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Islet amyloid polypeptide does not suppress
pancreatic cancer
Austin J. Taylor 1,2,3, Evgeniy Panzhinskiy 4,5, Paul C. Orban 1,2,6, Francis C. Lynn 1,6,7, David F. Schaeffer 3,8,
James D. Johnson 4,7, Janel L. Kopp 4,7, C. Bruce Verchere 1,2,3,6,*
ABSTRACT

Objectives: Pancreatic cancer risk is elevated approximately two-fold in type 1 and type 2 diabetes. Islet amyloid polypeptide (IAPP) is an
abundant beta-cell peptide hormone that declines with diabetes progression. IAPP has been reported to act as a tumour-suppressor in p53-
deficient cancers capable of regressing tumour volumes. Given the decline of IAPP during diabetes development, we investigated the actions
of IAPP in pancreatic ductal adenocarcinoma (PDAC; the most common form of pancreatic cancer) to determine if IAPP loss in diabetes may
increase the risk of pancreatic cancer.
Methods: PANC-1, MIA PaCa-2, and H1299 cells were treated with rodent IAPP, and the IAPP analogs pramlintide and davalintide, and assayed
for changes in proliferation, death, and glycolysis. An IAPP-deficient mouse model of PDAC (Iapp�/�; Krasþ/LSL-G12D; Trp53flox/flox; Ptf1aþ/CreER)
was generated for survival analysis.
Results: IAPP did not impact glycolysis in MIA PaCa-2 cells, and did not impact cell death, proliferation, or glycolysis in PANC-1 cells or in H1299
cells, which were previously reported as IAPP-sensitive. Iapp deletion in Krasþ/LSL-G12D; Trp53flox/flox; Ptf1aþ/CreER mice had no effect on survival
time to lethal tumour burden.
Conclusions: In contrast to previous reports, we find that IAPP does not function as a tumour suppressor. This suggests that loss of IAPP
signalling likely does not increase the risk of pancreatic cancer in individuals with diabetes.

