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Peptidylglycine alpha-amidating
monooxygenase is important in mice for beta-
cell cilia formation and insulin secretion but
promotes diabetes risk through beta-cell
independent mechanisms

Yi-Chun Chen', Nils E. Biick?, Jenicia Zhen', Lena Xiong', Mitsuhiro Komba', Anna L. Gloyn®,
Patrick E. MacDonald*, Richard E. Mains®, Betty A. Eipper®, C. Bruce Verchere':®*

ABSTRACT

Objectives: Carriers of PAM (peptidylglycine alpha-amidating monooxygenase) coding variant alleles have reduced insulinogenic index, higher
risk of developing type 2 diabetes (T2D), and islets from heterozygous carriers of the PAM p.Asp563Gly variant display reduced insulin secretion.
Exactly how global PAM deficiency contributes to hyperglycemia remains unclear. PAM is the only enzyme capable of converting glycine-extended
peptide hormones into amidated products. Like neuropeptide Y (NPY), a-melanocyte stimulating hormone (eMSH), and glucagon-like peptide 1
(GLP-1), islet amyloid polypeptide (IAPP), a beta cell peptide that forms islet amyloid in type 2 diabetes, is a PAM substrate. We hypothesized that
Pam deficiency limited to beta cells would lead to reduced insulin secretion, prevent the production of amidated IAPP, and reveal the extent to
which loss of Pam in B-cells could accelerate the onset of hyperglycemia in mice.

Methods: PAM activity was assessed in human islets from donors based on their PAM genotype. We generated beta cell-specific Pam knockout
(Ins1cre/+, Pam™ ﬂ; BPamK0) mice and performed islet culture, histological, and metabolic assays to evaluate the physiological roles of Pam in
beta cells. We analyzed human IAPP (hIAPP) amyloid fibril forming kinetics using synthetic amidated and non-amidated hIAPP peptides, and
generated hIAPP knock-in beta cell-specific Pam knockout (h/APP”""’ BPamKO) mice to determine the impact of hIAPP amidation on islet amyloid
burden, islet graft survival, and glucose tolerance.

Results: PAM enzyme activity was significantly reduced in islets from donors with the PAM p. Asp563Gly T2D-risk allele. Islets from $PamKO
mice had impaired second-phase glucose- and KCI-induced insulin secretion. Beta cells from PamK0 mice had larger dense-core granules and
fewer and shorter cilia. Interestingly, non-amidated hIAPP was less fibrillogenic in vitro, and high glucose-treated hiAPP"™ BPamKO islets had
reduced amyloid burden. Despite these changes in beta cell function, 3PamKO mice were not more susceptible to diet-induced hyperglycemia.
In vitro beta cell death and in vivo islet graft survival remained comparable between hiAPPv BPamKO and hAPPY™ islets. Surprisingly, aged
hIAPP"™ BPamKO mice had improved insulin secretion and glucose tolerance.
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Conclusions: Eliminating Pam expression only in beta cells leads to morphological changes in insulin granules, reduced insulin secretion,
reduced hIAPP amyloid burden and altered ciliogenesis. However, in mice beta-cell Pam deficiency has no impact on the development of diet- or
hIAPP-induced hyperglycemia. Our data are consistent with current studies revealing ancient, highly conserved roles for peptidergic signaling in

the coordination of the diverse signals needed to regulate fundamental processes such as glucose homeostasis.
© 2025 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

Genome-wide association studies have placed pancreatic beta cell
dysfunction center stage in the pathogenesis of type 2 diabetes (T2D)
[1]. Among the list of identified genes, peptidylglycine alpha-amidating
monooxygenase (PAV) coding variants (rs78408340; ¢.1616C > G; p.
Ser539Trp and rs35658696; ¢.1688 A > G; p.Asp563Gly,
NM_000919.3) are associated with reduced insulinogenic index and
altered risk of T2D [2—6], and donor islets from carriers of
p.Asp563Gly alleles have reduced glucose-stimulated insulin secretion
[7]. Interestingly, genetic variation at the PAM locus is also associated
with hypertension, and the carriers of risk alleles display insulin
resistance and low-density lipoprotein atherogenicity [8]. Loss-of-
function variants in PAM are also enriched in subjects with pituitary
hypersecretion [9,10]. It remains unclear whether diminished Pam
function in beta cells is an important contributor to the development of
T2D, and what cellular mechanisms lead to reduced insulin secretion
in carriers of PAM T2D-risk alleles.

Pam is a bifunctional enzyme expressed in the diverse array of cells
known to engage in peptidergic signaling [11]. Pam is the only enzyme
known to amidate neuroendocrine peptides that have a carboxy-
terminal glycine, creating peptide-amides [12] important for peptide
stability and/or biological activity [13]. The importance of Pam extends
beyond its enzymatic action [14]. Pam travels along secretory path-
ways, acts as a cargo receptor, and controls vesicle and membrane
trafficking [15]. It has also been reported that a soluble Pam fragment
released from endoproteolytic cleavage can enter the nucleus and
control granule protein expression [16]. Pam can also play an essential
role in ciliogenesis [17]. The expression and activity of Pam fluctuates
with nutrients and extracellular stimuli [18—21], highlighting Pam’s
roles in fine-tuning cellular processes to maintain behavioral or
metabolic homeostasis.

