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Abstract
Background  Hyperglucagonemia is a hallmark of diabetes mellitus, resulting from the dysregulation of glucagon 
secretion by pancreatic alpha-cells. Although glucose sensing and insulin signaling are well-established regulatory 
processes, the pathways that govern glucagon secretion remain unclear. Recent evidences suggest that insulin-
degrading enzyme (IDE) regulates glucagon secretion via an unknown pathway.

Methods  Using IDE-immunoprecipitation proteomic data as a basis, we aimed to ascertain the molecular 
mechanisms downstream of IDE in the alpha-TC cell model. Knock-down studies of relevant genes involved in the 
functional pathways identified in the proteomic study, and its impact on glucagon secretion were performed. Primary 
cilium was stained and detected using confocal and STORM microscopies in alpha-TC cells and mouse pancreas.

Results  Based on proteomic studies we focus our efforts on the relationship between IDE, tubulin cytoskeleton, and 
the primary cilium. Although IDE was not localized to the primary cilium of alpha-cells using confocal microscopy 
and STORM, its absence resulted in impaired ciliogenesis. Consistent with lower protein levels of the insulin receptor, 
the counterregulatory effect of insulin on glucagon secretion was reduced in IDE-deficient alpha-cells. Two cellular 
models of ciliary dysfunction (ARL13B-KD and IFT88-KD) resulted in impaired glucagon secretion, as well as a failure of 
insulin to suppress glucagon secretion in alpha-cells. Importantly, IDE, tubulin, ciliary markers (AcTubulin, ARL13B) and 
insulin receptor levels were diminished in glucose conditions of physiological glucagon repression.

Conclusions  IDE acts as a mechanistic link between glucose levels, tubulin, and the primary cilium, regulating 
glucagon secretion in alpha-cells. The dysregulation of the tubulin-primary cilium axis induces glucagon secretion 
impairment.
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Background
Primary cilia are tubulin-based highly conserved struc-
tures across species that projects from the cell plasma 
membrane. Historically considered vestigial organelles, 
two decades ago were recognized as important signal-
ing hubs for cellular development, differentiation and 
function. In human pancreatic islets, primary cilia have 
been reported in alpha- and beta-cells, whereas in rat and 
mouse islets have been observed in alpha-, beta-, delta-, 
and pancreatic polypeptide-cells (Cho and Hughes 2022; 
Pablos et al. 2022; Sanchez et al. 2023; Lee and Hughes 
2023; Muller et al. 2024).

Human ciliopathies are inherited mutations in ciliary 
genes resulting in either abnormal formation or function 
of primary cilia in a wide group of disorders such as the 
Alström syndrome, Bardet-Biedl syndrome, autosomal 
dominant polycystic kidney disease and microcephalic 
osteodysplastic primordial dwarfism type II. These enti-
ties are associated with metabolic phenotypes including 
central obesity, impaired glucose tolerance, altered insu-
lin secretion, insulin resistance, early-onset diabetes and 
type 2 diabetes (T2D) (Lee and Hughes 2023; Zaghloul 
and Katsanis 2009; Girard and Petrovsky 2011; Iliuta et 
al. 2022).

The role of primary cilia in pancreas has been studied 
using knockout mouse models of genes involved in cil-
iogenesis or cilia function. Thus, a mutation in the gene 
that encodes the polaris protein, an intraflagelar trans-
port protein (IFT88) required for cilia assembly, lead to 
the absence or shorter pancreatic cilia. The endocrine 
pancreas of Ift88 knockout mice showed normal islets 
architecture except for increased beta-cells clustering, 
which was associated with impaired glucose tolerance in 
response to a glucose challenge (Volta et al. 2019). Tissue-
specific deletion of Ift88 in pancreatic beta-cells (βCKO 
mouse) not only affected intrinsic beta-cell functions 
(glucose sensing and insulin secretion), but also impaired 
glucose homeostasis, paracrine signals and abnormal cir-
culating hormone levels leading to the development of 
diabetes without obesity (Volta et al. 2019; Hughes et al. 
2020).