� 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Diabetes is associated with an increased relative risk in the majority of
cancers [1,2]. Among the tissues with the highest increase in relative
risk of cancer is the pancreas, with an approximately two-fold increase
in both type 1 diabetes (T1D) [3] and type 2 diabetes (T2D) [1].
Pancreatic ductal adenocarcinoma (PDAC) is the most common form of
pancreatic cancer [4], and approximately half of pancreatic cancer
patients have diabetes at the time of diagnosis, with the majority of
these having new-onset diabetes (diabetes diagnosis within 2 years
preceding pancreatic cancer diagnosis) [5].
Although the association between diabetes and cancer has been
recognized for decades, the mechanism connecting these two con-
ditions has remained elusive. Obesity, hyperglycemia, inflammation,
and hyperinsulinemia have all been reported as potential mechanisms
through which diabetes may influence PDAC. Obesity and increased
systemic inflammation, which are strongly associated with T2D, likely
contribute to tumourigenesis [6] and elevated body mass index is
associated with a modest increase in PDAC risk [7,8]. However, the
relative risk for PDAC in T1D is comparable to that in T2D, suggesting
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that additional mechanisms beyond obesity contribute to the increased
PDAC risk in diabetes. PDAC cells are highly glycolytic and hypergly-
cemia has been associated with PDAC, but this may be due to con-
current hyperinsulinemia and not elevated glucose per se [9]. The
tumourigenic effects of insulin/IGF-1 signaling have been suggested to
contribute to elevated PDAC in T2D (reviewed in [10,11]), and lowered
insulin levels reduced pancreatic intraepithelial neoplasia (PanIN; a
precursor lesion of PDAC) severity and area in a mouse model of PDAC
initiation, in addition to altering pancreatic immune cell populations
[12,13]. T1D is not characterized by hyperinsulinemia, however,
suggesting that additional mechanisms may be driving the association
between PDAC and diabetes.
Pancreatic blood flows from pancreatic islets to the acinar tissue, and
then to the liver via the hepatic portal vein, resulting in over two-fold
higher insulin concentrations in the hepatic portal vein than in arterial
blood [14,15]. Thus, both acinar and hepatic tissues are exposed to
locally increased levels of islet secretory products relative to systemic
levels. Interestingly, the liver and pancreas are among the tissues with
the highest cancer risk increase in T2D [1]. Given the tumourigenic
actions of insulin and the reduction in PanINs that occur with reduced
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insulin levels [12,13], it raises the possibility that islet secretory products
altered in diabetes may influence PDAC initiation and growth and
contribute to the increased relative risk of pancreatic cancer in diabetes.
Islet amyloid polypeptide (IAPP) is an abundant beta-cell peptide and is
stored and secreted from insulin-containing granules in a regulated
pattern matching insulin secretion. Human IAPP is a highly
aggregation-prone peptide with known toxicity. Similar to other amy-
loidogenic peptides, monomers and elongated fibrils show negligible
toxicity, while intermediate oligomeric aggregates are thought to
confer the majority of cellular toxicity [16e19]. Monomeric IAPP was,
however, reported to have potent anti-tumour effects in p53-deficient
cancers through inhibition of glycolysis and proliferation, and stimu-
lation of apoptosis [20e22]. The non-aggregating FDA-approved IAPP
analog, pramlintide, was reported to rapidly induce regression of p53-
deficient thymic lymphomas in mice over a 3-week period with only
twice-weekly injections [20]. In states of diabetes and beta-cell
dysfunction, as found in T1D and advanced T2D, circulating IAPP
levels are reduced [23e25]. If IAPP were to act as a tumour sup-
pressor, reduced IAPP signalling may increase the risk of PDAC in
diabetes.
The objective of this study was to determine whether IAPP acts as a
tumour suppressor in PDAC, and whether IAPP deficiency as in dia-
betes may contribute to PDAC progression. We characterized the ef-
fects of monomeric IAPP peptides on proliferation, cell death, and
glycolysis in the human pancreatic cancer cell lines PANC-1 and MIA
PaCa-2, as well as the human non-small cell lung carcinoma cell line
H1299 with previously shown sensitivity to IAPP. We also generated an
IAPP-null mouse model of PDAC to determine whether physiological
levels of IAPP influence PDAC growth in vivo.

2. MATERIALS AND METHODS

2.1. Animals
Congenic Iapp-null animals were generated by backcrossing Iapp�/�

mice [26] in-house to C57BL/6J mice for >10 generations. The Iapp
and Kras loci are both located on chromosome 6 in mice, separated by
approximately 3 Mb. Iapp�/� mice were crossed to Krasþ/LSL-G12D

mice [27]. Heterozygous IappþKrasLSL-G12D / Iapp� Krasþ F1 mice
were then crossed to Iapp� Krasþ / Iapp� Krasþ animals to screen for
recombinant Iapp� KrasLSL-G12D / Iapp� Krasþ offspring in the F2
generation. One recombinant F2 mouse was bred with Trp53flox/flox;
Ptf1aþ/CreER mice [28,29] on a mixed CD1-C57BL/6J background.
Experimental animals were generated through breeding the Iappe

KrasLSL-G12D / IappþKrasþ; Trp53flox/flox animals with a separate colony
of non-recombinant IappþKrasLSL-G12D / Iappe Krasþ; Trp53flox/flox;
Ptf1aCreER/þ animals so that all experimental genotypes were gener-
ated from each breeding pair, enabling littermate controls.
The process of Kras expression and tumour development was initiated
by three subcutaneous injections of tamoxifen (125 mg/kg; Toronto
Research Chemicals; prepared in corn oil via sonication and filter
sterilization) on alternating days beginning at P28-39. Humane
endpoint was defined by 10% or greater body weight loss from
maximum body weight, jaundice, and/or severely reduced activity
levels. The presence of pancreatic tumours was confirmed by necropsy
once the humane endpoint was reached. Both male and female mice
were included in the study, and all experimental animals were housed
in the Modified Barrier Facility at the University of British Columbia and
fed PicoLab Rodent Diet 20 (5053) ad libitum. Blood glucose was
measured using a OneTouch� UltraMini� (LifeScan, Inc.) glucometer
and a small drop of blood collected from the distal tip of the mouse tail
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by lancing with a 25 G needle. Mice were cared for in accordance with
the Canadian Council on Animals Care and studies were approved by
the University of British Columbia Council on Animal Care.