We previously reported that Pam global heterozygous knockout mice
failed to gain more weight nor become more hyperglycemic, even after
consuming a high fat diet [20]. Although not sufficient to maintain
hypothalamic levels of thyrotropin-releasing hormone (TRH) [22], the
remaining 50% Pam activity did not result in lowered amidated islet
amyloid polypeptide (IAPP) levels in islets from Pam heterozygous mice
[20]. The regulation of glucose homeostasis involves a vast number of
neuroendocrine peptides; while the synthesis of many of these pep-
tides requires Pam, the synthesis of others does not [23]. To define the
role of Pam in beta cells and understand the effect of eliminating Pam
function in this single cell type on glucose homeostasis, we generated
beta-cell specific Pam knockout mice.

Human IAPP (hIAPP) self-aggregates to form amyloid fibrils that
contribute to beta cell death and islet inflammation. Since post-
translational modifications and/or mutations in hIAPP could alter
amyloid fibril-forming capacity [24] and Pam is essential for IAPP
amidation [20], we used beta cell-specific Pam knockout hIAPP
knock-in mice to test the hypothesis that Pam deficiency would in-
fluence islet amyloid burden, islet graft survival, and glucose
intolerance.

2. MATERIAL AND METHODS

2.1. Human pancreas samples

Human pancreas tissue was obtained from deceased donors under
ethical approval from the Human Research Ethics Board of the Uni-
versity of Alberta (Pro00013094, Pro00001754) and with informed
written consent. Tissue biopsies from the pancreas tail were formalin
fixed, and paraffin embedded (FFPE), and cut into 5 pm sections for
histological analysis. DNA samples were extracted from acinar tissue
and genotyped on lllumina Infinium Omni2.5Exome-8 BeadChip arrays
(lumina, San Diego, CA, USA) to identify carriers of the rs35658696
PAM T2D-risk allele. Age-, BMI-, and sex-matched non-carriers of
PAM T2D risk alleles were selected as controls. Donor characteristics
are listed in Supplementary Table 1; further information can be found
at www.humanislets.com.

2.2. Rodent studies

Beta-cell-specific Pam knockout (3PamK0) and inducible beta-cell-
specific Pam knockout (i3PamK0) mice were generated by crossing
Pam™ mice [25] with Ins7°"®* mice [26] or MIP-CreERT """ mice [27].
As human but not mouse IAPP aggregates to form amyloid fibrils, hu-
man IAPP knock-in mice (HIAPP"'™) [28] were crossed to BPamKO mice
to study the impact of hIAPP amidation on amyloid fibril formation
(mouse information listed in Supplementary Table 2), For metabolic
studies, BPamKO mice received either a low-fat diet (LFD; 10% fat;
#D12450H; Research Diets, New Brunswick, NJ, USA), or a high-fat diet
(HFD; 45% fat, #D12451; Research Diets), starting from 10 weeks of
age. Body weight and fasting blood glucose levels were measured
biweekly for 20 weeks, and intraperitoneal glucose tolerance tests
(IPGTT) were performed at 16 weeks after diet treatment. Tamoxifen
was administered orally to 8 wk-old Pam™™ x MIP-CreERT P pam /M
and MIP-CreERT"™" mice to induce Cre recombinase expression. At 9
weeks after tamoxifen treatment, IPGTT was performed on iBPamKO
and control mice. In addition to IPGTT, plasma from HIAPPY™ mice and
hIAPP knock-in BPamKO mice during oral glucose tolerance tests was
also collected to measure insulin levels by commercial ELISA kits (#80-
INSMR-CH10, Alpco Diagnostics, Salem, NH, USA). All metabolic assays
were performed in both sexes in a blinded fashion.

For islet transplantation, wild-type (W9 C57/BL6 mice received mul-
tiple low-dose streptozotocin (35 mg/kg body weight, daily i. p. for 5
days; #S0130-500 MG, Sigma—Aldrich, St. Louis, MO, USA) injections
to induce hyperglycemia. Islets from WT, hAPPY™, and hiAPP"™
BPamKO mice were transplanted into the anterior eye chamber of
hyperglycemic WT mice, and diabetes incidence (blood glucose level
>20 mM) post-transplant was documented.

Mice were kept under regular light/dark cycles and had access to food
and water ad libitum. All procedures were approved by the Animal Care
and Use Committee at the University of British Columbia.

2.3. Islet studies
Mouse pancreatic islets were isolated and cultured as described [29].
Insulin secretion dynamics from WT and BPamKO mouse islets were
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analyzed using the BioRep Perifusion System V5. For measurement of
other islet hormones, WT and fPamKO islets were statically incubated
in low (1 mM) and high (11 mM) glucose buffer, and glucagon and
somatostatin levels measured using commercial ELISA Kits (proinsulin:
#10-1232-01, Mercodia, Uppsala, Sweden; glucagon: #10-1281-01,
Mercodia; somatostatin: #EK-060-03, Phoenix Pharmaceuticals, Bur-
lingame, CA, USA).

2.4. Insulin granule analysis

Freshly isolated mouse islets were fixed with 2.5% glutaraldehyde,
osmicated, dehydrated and embedded in Epon. Sections were post-
stained with uranyl acetate and lead citrate. Each section contained
several islets which were systematically photographed with 4000x
magnification at fixed intervals with a random start using a Jeol JEM-
1400 electron microscope equipped with a Gatan Orius SC 1000 B
bottom mounted CCD-camera. This unbiased sampling of all parts of
the cytoplasm allowed morphometric analysis of the cytoplasmic
volume fraction occupied by specific organelles [30], which was
quantified with the Stereology function in Microscopy Image Browser
[31]. Transection areas of immature (n > 260 per genotype group) and
mature secretory granules (n > 1800 per genotype group), length of
plasma membrane and distances between plasma membrane and
secretory granule membranes were analyzed with Fiji [32]. Of note, as
most mature secretory granules are elliptical rather than round, area
was measured instead of diameter. The measured distances between
plasma membrane and secretory granule membranes are affected by
the fact that most granules are not sectioned through their middle.

