance with local institutional review board approval.

Data Availability. Data have been deposited in Gene Expression Omnibus
(GSE186960). All other study data are included in the article and/or S/ Appendix.
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