2.2. Cell culture
PANC-1 cells were acquired from the laboratory of Dr. Wan Lam at the
University of British Columbia, and maintained in ATCC-formulated
DMEM (Gibco 11960 base medium supplemented with 10% FBS, Glu-
taMAX, sodium pyruvate, penicillin, and streptomycin). MIA PaCa-2 cells
were acquired from ATCC and cultured in ATCC-formulated DMEM.
H1299 cells were obtained from ATCC and cultured in ATCC-formulated
RPMI-1640 (Gibco 11875 base medium supplemented with 10% FBS,
glucose, HEPES, sodium pyruvate, penicillin, and streptomycin). Cells
were cultured in a 37 �C, 5% CO2, humidified incubator.

2.3. Peptides
Davalintide, pramlintide, and rIAPP peptides were obtained from
MedImmune (Courtesy of Dr. James Trevaskis). Peptides were dis-
solved in 1,1,1,3,3,3-Hexafluoro-2-propanol (MilliporeSigma) at 1 mg/
mL, lyophilized in single-use aliquots (50e200 mg/tube), and stored
at �20 �C. Lyophilized peptide mass was confirmed by BCA assay
(Thermo Scientific Pierce) of a sample tube from each lot after
lyophilization. Lyophilized peptides were reconstituted in assay media
for experiments.

2.4. Extracellular acidification rate
Extracellular acidification rate (ECAR) was assessed using a Seahorse
XFe96 analyzer following manufacturer’s protocols. PANC-1 cells were
seeded in a Seahorse XF cell culture plate at a density of 1� 104 cells
/ well in normal growth media and left overnight to adhere. Once
adhered cells were treated for 48 h with 0.25e25 mM pramlintide,
davalintide, or rodent IAPP (rIAPP) in complete growth media or media
with reduced FBS (10%e0.1% FBS) and glucose (25 mMe2.5 mM
glucose). After 48 h, cells were washed and incubated in Seahorse XF
base medium (Agilent 102353-100) supplemented with GlutaMAX
(2 mM final concentration) for 1 h in a non-CO2 incubator at 37 �C.
ECAR was measured in Seahorse XF base medium with 10 mM
glucose (MilliporeSigma, G7021), 1 mM oligomycin (MilliporeSigma,
O4876), and 50 mM 2-deoxy-glucose (MilliporeSigma, D8375). H1299
and MIA PaCa-2 cells were assayed similarly, except for seeding
density (5 � 103 cells / well) and addition of 2 mM oligomycin was
used during the assay. Glycolysis was measured by (maximum ECAR
rate during glucose phase) e (last basal ECAR rate measured before
glucose injection).