2.5. Immunostaining

Islet cilia [33], amyloid burden [20], and islet morphology [34] were
analyzed as previously described. hIAPP oligomers were detected in
islet cryosections via conventional immunostaining protocols [35],
using antibodies and reagents listed in Supplementary Table 3. Beta
cell death was analyzed via Fixable Viability Dye staining (#65-0867-
14, Thermo Fisher Scientific, Waltham, MA, USA) and terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
(#11684795910, Roche, Basel, Switzerland) following manufacturers’
protocols.

2.6. Image acquisition and analysis

Islet cilia images were taken at 40 x magnification using a Leica TCS
SP5 confocal microscope (Leica Microsystems, Wetzlar, Hesse, Ger-
many). 20—30 z-stack images from deconvoluted image sets were
selected and combined via maximal intensity projection using Huygens
Professional software (Version 18.04, Scientific Volume Imaging, Hil-
versum, Netherlands). Cilia length and number were quantified using
an Image J plug-in module CiliaQ [36]. Islet images were taken using
Leica TCS SP5 confocal microscope and Olympus BX61 automated
fluorescence and transmittance upright microscope (Olympus, Shin-
juku, Tokyo, Japan). Islet amyloid, oligomers, TUNEL, and Fixable
Viability Dye staining were analyzed using CellProfiler software
(Version 4) [37]. Amidated IAPP, non-amidated IAPP, and insulin
expression levels, as well as islet cell type composition, were quan-
tified using QuPath software (Version 0.5.1) [38].

2.7. hIAPP aggregation assays

hIAPP peptides (amino acid sequences listed in Supplementary
Table 2) were custom-ordered from Bio-Synthesis (Lewisville, TX,
USA), dissolved in hexafluoro-2-propanol, lyophilized, and stored
at —20C. Immediately prior to the experiments, lyophilized peptides
were dissolved in PBS (final concentration 15 1tM) at room temperature
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for 24 h and analyzed via negative staining using a transmission
electron microscope with technical assistance from UBC Bioimaging
Facility (Hitachi H7600 transmission electron microscope, Chiyodaku,
Tokyo, Japan); or incubated with 10 uM thioflavin T (#T3516, Milli-
poreSigma, Burlington, MA, USA) in a thioflavin T assay buffer (10 mM
Tris—HCI, 100 mM NaCl, 0.1% Triton X-100, pH = 7.4) at 37 °C with
fluorescence kinetics recorded via a Tecan Infinite 200 Pro plate reader
(Tecan Group Ltd, Mannedorf, Switzerland).

2.8. gRT-PCR

Islet mMRNA was isolated using PureLink RNA Micro Kit (#12183016,
Thermo Fisher Scientific), converted to cDNA using a SuperScript VILO
cDNA Synthesis kit (#11754050, Thermo Fisher Scientific), and
quantified through SYBR Green-based quantitative real-time PCR (qRT-
PCR) approach using Fast SYBR™ Green Master Mix (#4385612,
Applied Biosystems, Waltham, MA, USA), and a ViiA7 Real-Time
Thermocycler (Applied Biosystems) as previously described [20].

2.9. Statistical analysis

Statistical analyses were performed using Prism software (Version 10,
GraphPad, La Jolla, CA, USA). All data are presented as mean + SEM,
and the detailed statistical methods used are indicated in the figure
legends.

3. RESULTS

3.1. Reduced IAPP amidation in PAM p.Asp563Gly T2D-risk allele
carriers

Recombinant PAM p.Asp563Gly protein has reduced enzyme activity
in vitro and reduced activity in serum [7,9,39]. To evaluate whether
PAM T2D-risk allele carriers have reduced islet PAM activity, we
performed immunostaining to analyze amidated (Figure 1A, upper
panels) and non-amidated IAPP levels (Figure 1A, lower panels) in
pancreatic sections from PAM p.Asp563Gly T2D-risk allele carriers
(heterozygous) and age- and BMI- matched non-carrier donors (donor
characteristics are described in Supplementary Table 1). Amidated
IAPP levels in insulin-positive cells were significantly reduced in PAM
T2D-risk allele carriers (Figure 1B), suggesting reduced PAM enzyme
activity in the islet. Non-amidated IAPP and insulin expression levels,
on the other hand, were comparable between carriers and non-carriers
of the PAM T2D-risk allele (Figure 1C,D).

3.2. Altered beta-cell insulin granule morphology in BPamKO mice
To reveal the role of beta-cell Pam in the development of diabetes, we
generated beta-cell specific Pam knockout (8PamKO0, Pam™" x Ins1°®
) mice. Pam was deleted in beta cells, but unaffected in alpha cells in
BPamKO mice (Figure 1E).

Since eliminating the expression of Pam in atrial myocytes reduced
their ability to produce secretory granules, we used electron micro-
scopy to compare the volume fraction occupied by various organelles
in the beta cells of wild-type and BPamKO mice [40]. Beta cell-specific
Pam deletion had no effect on the volume occupied by secretory
granules, golgi stacks, lysosomes, or endoplasmic reticulum
(Figure 2A-C).