Insulin-degrading enzyme (IDE) is a multifunc-
tional protein expressed in both human and mouse 
pancreatic islet cells, with the highest expression in 
alpha-cells. Our group has been studied this intriguing 
protein for several years and we have identified that 
IDE protein levels were decreased in beta-cells of T2D 
patients treated with oral hypoglycemic agents (Fer-
nandez-Diaz et al. 2018). We have also studied the role 
of IDE on pancreatic insulin and glucagon secretion 
using tissue-specific knockout mouse models (B-IDE-
KO and A-IDE-KO, respectively). Isolated islets 
from B-IDE-KO mice showed hallmarks of beta-cell 
immaturity, including constitutive insulin secretion 

(Fernandez-Diaz et al. 2019). Conversely, targeted 
deletion of IDE in alpha-cells (A-IDE-KO) triggered 
hyperglucagonemia and hyperinsulinemia. Hyperglu-
cagonemia was attributable in part to dysregulation 
of glucagon secretion, more specifically, there was an 
impaired ability of IDE-deficient alpha-cells to sup-
press glucagon release in the presence of high glucose 
or insulin. Our observations in the A-IDE-KO study 
led us to hypothesize that impaired ciliogenesis may be 
related to glucagon dysregulation (Merino et al. 2022).

In this work, we sought to investigate the cellular and 
molecular mechanisms linking impaired ciliogenesis to 
dysregulated hormonal secretion by pancreatic alpha-
cells, which maybe involved in diabetes pathogenesis.

Methods
A-IDE-KO mouse model
Mice were housed in ventilated cages under a 12:12-h 
light-dark cycle, fed regular chow diet and water ad 
libitum, at the animal facility of the University of Val-
ladolid (UVa). Animals with homozygous (A-IDE-KO / 
Gcg-CreERT2; Idef/f) or heterozygous (A-IDE-HT mice / 
Gcg-CreERT2; Idef/+) loss of Ide expression in pancreatic 
alpha cells were generated and genotyped as previously 
described (Merino et al. 2022). The Animal Care and Use 
Committee of the UVa approved all experiments (pro-
tocol #8608731). All experiments were performed in 
accordance with EU guidelines and regulations. Authors 
complied with the ARRIVE guidelines.

Islet isolation
Mouse A-IDE-KO, A-IDE-HT and A-IDE-WT islets were 
isolated by pancreatic duct perfusion with collagenase V 
(1000 IU/mL; SIGMA) as previously described (Fernan-
dez-Diaz et al. 2019).

AlphaTC1.9 culture, SiRNA and ShRNA experiments and 
glucagon secretion studies
AlphaTC1.9 cells (CRL-2350, ATCC, USA; derived from 
a pancreatic mouse adenoma) were cultured in Dulbec-
co’s Modified Eagle’s Medium (DMEM) supplemented 
with 16 mM glucose, 15 mM HEPES, 0.1 mM non-essen-
tial amino acids, 10% FBS, and 100 U/mL penicillin and 
100  µg/mL streptomycin. For insulin signaling experi-
ments, cells were serum-deprived overnight and then, 
incubated in the absence or the presence of 100 nM insu-
lin at the indicated times.

ON-TARGET plus SMART pool siRNA target-
ing mouse IDE (IDE-KD), ARL13B (ARL13B-KD) or 
IFT88 (IFT88-KD) (Dharmacon) was transfected into 
alphaTC1.9 cells in the presence of Lipofectamine 2000 
Transfection Reagent (Invitrogen) for 6 h. Cells were cul-
tured for 48  h in cell medium before experimentation. 
ON-TARGET plus nontargeting pool was used as control 
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siRNA. To generate the αTC1.9-shRNA-IDE cell line and 
its control cells were transduced with a lentiviral vector 
containing IDE-shRNA or an empty vector. Afterwards, 
αTC1.9 cells were subjected to puromycin selection of 
stably infected cells. The vector used was pGreenPuro™ 
shRNA Cloning and Expression Lentivector (System Bio-
sciences, USA).

For glucagon secretion studies, cells were first pre-
incubated in 3 mM glucose for 2  h, and then, incu-
bated first in 1 mM (Low) glucose secretion buffer for 
30 min, and afterwards in 16 mM (High) glucose secre-
tion buffer for 30  min. The extracellular medium was 
collected after each incubation, and glucagon concen-
tration was measured by ELISA (Mercodia, Sweden). 
Glucagon secretion data were normalized in respect 
to the control condition in low glucose (Control_Low). 
We have measured DNA content of each cell well to 
normalize glucagon/DNA, afterwards, glucagon secre-
tion in each condition is divided by the average glu-
cagon level in Control_Low. In islets experiments 
insulin secretion was measured in the same extracel-
lular medium by ultrasensitive insulin ELISA (Chrys-
talchem, USA).