2.5. Cell death and proliferation
Cell death and proliferation were assayed using live cell imaging with
nuclear live/dead stains. PANC-1 cells were seeded at a density of
4 � 103 cells / well on a 96-well ViewPlate� (PerkinElmer, 6005182)
and adhered overnight. Once adhered, cells were washed in incubation
media, and treated with 0.25e25 mM pramlintide, davalintide, or rIAPP
in complete growth media lacking phenol red or media with reduced
FBS (10%e0.1% FBS) and glucose (25 mMe2.5 mM glucose).
Gemcitabine (MilliporeSigma, G6423) and cycloheximide (Milli-
poreSigma, C7698) were included as positive controls for cell death.
Cells were labelled with Hoechst 33342 (0.05 mg/mL; Invitrogen) and
propidium iodide (PI; 0.5 mg/mL; Invitrogen) for 1 h prior to
commencing imaging. Cells were imaged every 2 h for up to 62 h
(minimum 48 h) at 9 non-overlapping sites / well at 37 �C and 5% CO2
on the Molecular Devices ImageXpress platform. Images were
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: IAPP does not alter PANC-1 cell death or proliferation. (a) Alignment of human IAPP (hIAPP), rodent IAPP (rIAPP), pramlintide, and davalintide. All peptides are
amidated at the C-terminus. (b,c) Representative plots showing proliferation and cell death responses in PANC-1 cells to a range of pramlintide concentrations in complete growth
media for PANC-1 cells (error bars represent SD of technical triplicates from a single experiment). (d,e) Representative plots showing proliferation and cell death responses in
PANC-1 cells to the highest pramlintide, rIAPP, or davalintide concentration (25 mM) in complete growth media for PANC-1 cells (error bars represent SD of technical triplicates from
a single experiment). (f,g) Quantification of 3 independent proliferation and cell death experiments of PANC-1 cells after 50 h incubation with 25 mM (dark blue), 2.5 mM (blue), or
0.25 mM (light blue) rIAPP, pramlintide, or davalintide in either complete growth media or reduced glucose and FBS media (n ¼ 3; error bars represent SD). (h,i) Alternate
quantification of proliferation and cell death from (f,g) by area under the curve (AUC) from 0-50 h (n ¼ 3; error bars represent SD). CHX, cycloheximide (1 mg/mL). Gemcitabine (5
mg/mL).
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Figure 2: IAPP does not inhibit glycolysis in PANC-1 cells. (a,b) Representative extracellular acidification rate (ECAR) plots in PANC-1 cells cultured with pramlintide (0.25-25
mM) for 48 h in either complete growth media (a, 25 mM glucose and 10% FBS) or reduced FBS and glucose media (b, 2.5 mM glucose and 0.1% FBS) prior to analysis on a
Seahorse XFe96 analyzer (error bars represent SD of 5-7 technical replicates from a single experiment). (c,d) Representative ECAR plots in PANC-1 cells cultured with pramlintide,
rIAPP, or davalintide (25 mM) for 48 h in either complete or reduced glucose and FBS growth media as described in (a,b) (error bars represent SD of 5-7 technical replicates from a
single experiment). (e) Quantification of glycolysis in n ¼ 4 individual experiments with 25 mM (dark blue), 2.5 mM (blue), or 0.25 mM (light blue) pramlintide, rIAPP, or davalintide
as indicated (error bars represent SD).

Original Article
analyzed using MetaMorph analysis software. H1299 cells were
assayed similarly, with a seeding density of 1 � 103 cells / well, and
0.2 mg/mL Hoechst 33342.
4 MOLECULAR METABOLISM 68 (2023) 101667 � 2023 The Authors. Published by Elsevier GmbH. T
2.6. Pramlintide activity
HEK-293 cells stably transfected with a cAMP response element
(CRE)-driven luciferase construct (pHTS-CRE) were kindly provided
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Figure 3: IAPP does not alter H1299 cell death or proliferation. (a,b) Representative plots showing proliferation and cell death of H1299 cells in response to a range of
pramlintide concentrations in complete growth media for H1299 cells (error bars represent SD of technical triplicates from a single experiment). (c,d) Representative plots showing
proliferation and cell death of H1299 cells in response to the highest pramlintide, rIAPP, or davalintide concentration (25 mM) in complete growth media for H1299 cells (error bars
represent SD of technical triplicates from a single experiment). (e,f) Proliferation and cell death of H1299 cells in 3 independent experiments after 48 h incubation with 25 mM (dark
blue), 2.5 mM (blue), or 0.25 mM (light blue) rIAPP, pramlintide, or davalintide in H1299 growth media as indicated (n ¼ 3; error bars represent SD). (g,h) Alternate quantification of
proliferation and cell death from (e,f) by area under the curve (AUC) from 0-48 h (n ¼ 3; error bars represent SD). CHX, cycloheximide (0.5 mg/mL). Gemcitabine (5 mg/mL).
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Figure 4: IAPP does not inhibit glycolysis in H1299 cells. (a,b) Representative extracellular acidification rate (ECAR) plots in H1299 cells cultured with pramlintide (0.25-25 mM)
for 48 h in either complete growth media (a, 25 mM glucose and 10% FBS) or reduced FBS and glucose media (b, 2.5 mM glucose and 0.1% FBS) prior to analysis on a Seahorse
XFe96 analyzer (error bars represent SD of 5-8 technical replicates from a single experiment). (c,d) Representative ECAR plots in H1299 cells cultured with pramlintide, rIAPP, or
davalintide (25 mM) for 48 h in either complete or reduced glucose and FBS growth media as described in (a,b) (error bars represent SD of 5-8 technical replicates from a single
experiment). (e) Quantification of glycolysis in n ¼ 4 individual experiments with 25 mM (dark blue), 2.5 mM (blue), or 0.25 mM (light blue) pramlintide, rIAPP, or davalintide as
indicated (error bars represent SD).