The secretory granules of beta cells undergo a maturation process,
with immature secretory granules readily distinguished from mature
secretory granules (Figure 2D). Immature secretory granules were of
similar size in BPamKO and wild-type beta cells. During maturation,
the transection area of secretory granules in wild-type cells decreased
by 12.7% (p < 0.001); no size change occurred during granule
maturation in BPamKO beta cells (Figure 2D), suggesting that Pam
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Figure 1: Reduced islet PAM activity in p.Asp563Gly-PAM variant carriers.

(A) Representative immunofluorescence images of human pancreatic sections of control (C) and p.Asp563Gly-PAM variant carriers (p.Asp563Gly) with antibodies that target insulin
and amidated IAPP (upper panels), or insulin and non-amidated IAPP (lower panels). (B—D) Quantitative analysis of amidated IAPP, non-amidated IAPP, and insulin expression
levels in islets of control and PAM variant carriers. MFI, mean fluorescence intensity. (E) Representative immunofluorescence images of islets from wild-type (W) and beta cell-
specific Pam knockout (3PamK0) mice using antibodies that target insulin, glucagon and Pam. Scale bar = 100 pm. Data are presented as mean + SEM, *p < 0.05.
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promotes insulin granule condensation. The distance of insulin gran-
ules from the plasma membrane is also an indicator of granule
maturation [41]. We found that the spatial distribution of insulin
granules was comparable in BPamKO and wild-type beta cells
(Figure 2E—G). Secretory granules located in the peripheral zone
(within 500 nm of the plasma membrane) of the cytoplasm are thought
to represent the readily releasable pool of secretory granules
(Figure 2H); quantification revealed no difference in this number
(Figure 2l). Our data suggest that Pam likely facilitates the conden-
sation and refilling of secretory granules [42].

3.3. Impaired islet hormone secretion in BPamKO islets

Previous reports showed that islets from carriers of the p.Asp563Gly-
PAM T2D-risk allele have disrupted insulin secretion, and PAM
knockdown in EndoC-BH1 cells led to significantly reduced insulin
content with concomitant impairments in glucose-stimulated insulin
secretion [7]. We analyzed insulin secretion dynamics using perifused
islets from Wt and BPamKO mice (Figure 3A). In this way we could
distinguish first-from second-phase secretion of insulin and compare
the stimulatory effect of glucose to that of depolarization in response to
elevated KCI. First-phase glucose-stimulated insulin secretion was
comparable in Wtand BPamKO islets (Figure 3B). By contrast, second-
phase glucose-stimulated and KCl-stimulated insulin secretion were
both impaired in BPamKO islets (Figure 3C,D). Our finding of impaired
second-phase insulin secretion in BPamKO islets is compatible with a
role for Pam in insulin granule biogenesis [7].

To see if the lack of beta-cell Pam expression alters the function of
other islet endocrine cells, we assessed glucagon and somatostatin
secretion in islets from in BPamKO and Wt mice. Both glucagon
secretion and somatostatin secretion were disrupted in BPamKO islets

(Figure 3E—H), with modest reductions in glucagon and somatostatin
secretion in the presence of 1 mM but not 11 mM glucose. While
glucagon content was unaltered (Figure 3F), the somatostatin content
of BPamKO islets was diminished compared to Wt (Figure 3H).

3.4. Reduced islet cilia length and density in BPamKO mice

Proper islet hormone secretion requires functional beta-cell cilia [43]
and Pam is involved in cilia formation in other cell types [17]. To
determine whether reduced insulin secretory capacity in BPamKO is-
lets could stem from defective beta-cell cilia, we performed immu-
nostaining and quantitative analysis of cilia in islets isolated from Wt
and BPamKO mice (Figure 4A). Both the length and density of islet cilia
were reduced in BPamKO mice (Figure 4B,C). These data raise the
possibility that impaired cilia formation associated with the lack of Pam
expression in beta cells could contribute to altered islet-cell commu-
nication and hormone secretion [43].

The percentage of beta cells, but not alpha or delta cells, was reduced
in BPamKO islets (Figure 4D—G). Our data fit with previous findings
that primary cilia are important for development of normal islet cell
populations [44]. Overall pancreas beta cell area was comparable in Wit
and BPamKO mice (Figure 4H,l), indicating that extreme ciliopathy is
required to disrupt beta cell mass. Together, these data suggest that
Pam mediates islet hormone secretion and islet primary cilia formation.

3.5. BPamKO mice do not display accelerated development of
glucose intolerance after high fat diet challenge

To test whether a total lack of Pam expression exclusively in beta cells is
sufficient to drive the development of diabetes, we measured metabolic
parameters in BPamKO and littermate controls. To better mimic the
effects of Pam haploinsufficiency, both BPamHET and Wt mice were
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Figure 3: Reduced islet hormone secretion in beta-cell Pam knockout islets.

(A) Perifused islets were used to examine insulin secretion dynamics in Wtand BPamKO mice. Islets were exposed to 1.67 mM glucose for 15 min (basal secretion), to 16.7 mM
glucose for 20 min and then to 1.67 mM glucose with 30 mM KCI for 10 min; samples were collected every minute, with selected timepoints analyzed by insulin ELISA. Area-
under-curve (AUC) analysis of first-phase (B), second-phase (C), and KCl-stimulated (D) insulin secretion in islets from Wt and 3PamKO mice. (E, F) Glucagon secretion and
glucagon content, and (G, H) somatostatin secretion and somatostatin content of Wt (filled bar) and BPamKO (empty bar) islets. Data are presented as mean 4= SEM. n > 3 mice

per group, *p < 0.05.

examined. Male BPamKO, BPamHET, and Wt mice had similar baseline
body weights and fasting blood glucose levels (Figure 5A,B). When kept
on a low-fat diet (LFD) for 20 weeks, all three groups of male mice
gained a similar amount of weight (Figure 5A), had comparable fasting
glucose levels (Figure 5B), and responded in a similar manner to
intraperitoneal glucose (Figure 5C). When kept on a high-fat diet (HFD)
for 20 weeks, all three groups of male mice gained more weight than
they did on the LFD (Figure 5D vs. 5A), had similarly elevated fasting
blood glucose levels (Figure 5E vs. 5B), and exhibited diminished ability
to respond to intraperitoneal glucose (Figure 5F vs. 5C).