Western blotting
Islets from A-IDE-KO mice and alphaTC1.9 cells were 
homogenized in lysis buffer (125 mM Tris pH 6.8, 2% 
SDS, and 1 mM DTT) supplemented with protease and 
phosphatase inhibitors and briefly sonicated. Afterwards, 
20  µg of protein from the lysates were boiled 5  min in 
Laemmli Sample Buffer (LSB) (62.5 mM Tris-HCl pH 
6.8, 5% glycerol, 1% SDS, 2.5% β-mercaptoethanol and 
0.02% w/v bromophenol blue). Proteins were quanti-
fied using the Micro BCA Kit (Thermo Fisher Scientific), 
separated by SDS-PAGE, and then transferred to PVDF 
membranes (Millipore). Membranes were blocked for 
1  h at room temperature using blocking buffer (PBS, 
0.1% Tween-20, 5% w/v non-fat dry milk). Blots were 
incubated with the following antibodies: anti-Dync1h1 
(1:10,000. #12345-1-AP, Proteintech), anti-IDE (1:40,000, 
#AB9210, Millipore); anti-insulin receptor β (1:2,000, 
#3025, Cell Signaling), anti-phospho-insulin receptor 
β (Tyr1150/1151) (1:2,000, #3024, Cell Signaling), anti-
ARL13B (1:1,000, #75–287; Antibodies Inc), anti-IFT88 
(1:10,000, #13967-1-AP; Proteintech), anti-acetylated-
tubulin (1:10,000, #T6793; Millipore), anti-actin (1:40,000 
#612656, BD Biosciences); anti-GAPDH (1:200,000, 
#MAB374, Millipore), anti-p84 (1:400,000, #ab487; 
Abcam), anti-Rabbit IgG-HRP (1:20,000, #711-035-
152, Jackson Immunoresearch), anti-Mouse IgG-HRP 
(1:5,000, #NA9310V, Cytiva). Band intensity was quan-
tified with the ImageJ software (NIH, Bethesda, MA, 
USA).

RT-qPCR
The following genes were checked for mRNA expres-
sion after 48  h of αTC1.9 cell transfection with siRNA-
IDE, siRNA-ARL13B or siRNA-IFT88 (compared to 
siRNA-scramble): Ide, Arl13b, Ift88, Insr. RNA was 
extracted using Trizol (Invitrogen, USA), reverse tran-
scription was performed with iScript cDNA Synthesis 
Kit (Biorad, USA) and qPCR was carried on with the 
following Taqman (Applied Biosystems, USA): Dync1h1 
(Mm00466548_m1), Ide (Mm00473077_m1), Arl13b 
(Mm01349328_m1), Ift88 (Mm01313467_m1), Insr 
(Mm01211875_m1). Results were normalized by L18 
Taqman results (Metabion, Germany).

In all experiments performed with siRNAs, the experi-
mental condition was compared to siRNA-scramble. To 
discard differences in genes expression in cells without 
siRNA, comparative RT-qPCR (of the main genes under 
study) were performed comparing no siRNA versus 
siRNA-scramble cells (Supplementary Fig. 1).

Immunoprecipitation
AlphaTC1.9 cells (70–80% confluence) were lysated in 
500 µL of lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 
1% (v/v) NP-40 pH = 8) supplemented with protease and 
phosphatase cocktail inhibitors (Sigma, USA). Immu-
noprecipitations of lysates (3–4  µg/µL of protein) were 
carried out using Dynabeads Protein A Immunopre-
cipitation kit (#10006D, Invitrogen, USA) and poly-
clonal antibodies against IDE (#AB9210, Millipore, 
USA). Briefly, Dynabeads were resuspended and washed 
in 200 µL of the Binding and Washing buffer following 
manufacturer’s instruction. IDE antibody was incubated 
overnight with the cell lysates to form antibody-antigen 
complexes. The complexes were then captured by adding 
Dynabeads to the sample (2 h at 4 °C), followed by mag-
netic separation. The immunocomplexes captured on the 
Dynabeads were washed with Washing buffer, and eluted 
in 20 µL Elution buffer following manufacturer’s instruc-
tion. Eluted samples were frozen at -80  °C for further 
proteomic analyses.