Original Article
by the laboratory of Dr. Kieffer (University of British Columbia). A
plasmid containing human CALCR and RAMP3 sequences under a
bidirectional promoter (pBI-hCALCR-hRAMP3) was generated in-
house. A stable HEK-CRE-hCALCR-hRAMP3 cell line was devel-
oped by lipofectamine transfection of HEK-pHTS-CRE cells with
linearized pBI-hCALCR-hRAMP3 followed by clonal expansion. HEK-
6 MOLECULAR METABOLISM 68 (2023) 101667 � 2023 The Authors. Published by Elsevier GmbH. T
CRE-hCALCR-hRAMP3 cells were seeded at 104 cells / well.
Following overnight adherence, cells were washed with secretion
assay buffer and incubated with pramlintide for 5 h. Following
treatment, cells were lysed and luciferase expression analyzed
using a Bright-Glo luciferase assay (Promega, E2610) following
manufacturer protocol.
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2.7. Pancreas histology and imaging
Mice were euthanized under surgical plane anesthesia by isoflurane
inhalation. Pancreases and pancreatic tumours were dissected and
fixed overnight at 4 �C in 4% paraformaldehyde and stored in 70%
ethanol at 4 �C. Fixed pancreases were embedded in paraffin and
sectioned 5 mm thick. Sections were rehydrated through series of
xylene then ethanol washes, stained by hematoxylin and eosin,
rehydrated through series of xylene then ethanol washes, and cover-
slips mounted with Permount (Fisher Chemical). Tiled brightfield im-
ages were acquired using a 10� objective on an Olympus B�61
microscope.

2.8. Statistical analysis
All data are presented as mean � standard deviation and statistical
analyses were performed using Prism8 or Prism9 statistical software
(GraphPad). ANOVA followed by Fisher’s least significant difference
testing with Holm-Sidak multiple comparison corrections were used to
compare experimental to control groups in Figures 1e4. Survival
curves were compared by log-rank test. Statistical significance is
displayed on figures as *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

3. RESULTS

3.1. IAPP does not alter PANC-1 cell death or proliferation
Pramlintide, and davalintide [30] are monomeric IAPP analogs of ro-
dent IAPP (rIAPP; Figure 1A) that do not aggregate but retain activity at
human IAPP receptors [31]. To confirm that our peptide preparations
were biologically active, we generated an IAPP-reporter cell line
through stable transfection of an IAPP receptor (CALCR and RAMP3)
into a HEK-293 cell line with cAMP response element (CRE)-regulated
luciferase expression (Supplemental Fig. 1A). Pramlintide produced
concentration-dependent IAPP receptor activation (luciferase expres-
sion) with an EC50 of 6.8 nM (Supplemental Fig. 1B), in agreement with
reported values for the CALCR-RAMP3 receptor ranging from
approximately 0.1e10 nM [31]. PANC-1 cells were treated with rIAPP,
pramlintide, or davalintide at three concentrations in either standard
complete growth media or low-glucose low-FBS media. As determined
by time-lapse microscopy, pramlintide had no impact on proliferation
or cell death at any of the three concentrations tested (Figure 1B&C),
and neither rIAPP, pramlintide, nor davalintide inhibited proliferation or
induced cell death even at the highest concentration (25 mM) tested
(Figure 1D&E). No change in proliferation or cell death was observed
when three individual experiments were analyzed at the 50-hour
timepoint (Figure 1F&G) or by integration of the curves from 0 to
62 h (Figures 1H&I) with any concentration of the three tested IAPP
monomers in either medium, while both positive controls (cyclohexi-
mide and gemcitabine) significantly induced cell death. Gemcitabine
induced concentration-dependent cell death of PANC-1 cells, sug-
gesting our cell death assay was sufficiently sensitive to detect both
low and high levels of cell death (Supplemental Fig. 1C).