The same paradigm was used to evaluate female BPamKO, pPamHET,
and Wt mice. In female mice, as in males, body weight (Figure 5G) and
fasting blood glucose levels (Figure 5H) remained similar over the 20
weeks of LFD. Intraperitoneal glucose tolerance tests carried out after
20 weeks on LFD revealed no differences (Figure 5I). Although female
mice were less susceptible than male mice to HFD-induced metabolic
abnormalities (Figure 5D—F vs. 5J-5L), pPamKO, BPamHET, and Wt
mice displayed similar weight gain, fasting blood glucose levels, and
glucose tolerance after 20 weeks of HFD treatment.

To account for possible compensatory effects that might mitigate the
impact of lifelong Pam deficiency, we generated inducible beta cell-
specific Pam knockout mice (iBPamKO; Pam™" x MIP-CreERT'-M).
Levels of islet Pam mRNA in iPamK0O mice were reduced to a fifth of
controls 2 weeks after tamoxifen treatment (Figure 5M). Wt and
iBPamKO mice displayed similar body weight and fasting glucose
levels (data not shown). At 17 weeks of age, 9 weeks after beta-cell
Pam deletion, glucose tolerance tests were carried out on male and
female Wt and iBPamKO mice. While male iBPamKO and Wt mice

produced similar responses (Figure 5N,0), very modest glucose
intolerance was observed in female iBPamKO mice (Figure 5P,Q). Our
results suggest that, despite the impact of beta-cell Pam deletion on
cilia formation and insulin secretion, compensatory control mecha-
nisms available in vivo ensure that glucose metabolism can be
maintained, even in the presence of the metabolic stress of HFD.

3.6. Amidation of human IAPP enhances both its aggregation and
amyloidogenic activity

In both human and mouse beta cells, endoproteolytic cleavage of
prolAPP, followed by exoproteolytic cleavages by carboxypeptidase E
(Cpe) produces peptidylglycine intermediates that are converted by Pam
into mature IAPP, which terminates with a C-terminal Tyr-NH,
(Figure 6A). Human islet amyloid polypeptide (hIAPP) is prone to self-
aggregation and hlAPP oligomers and islet amyloid fibrils (schematic
illustration of hIAPP aggregation pathway shown in supplementary
Figure 1a) may contribute to beta-cell death and islet inflammation
[24]. Unlike hIAPP, mouse IAPP has 3 prolines localized within residues
20 and 29 of its amyloidogenic region, which prevents it from spon-
taneous self-aggregation. Incomplete hIAPP processing, amino acid
substitutions, and post-translational modifications have all been shown
to impact IAPP amyloid fibril-forming kinetics and morphology [45—49].
The effect of hIAPP amidation on aggregation was assessed using
synthetic peptides and a thioflavin T-binding assay (Figure 6B) [47].
Fluorescence intensity increased rapidly in the presence of amidated
hIAPP (hIAPP-amide, magenta) while non-amidated hIAPP (hIAPP-Gly,
grey) had no effect (Figure 6B), demonstrating an essential role for C-
terminal amidation in hIAPP fibril formation. Intermediate-hIAPP-amide
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Figure 4: Altered primary cilia and islet cell distribution in beta-cell Pam knockout islets.

() Representative immunofluorescence images of primary cilia in Wtand BPamKO islets. Scale bar = 50 pm Quantitative analysis of cilia length (B) and density (C) in Wt and
BPamKO islets. In total, 12086 cilia from 42 islets from 4 Wt mice, and 6239 cilia from 30 islets from 4 $PamKO mice were analyzed. (D) Representative immunofiuorescence
images of islet cell distribution in Wt and BPamKO mice. Scale bar = 100 um (E—G) Percentage of insulin-positive (Ins™), glucagon-positive (Gcg™), and somatostatin-positive
(Sst*) cells in islets of Wt and PPamKO mice. Each dot represents average percentage of Ins+, Gcg+, or Sst+ cells in islets from n = 10 (Wt) and 7 (BPamKO) mice.
Representative tiled immunofluorescence images (scale bar = 5 mm) (H) and quantitative analysis of insulin-positive cells in the pancreas of Wt (n = 10) and fPamKO (n = 7)

mice (i). Data are presented as mean + SEM. *p < 0.05.

(blue) produced slower aggregation kinetics than hlAPP-amide; like
hIAPP-Gly, intermediate-hIAPP-Gly (brown) and pro-hlAPP (crimson)
were ineffective in forming amyloid fibrils (Figure 6B). As expected,
mouse IAPP-amide (mIAPP-amide) (black) did not form fibrils and was
used as a negative control along with buffer control (empty circle). As
beta cells have heterogeneous peptide processing capacity [50],
differentially processed forms of hIAPP likely co-exist in beta cells and in
the islet microenvironment. While amidated mature hIAPP supported
rapid fibril formation (Figure 6C, magenta), co-incubation of non-
amidated and amidated hlAPP revealed that that non-amidated hIAPP
prevents islet amyloid fibril formation (Figure 6C, brown and gray).