Proteomic analysis
Protein samples were incubated with 100 µL of lysis buf-
fer containing 1% SDS, 5 mM Tris (2-carboxyethyl) phos-
phine, 10 mM chloroacetamide, 100 mM Tris (pH 8,5), 
and protease inhibitors (Roche cOmplete™ Mini, EDTA 
free Protease Inhibitor Cocktail). Samples were dena-
tured, reduced and alkylated during 10  min at 95  °C 
and 1400  rpm. The entire lysate volume was retained 
for downstream processing in order to ensure compre-
hensive protein recovery from the full sample. Protein 
digestion was carried out using the MagReSyn Hydroxyl 
magnetic beads (ReSyn Biosciences, Edenvale, Gauteng, 
South Africa), following the PAC protocol, as described 
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(Rojas-Torres et al. 2024), with some modifications. Ini-
tially, 100% acetonitrile was added to reach a final con-
centration of 70% (v/v) acetonitrile in the lysate, followed 
by the addition of 10 µL of magnetic beads. Samples were 
incubated under agitation at room temperature for two 
cycles of 10 min. Bead-bound proteins were then washed 
in two sequential steps: two washes with 95% acetonitrile 
and two washes with 70% ethanol, each for 5 min. After 
the washing steps, proteins were resuspended in 300 µL 
of 50 mM ammonium bicarbonate (ABC) buffer. Proteo-
lytic digestion was performed by adding 1 µg of Trypsin/
Lys-C mix (Promega Corporation, MA, USA) per sample 
and digestion was carried out overnight at 37  °C under 
gentle agitation. Next, the digestion was quenched by 
acidification with 45 µL of 5% trifluoroacetic acid, and 
peptide samples were transferred to EvoTips (Evosep) as 
a purification and concentration step. Finally, the purified 
peptide eluates were dried using a SpeedVac concentra-
tor and stored at -80 °C until LC-MS/MS analysis.

Prior to LC-MS/MS analysis, samples were resus-
pended in 30 µL of 0.1% formic acid in water. Peptide 
separation and analysis were performed using a timsTOF 
Pro QTOF mass spectrometer (Bruker, Billerica, MA, 
USA) coupled to a nanoElute UHPLC system (Bruker). 
Chromatographic separation was carried out on a C18 
PepSep analytical column (150  mm × 75  μm, 1.9  μm 
particle size, 120 Å pore size; Bruker Daltonics, Bremen, 
Germany). Peptides were eluted using a 30-minute linear 
gradient from 2% to 35% solvent B (0.1% formic acid in 
acetonitrile), followed by a 3-minute increase to 95% B, 
and a 7-minute wash phase at 95% B. The flow rate was 
maintained at 250 nL/min, and the column tempera-
ture was set to 40 °C. Data acquisition was conducted in 
diaPASEF mode, following the method described by Are-
nas-De Larriva et al. (2022).

Raw diaPASEF files were processed with the software 
DIA-NN v2.0 (Demichev et al. 2020). Protein identifica-
tion was obtained by searching against the Mus musculus 
SwissProt-reviewed FASTA database (17,226 canonical 
proteins, 13 September 2023) with default parameters 
except for several optimized settings: prediction of pep-
tide properties using deep learning (MS/MS spectra, 
RTs, IMs); allowance of up to two missed cleavages; 
fixed modification of carbamidomethylation on cysteine 
(C); variable modifications including methionine oxida-
tion [Ox(M)] and N-terminal acetylation [Ac(N-term)]; 
enabling of N-terminal methionine excision; analysis at 
the peptidoform level and inclusion of protein names 
from FASTA; a precursor charge range of 2–5; precur-
sor false discovery rate (FDR) set at 1%; MS1 and general 
mass accuracies set at 15 ppm; ultra-precise quantifica-
tion mode (Quant UMS, high accuracy); cross-validated 
neural networks (NNs); RT-dependent profiling, smart 
profiling, and optimal results settings activated; and 

match-between-runs enabled. The resulting protein-
Group.txt file was loaded onto Perseus v 1.6.15 (Tyanova 
et al. 2016) for further data processing and statistical 
analysis. First, a missing value filter was applied, remov-
ing all protein groups with more than 30% missing values 
(NA), corresponding to a 70% valid value threshold. Sec-
ond, data were log2 transformed and the remaining miss-
ing values were imputed to preserve data structure and 
enable downstream comparative analysis.

Functional analysis of the proteins identified only in the 
IP samples was performed using String (www.string-db.
org). The functional graph was obtained with Iulius AI 
(Julius AI | Your AI Data Analyst).

Transcriptomic microarray
AlphaTC1.9 cells were transfected as described 
above, and the isolated RNA (1  µg) was subjected to a 
cDNA microarray analysis on the ClariomTM S Array 
(Thermo Fisher Scientific). Data were acquired on the 
GeneChipTM 3000 instrument (Affymetrix, Santa Clara, 
California, USA) and high-throughput automated pro-
cessing was performed using the GeneTitan™ Microar-
ray System (Thermofisher). To evaluate differential gene 
expression, raw data were normalized and analyzed at 
the gene level using the RMA algorithm included in the 
Transcriptome Analysis Console (TAC). Microarray 
analyses were performed on three biologically indepen-
dent RNA replicates per experimental group. Micro-
array raw data were pre-processed using the Robust 
Multi-array Average (RMA) algorithm to normalise 
the data, correct for background noise and summarise 
across arrays using transcript clusters containing safely 
annotated genes (Carvalho and Irizarry 2010). Differen-
tial gene expression analysis was conducted by means 
of empirical Bayes moderated t-statistics. Genes with 
an FDR-adjusted p-value < 0.05 and a log2(Fold Change) 
> |1| were considered differentially expressed (Ritchie 
et al. 2015). Functional enrichment analysis was per-
formed on the identified gene sets to explore biological 
pathways and gene ontology (GO) terms enriched among 
the DE genes (Bioconductor). Statistical significance 
was assessed by means of Fisher test with modifications 
(Alexa et al. 2006).