3.2. IAPP does not inhibit glycolysis in PANC-1 and MIA PaCa-2
cells
IAPP and pramlintide were previously reported to induce cell death and
inhibit proliferation via inhibition of glycolysis [20]. To reassess this
possibility, we cultured PANC-1 cells in complete media or low-FBS
low-glucose media with multiple concentrations of pramlintide,
rIAPP, or davalintide for 48 h, and analyzed glycolysis using a Seahorse
XFe96 analyzer. Consistent with the lack of effects of these peptides on
proliferation and cell death, neither pramlintide, rIAPP, nor davalintide
MOLECULAR METABOLISM 68 (2023) 101667 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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inhibited PANC-1 glycolysis in either culture medium at any concen-
tration (Figure 2AeD). Quantification of four individual experiments
showed no effect of any IAPP peptide on PANC-1 glycolysis (Figure 2E).
Pramlintide and rIAPP similarly had no effect on glycolysis in MIA PaCa-
2 cells (Supplemental Fig. 2).

3.3. IAPP does not alter H1299 cell death or proliferation
Since the previous report of IAPP anti-tumour activity was in p53-null
cell lines and PANC-1 and MIA PaCa-2 cells are p53 mutants, but not
p53-null [32,33], we sought to confirm our observations in p53-null
H1299 cells. We tested the effects of IAPP peptides on H1299 cells
as with PANC-1 cells: three IAPP peptides at three concentrations
each, in two different growth media, imaged approximately every 2 h
for 48 h. As with PANC-1 cells, we observed no effect of 0.25e25 mM
pramlintide (Figure 3A&B), nor of davalintide or rIAPP, on proliferation
or cell death (Figure 3C&D). Quantification of proliferation and cell
death at 48 h (Figure 3E&F) and by integration of the curves from 0 to
48 h (Figure 3G&H) revealed no effect of any of the IAPP peptides
tested in either medium. Our confirmed biological activity of pramlin-
tide (Supplemental Fig. 1A) and cell death assay sensitivity
(Supplemental Fig. 1B) support our contention that monomeric IAPP
does not impact proliferation or cell death in either H1299 or PANC-1
cells, and likely does not drive apoptosis in p53-null cells.

3.4. IAPP does not inhibit glycolysis in H1299 cells
Inhibition of glycolysis by IAPP was also previously reported by Ven-
katanarayan et al. in the p53-deficient H1299 cell line [20]. We
assessed the impact of non-amyloidogenic IAPP peptides on glycolysis
of H1299 cells. As in PANC-1 and MIA PaCa-2 cells, we observed no
changes in glycolysis in H1299 cells pre-cultured for 48 h with
pramlintide, rIAPP, or davalintide in standard complete media or low-
FBS low-glucose media (Figure 4AeE). Our data suggest that IAPP that
monomers do not inhibit glycolysis, regardless of p53 status.

3.5. IAPP deficiency does not impact survival in a mouse model of
pancreatic ductal adenocarcinoma
To investigate the effects of physiological levels of IAPP in vivo on PDAC
development, we generated an Iapp-null mouse expressing the con-
ditional alleles KrasLSL�G12D and Trp53flox, with tamoxifen-induced
recombination directed to acinar tissue through Ptf1aCreER. Tamox-
ifen was administered via three subcutaneous injections over 5 days
beginning at 4e5 weeks of age to initiate PDAC development. Animals
were monitored until humane endpoint. IAPP deficiency had no sig-
nificant impact on survival, with median survival of 23.5 and 26 weeks
post-tamoxifen in Iappþ/þ and Iapp�/� animals, respectively
(Figure 5A). The presence of tumours was confirmed at survival
endpoint. Krasþ/LSL�G12D; Trp53flox/flox; Ptf1aþ/CreER mice displayed
large fibrotic tumours regardless of Iapp expression, and Iapp deletion
alone did not appreciably alter pancreas structure (Figure 5B). IAPP
loss also did not result in sex-specific differences in survival
(Supplemental Fig. 3A). As Iapp deletion has been reported to increase
[26] or not alter body weight [34e37] in mice, we confirmed body
weight and random-fed glycemia was unchanged in Iapp-null animals
prior to the first humane endpoint (0e12 weeks post-tamoxifen;
Supplemental Fig. 3B&C) to exclude any potential impact of
increased adiposity or glycemia on tumour growth.