To verify the results obtained using thioflavin T-binding kinetics and
gain insight into hIAPP fibril structure, we captured transmission
electron micrograph (TEM) images after hIAPP peptides had been kept
in PBS for 24 h at room temperature. In keeping with results from the
thioflavin T assay, hIAPP-Gly aggregates were amorphous (Figure 6D),
unlike the long fibrils formed by hIAPP-amide (Figure 6D).
Intermediate-hlAPP-amide vyielded shorter fibrils while intermediate-
hIAPP-Gly and pro-hlAPP did not stimulate fibrillation.

To evaluate the effects of hIAPP amidation on amyloid deposition in
situ, we generated a model in which we could control the amidation of

hIAPP in beta cells. To do so, we generated hIAPP knock-in, beta cell-
specific Pam knock-out (HAPP™" BPamKO) mice. As predicted, thi-
oflavin S staining of amyloid fibrils in islets from HAPPYY BPamWt
mice revealed the development of islet amyloid after prolonged culture
in high glucose media [51]. In keeping with our studies using synthetic
peptides, islets from Pam-deficient, HAPPY" BPamKO mice exhibited
significantly reduced islet amyloid deposition (Figure 6E,F). It has been
proposed that pre-fibrillar hIAPP oligomers are more toxic to beta cells
[52]; however, despite the presence of increased oligomeric aggre-
gates as assessed by A11 staining (Supplementary Figure 1b and 1c),
we found no evidence of increased cell death in cultured hIAPPY™
BPamKO islets (Supplementary Figure 1d and 1e).

We also investigated whether reduced PAM catalytic activity results in
reduced islet amyloid burden in humans, by performing thioflavin S
staining in human pancreatic sections from carriers and matched non-
carriers of the PAM T2D-risk allele (p.Asp563Gly) (Figure 6G). Of note,
all donors studied were heterozygous and therefore retained partial
peptide amidation capacity (Figure 1B). We found no significant dif-
ference in the percentage of thioflavin S-positive islet area (Figure 6H),
nor thioflavin S-positive islet number (Figure 6l) between control and
p.Asp563Gly-PAM variant carriers.
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Figure 5: Beta-cell Pam knockout mice do not display impaired glucose tolerance.

Male Wt (filled black circle), beta cell specific Pam heterozygous knockout (3PamHET, fil
fat diet (D—F) for 20 weeks, their body weights (A, D) and fasting blood glucose levels

led grey circle), and 3PamKO (empty circle) mice were fed a 10% fat diet (A—C) or a 45%
(B, E) were monitored every two weeks. At 16 weeks post-diet treatment, intraperitoneal

glucose tolerance test (IPGTT) was performed (C, F). Female Wt, BPamHET, and BPamKO mice were fed a 10% fat diet (G—I) or a 45% fat diet (J—I) for 20 weeks, their body
weights (G, J) and fasting blood glucose levels (H, K) were monitored every two weeks. At 16 weeks post-diet treatment, IPGTT was performed (1, L). (M) Islet Pam transcript

levels were analyzed at 2 weeks after tamoxifen treatment. IPGTT was performed on mal

le (N, 0) and female (P, Q) inducible beta cell-specific Pam knockout (i3PamK0) mice at 9

weeks after tamoxifen treatment, and the area under the glucose excursion curve was analyzed. Data are presented as mean & SEM. n > 7 mice per group, *p < 0.05.

To study whether the presence of non-amidated hIAPP accelerates
islet failure in the presence of hyperglycemia, we transplanted
pancreatic islets from HAPPY™ BPamKO or control (HAPP
BPamWtor WH mice into the anterior chamber of the eye of
streptozotocin-induced diabetic mice (Figure 6J). While hyperglycemia
was successfully reversed upon islet transplantation, mice that
received islets from AAPPYY BPamKO, hAPP"™ BPamWt, or Wt mice
all had similar remission to hyperglycemia (Figure 6K, p > 0.05 using
Kaplan—Meier analysis with Logrank test). These results suggest that
disrupted hIAPP amidation due to Pam deficiency leads to reduced islet
amyloid burden and increased presence of hIAPP oligomers in vitro but
does not alter beta-cell survival or islet function.

3.7. Improved glucose tolerance in older HAPP"™ BPamKO mice

The accumulation of hlIAPP species in the pancreas over time con-
tributes to impaired glucose tolerance [28]. To determine whether
defective hIAPP amidation promotes the spontaneous development of
glucose intolerance in mice, we performed intraperitoneal glucose
tolerance tests on 2-month-old AAPP*™ and hIAPP" BPamKO mice
(Figure 7A—H). Surprisingly, we found that male H/APPY™ BPamKO
mice had modest improvements in glucose tolerance (Figure 7A,B),
whereas female hIAPPYY BPamKO and hIAPP"™ BPamWt mice dis-
played comparable glucose tolerance (Figure 7C,D). Plasma insulin
levels during oral glucose tolerance tests were evaluated in 2-month

MOLECULAR METABOLISM 96 (2025) 102123 © 2025 Published by Elsevier GmbH. This
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old animals of both sexes (Figure 7E—H). Interestingly, female, but
not male, hiAPPY™ BPamKO mice showed decreased plasma insulin
levels (Figure 7C,G), suggesting better insulin sensitivity.