4. DISCUSSION

Our data do not support a role for monomeric IAPP signalling in sup-
pression of pancreatic tumour growth. Neither pramlintide, rIAPP, nor
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Physiological IAPP levels do not impact survival in a mouse model of pancreatic ductal adenocarcinoma (PDAC). (a) Tamoxifen was administered by 3
subcutaneous injections over 5 days beginning at P28-39. Animals were monitored weekly until humane endpoint was observed, and tumour presence was confirmed at necropsy
in all Ptf1aþ/CreER animals. Kaplan-Meier plot shows no significant difference between Iapp-/- (median survival 26 weeks) and Iappþ/þ (median survival 23.5 weeks) animals in this
mouse model of PDAC (Krasþ/LSL-G12D; Trp53flox/flox; Ptf1aþ/CreER). n ¼ 21-27, p ¼ 0.32. (b) Both Iapp-/-; Krasþ/LSL-G12D; Trp53flox/flox; Ptf1aþ/CreER and Iappþ/þ; Krasþ/LSL-G12D;
Trp53flox/flox; Ptf1aþ/CreER mice develop pancreatic tumours with extensive fibrosis. Control Iapp-/-; Krasþ/LSL-G12D; Trp53flox/flox; Ptf1aþ/þ animals do not develop atypical pancreas
morphology.