At 6-months of age, HAPP"" BPamKO male and female mice had
improved glucose tolerance compared to hiaPP™ BPamWt mice
(Figure 71,J, males; Figure 7K,L, females), despite displaying similar
insulin tolerance and body weight (Figure 7M—0, males; Figure 7P—R,
females). Our data suggest that beta-cell Pam deficiency in aged
hIAPP-expressing mice may enhance rather than impair their ability to
respond to glucose challenge.

4. DISCUSSION

Pam was first identified as the amidating enzyme that converts
glycine-extended peptides into amidated peptides. Consistent with the
critical roles played by amidated peptides in human physiology and in
species as diverse as flies, nematodes and unicellular green algae,
elimination of Pam from the mouse genome is lethal. Throughout the
years, additional roles of Pam have been discovered, including
secretory granule biogenesis and trafficking, oxygen sensing, and cilia
formation [53]. On the organismal level, Pam is critical for body
temperature regulation [22,25], learning and memory [54,55], copper
metabolism [18], adequate serum atrial natriuretic hormone levels
[25], and glucose tolerance [56]. In fact, the PAM p.Asp563Gly T2D-
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Figure 6: Fibril-forming capacity of non-amidated hIAPP is reduced, yet h/APP-expressing beta-cell Pam knockout islets have similar transplant survival rates
compared to Wt islets.

(A) Schematic presentation of pro-IAPP processing pathway. (B) Thioflavin T-binding kinetics of hIAPP-amide (magenta), intermediate hIAPP-amide (blue), intermediate hIAPP-Gly
(brown), hIAPP-Gly (grey), full-length prohlAPP (crimson), rodent IAPP (black), and buffer (white). (C) Thioflavin T-binding kinetics of hIAPP-amide (magenta), a combination of
intermediate hIAPP-Gly and hIAPP-amide cocktail (brown), a combination of hIAPP-Gly and hIAPP-amide cocktail (grey), a combination of rodent IAPP and hIAPP-amide cocktail
(black), and buffer (white). All peptides were mixed in 1:1 ratio (molar concentration). (D) Representative electron micrographs of hlAPP aggregates or fibrils from full-length
prohlAPP, intermediate non-amidated hIAPP, intermediate amidated hIAPP, non-amidated hIAPP, and amidated hIAPP synthetic peptides. Scale bar = 100 nM (e) Representa-
tive images (scale bar = 100 pum) and (F) quantification of thioflavin S staining-positive amyloid fibrils in islets from control hIAPP knock-in (hAPP™ filled circle) and hIAPP
knock-in BPamKO (hIAPP”/‘” BPamKO, empty circle) mice. (G) Representative immunofluorescence images of insulin and thioflavin S staining in control (C) and p.Asp563Gly-PAM
variant carriers (p.Asp563Gly). Scale bar = 100 um. (H, I) Quantitative analysis of islet amyloid area and percentage of amyloid-containing islet from control vs. p. Asp563Gly
donors. (J) Schematic of islet transplantation experiment. (K) Diabetes incidence (2 consecutive blood glucose measurements >20 mM) of hyperglycemic mice receiving Wt,
hIAPP"™  or hIAPPM™ BPamKO islets. Data are presented as mean + SEM. n > 3 mice per group for the in vitro islet culture experiments, and n > 7 per group in the islet

transplant experiment. *p < 0.05.

risk allele is a coding variant which has wide-ranging impact on
metabolism and glucose homeostasis through its expression in mul-
tiple cell and tissue types. We and others have previously shown that
PAM is highly expressed in islet beta cells [20,57] and islets from
human donors carrying the PAM p.Asp563Gly T2D-risk allele have
modest impairments in insulin secretion [7]. Here we show that islets
from beta cell-specific Pam knockout (3PamK0) mice accumulate
more immature secretory granules and exhibit a reduction in second-
phase insulin secretion and beta-cell cilia formation. Despite these
beta-cell selective deficiencies, the ability of these mice to regulate
glucose metabolism is largely intact. These data are consistent with a
recent preprint showing beta-cell Pam is dispensable for the devel-
opment of glucose intolerance in mice [39] and further suggesting that
PAM variants confer T2D risk by impacting multiple neuroendocrine

systems in addition to the beta cell. Indeed, Pam likely controls pep-
tidergic signaling to suppress gastric emptying and enhance pyloric
GLP-1 action [39]. In addition, Pam may modulate skeletal muscle
insulin sensitivity through atrial natriuretic peptide action [25,40,58]. In
aggregate, deficiency of Pam in non-beta cells may play more domi-
nant roles in driving the development of hyperglycemia.

During protein biosynthesis and granule maturation, luminal and
membrane proteins are sorted from immature insulin secretory gran-
ules by vesicle budding [59—61]. By TEM the size and morphology of ER
and Golgi were comparable between PPamKO and Wt beta cells,
suggesting minimal involvement of Pam in ER and Golgi structural or-
ganization [62]. We observed a decrease in granule volume during
secretory granule maturation in Wt mouse beta cells; this decrease was
not present in BPamKO beta cells, suggesting impairment in granule
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Figure 7: Improved glucose tolerance in h/APP knock-in beta-cell Pam knockout mice.