Original Article
davalintide had any effect on PANC-1 proliferation, cell death, or
glycolysis, and MIA PaCa-2 glycolysis was not impacted by rIAPP or
pramlintide. Further, we were unable to reproduce previously reported
findings that pramlintide inhibits glycolysis and proliferation, and in-
duces cell death in H1299 cells [20]. We tested additional monomeric
IAPP peptides with a range of concentrations spanning the concen-
tration at which pramlintide was reported to have an effect in H1299
cells, and confirmed biological activity of our pramlintide preparations.
For IAPP receptors, all six have reported EC50 values ranging from
8 MOLECULAR METABOLISM 68 (2023) 101667 � 2023 The Authors. Published by Elsevier GmbH. T
approximately 0.1e10 nM, depending on the specific IAPP receptore
ligand interaction [31]. All three IAPP peptides were tested at con-
centrations exceeding EC50 values, and we observed no effect of IAPP
on cell death, proliferation, or glycolysis.
IAPP receptors are generated through heterodimerization of the
calcitonin receptor (CALCR; CTR) with one of three receptor activity-
modifying protein family members (RAMP-1,-2, or-3) which increase
specificity of the receptors for IAPP [31]. Two major CTR splice variants
exist in humans (CTRa and CTRb) [38], generating six possible IAPP
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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receptors when heterodimerized with one of 3 RAMP accessory pro-
teins. CTR is a class B GPCR, with the dominant signalling pathway
through Gs-coupled stimulation of adenylyl cyclase leading to cAMP
production, although coupling also occurs with Gq proteins to drive
activation of phospholipase C and mobilization of intracellular calcium
stores [39,40]. RAMP association with CTR mainly alters ligand
specificity rather than G-protein coupling and downstream signalling.
However, RAMP-mediated modification of GPCR signalling is not
entirely understood and CTR G-protein coupling and downstream
signaling varies depending on the CTR variant and associated RAMP
[40,41]. IAPP and IAPP receptor signalling is further complicated by
IAPP activity (albeit relatively weak) on the calcitonin receptor-like
receptor (CALCRL; CRLR) complexed with RAMP proteins [42,43],
and signalling of several calcitonin family peptides (alpha- and beta-
CGRP, adrenomedullin, intermedin, and calcitonin) through IAPP re-
ceptors [44].
Although studies on the actions of IAPP in cancer are limited, several
studies have examined the effects of calcitonin, CGRP, and adreno-
medullin, all of which can activate adenylyl cyclase through their
respective receptors, and drive cAMP production in cells. Calcitonin
has been shown not only to stimulate proliferation and metastasis of
prostate cancer cells [45,46], but also to decrease ERK1/2 phos-
phorylation and tumour volume in cell-line based breast cancer
transplant models in mice [47]. Adrenomedullin expression was found
in pancreatic cancer cell lines, including PANC-1 cells, and
adrenomedullin-overexpression in PANC-1 cells increased tumour
growth in an orthotopic transplant model in mice despite undetectable
levels of CRLR [48]. High adrenomedullin expression is also associated
with poor outcome in PDAC, and adrenomedullin was found to enhance
PDAC cell proliferation and invasion [48e50]. The divergent effects of
these calcitonin-family peptides may be surprising at first, given their
shared signalling pathways involving cAMP production and subsequent
protein kinase A (PKA) activation. However when considering the vast
number of PKA targets (>200) [51], it is plausible that cAMP-induced
changes in proliferation and apoptosis are highly dependent on the
expression and availability of PKA targets resulting from the specific
tumour genomes and environments. The dual nature of cAMP as both a
pro- and anti-apoptotic stimulus (reviewed in [52]) may be partly
responsible for the discordance between the findings of this study and
those of Venkatanarayan et al. [20] which reported tumour suppressor
activity of IAPP.
Our Iapp-null mouse model of PDAC suggests no role of endogenous
monomeric IAPP signaling in PDAC development and progression.
However, at supraphysiological concentrations, IAPP analogs may
impact the viability of cancerous cells indirectly through interactions
with off-target receptors in stromal cells. Off-target activity or
interaction with a thymic stromal population may explain the differ-
ence of our in vivo genetic deletion findings to those reported in the
p53-deficient thymic lymphoma and pramlintide injection model [20].
IAPP activity on a thymic lymphoma stromal population may further
require a p53-null stromal cell given the model used by Ven-
katanarayan et al. [20] was a global Trp53-null mouse. However,
similar to human tumours, p53 loss in the Iapp�/�; Krasþ/LSL-G12D;
Trp53flox/flox; Ptf1aþ/CreER model is restricted to cancerous cells. Our
data from Iapp-null PDAC mice suggest no direct impact of endog-
enous IAPP on tumour progression, and no impact of IAPP-derived
therapeutics on human pancreatic cancer cell glycolysis, prolifera-
tion, or apoptosis.
MOLECULAR METABOLISM 68 (2023) 101667 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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5. CONCLUSIONS

In summary, our data indicate that it is unlikely that IAPP acts directly
as a tumour suppressor in p53-null cancers, given the lack of impact
IAPP and its tested analogs had in vitro, and similar PDAC incidences in
IAPP null and wild-type mice. In view of the complex and diverging
effects of cAMP signaling in tumours, it is reasonable to suppose that
IAPP may directly influence cancer cell proliferation or apoptosis in
cells expressing an IAPP receptor. However, we found no evidence for
IAPP action in PANC-1 and MIA PaCa-2 cells, nor in the p53-null H1299
cells. The previously reported anti-tumour actions of monomeric IAPP
may be highly restricted and dependent on tumour environment rather
than broadly relevant to tumour biology or therapy.
Complete lack of IAPP, resulting from deletion of the Iapp gene, did not
influence PDAC survival in our animal model. It thus seems unlikely that
reduced IAPP signaling in T1D and T2D increases the risk, or worsens the
prognosis, of PDAC. However, the benefits of exogenous IAPP analog
therapy on body weight and glycemia management in diabetes may
indirectly provide improved cancer outcomes in patients with diabetes.
Further investigation of shared pathological features between T1D, T2D,
and PDAC, such as pancreatic inflammation, may provide mechanistic
insight and therapeutic approaches for diabetes and cancer.
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