Intraperitoneal glucose tolerance test (IPGTT) was performed on 2-month-old male (A, B) and female (C, D) h/APP knock-in BPamKO (hiapp™™ BPamK0) and control hiAPP"™
mice, and area under the glucose excursion curve (AUC) was analyzed. Plasma insulin levels during oral glucose tolerance test, as well as areas under the plasma insulin excursion
curve were analyzed in male (E, F) and female (G, H) h/APP™" BPamKO and control AAPP*™ mice. IPGTT was performed on 6-month-old male (I, J) and female (K, L) hiAPP"™
3PamK0 and control hIAPP"™ mice. Body weight, insulin tolerance, and area above glucose excursion curve (AAC) during insulin tolerance test were analyzed in 6-month-old male
(M—0) and female (P—R) AIAPP"™ BPamKO and hiAPP"™ mice. Data are presented as mean = SEM. n > 5 mice per group, *p < 0.05.

maturation in Pam-deficient beta cells. We found no impact of beta cell
Pam deficiency on first-phase glucose-stimulated insulin secretion,
fitting with our morphological observations showing equal numbers and
distribution of insulin granules adjacent to the plasma membrane in
BPamKO and Wt beta cells. Our findings suggest that the readily
releasable pool of insulin secretory granules is intact in fPamKO0 beta
cells. By contrast, the size and mobilization of granules from the reserve
pool are diminished in Pam-silenced human beta cells [7]. Second-
phase secretion was blunted in BPamKO beta cells, possibly attrib-
uted to defective newcomer granule maturation and their recruitment
for second-phase secretion [61,63—65]. Together with the previous
report showing PAM knockdown in human beta cells led to reduced
insulin content and glucose-stimulated insulin release [7], we

10

established that Pam plays an essential role in ensuring proper insulin
secretion.

Disrupted insulin secretion could stem from defects in beta-cell cilia
assembly. We found that beta-cell Pam deficiency resulted in reduced
islet primary cilia length and number, in keeping with previous findings
that Pam is required for normal ciliogenesis in other tissues [66]. Pam
enzyme activity is essential for cilia formation. Inhibiting Pam activity,
but not removing the non-enzymatic domain of Pam, significantly
suppresses cilia assembly in Chlamydomonas reinhardtii. In addition,
siPhm (peptidylglycine alpha-hydroxylating monooxygenase, one of the
two enzymatic domains of Pam)-treated Schmidtea mediterranea ex-
hibits defective motile cilia and reduced mobility. However, why Pam is
required for proper cilia formation remains unknown. Pam is highly
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enriched in the Golgi region, a key site in the trafficking of ciliary
membrane proteins. Kumar et al. reported reduced Golgi curvature and
selective Golgi dysfunction in Pam knockdown Chlamydomonas rein-
hardtii cells [66]. It remains to be investigated which ciliogenesis
processes in mammalian cells are regulated by Pam, and whether
specific amidated peptides or lipids play important roles in actin
cytoskeleton assembly or post-Golgi ciliary cargo trafficking. Since
other studies have suggested that primary cilia regulate insulin
secretion through beta-cell intrinsic (autocrine) and paracrine signaling
pathways [43,67], our findings point to impaired islet cell cilia for-
mation as a potential contributor to beta cell dysfunction associated
with Pam deficiency. Additional studies are required to elucidate
whether shortened cilia lead to reduced beta-cell ciliary receptors,
disrupted ciliary calcium, and cilia-based peptidergic signaling [68],
and whether these defects contribute to the impairment in insulin
granule biogenesis and mobilization that we observed in Pam-deficient
beta cells. Because Pam is expressed early in life, it is plausible that
multi-organ ciliopathy from developmental origin may contribute to
T2D in carriers of the PAM p.Asp563Gly allele.

Islet amyloid polypeptide (IAPP) is among the 50% of neuroendocrine
peptides amidated by Pam. Human IAPP (hIAPP) peptide aggregates
and forms oligomers and amyloid fibrils that are associated with beta
cell death and islet inflammation [69]. We found that synthetic non-
amidated hIAPP peptides (both the N-terminally extended form and
the Pc2-cleaved form) are much less amyloidogenic, and that cultured
hiapP"™ BPamKO islets have reduced amyloid burden but increased
pre-fibrillar, oligomeric species. Non-amidated hIAPP forms may
modulate the accumulation of islet amyloid, because non-amidated
IAPP does not appear to co-localize with islet amyloid in human
pancreas (unpublished data), and we found that non-amidated hIAPP
completely suppressed hIAPP fibril formation in vitro. Despite the
presence of toxic oligomeric species [70], beta-cell viability and islet
graft function were comparable between HAPPY™ BPamKO and
hIAPP"™ islets. Since PAM T2D-risk alleles have minor allele fre-
quencies ranging from 1 to 5% in European populations (meaning 1 in
10 people carry them) [71], our data showing normal function of
BPamKO in islet transplants suggest that patients receiving islet grafts
from donors carrying PAM T2D-risk alleles should not have subpar
transplant outcomes. To our surprise, HAPP™ BPamKO mice had
improved glucose tolerance for their age, possibly associated with
subclinical insulin hyposecretion [72], or reduced cross-seeding ca-
pacity of non-amidated forms and reduced amyloid burden [73].
Taken together, our data indicate that Pam is important for beta-cell
granule maturation, cilia formation, insulin secretion, and hIAPP am-
yloid fibril formation. However, isolated deletion of Pam in the beta cell
does not accelerate the development of diet- or hIAPP-induced hy-
perglycemia in mice. Our studies suggest that, while Pam deficiency in
beta cells contributes to impaired beta cell function, on its own it is
insufficient to cause diabetes; therefore, loss of PAM function in other
tissues also contributes to the mechanisms by which coding alleles in
PAM increase risk for type 2 diabetes.
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