Cell Immunofluorescense for confocal and STORM imaging
AlphaTC1.9 cells were seeded at a density of 3,000 cells 
per well in cell chambers (Ibidi, Germany) and were fixed 
at 50% confluence.

Cells were incubated for 1 h at RT with blocking buf-
fer (5% normal goat serum (NGS), 0.1% Triton X-100, 
0.01% unconjugated affinity-purified F(ab) fragment 
anti-mouse IgG) in PBS. Following blocking, cells were 
incubated with primary antibody for 1  h at RT; anti-
IDE (1:50, #AB9210; Millipore), anti-acetylated tubulin 

http://www.string-db.org
http://www.string-db.org
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(1:750, #T6793; Sigma-Aldrich), anti-Golga2 (1:100, 
#HPA021799; Atlas Antibodies), anti-GM130 (1:100, 
#610823; Becton Dickinson). Samples were washed three 
times with PBS and subsequently incubated with second-
ary antibodies CF583 (1:100, #20792–50 µl (Biozol) and 
CF505 (1:100, #20877–50 µl (Biozol)) for 1 h at RT in the 
dark. Cells were washed five times with PBS and incu-
bated with 4% PFA for 10 min at RT in the dark. If images 
were acquired using the confocal microscope, a Hoechst 
staining step was performed (omitted for STORM 
imaging).

Immunofluorescence of pancreatic sections
Pancreatic sections  (4  μm thick) from A-IDE-KO and 
A-IDE-WT mice were immersed twice in tissue clear-
ing agent for 10 min each, and subsequently rehydrated 
in ethanol. Antigen retrieval was performed using pH 6 
citrate buffer, in a pressure cooker for 20 min.

Subsequently slides were incubated with Fab block-
ing solution (PBS, 5% goat serum, 1% Fab mouse block-
ing reagent) for 1  h at RT. Next, slides were washed in 
PBS-T (PBS 0.01% Tween-20). Primary antibodies were 
incubated for 1  h at room temperature: Insulin (1:10, 
#IS00230-2, Agilent Technologies), Glucagon (1:1,000, 
#ab92517, Abcam) and Acetylated tubulin (1:1,200, 
#T6793; Sigma-Aldrich). After primary antibody incuba-
tion, slides were washed in PBS-T. Secondary antibody 
staining was performed using Alexa Fluor-conjugated 
secondary antibodies for 30 min at RT in the dark: AF488 
(1:1,000, #A1107, Life Technologies), AF647 (1:1,000, 
#A21242; Life Technologies), AF555 (1:1,000, #A21430; 
Life Technologies). Slides were washed afterwards. 
Nuclei were counterstained with Hoechst.

Stochastic optical reconstruction microscopy (STORM)
To visualize cilia with a resolution of 20–30 nm, we used 
STORM microscopy. Once the samples were immunos-
tained, BCubed imaging buffer (ONI, Oxford, UK) was 
applied to the sample. Single molecule data acquisition 
(SMLM) was conducted on the Nanoimager S running 
NimOS V.1.19.4 (ONI, Oxford, UK). The images were 
acquired using a 100 × 1.4 NA objective lens (Olympus, 
Japan) and a sCMOS camera (Hamamatsu Orca Flash 
4.0 V3). Each acquisition was conducted with the expo-
sure time set at 30ms, with the temperature control 
enabled and set at 32  °C. The 561 nm laser was used to 
image the CF583 dye, while the 466 bn laser was used 
to image the CF505 dye. A total of 30,000 image frames 
were captured (10000 per laser), using a high-sensitivity 
sCMOS camera. The microscope was equipped with a 
100x oil immersion objective (Olympus UPLXAPO100) 
with a numerical aperture of 1,4 and working distance 
of 0,13 mm. For image reconstruction, the NimOS pro-
cessing software (ONI, Oxford, UK) was used. Drift 

correction, localization filtering and some data analyses 
were performed in the data analysis platform from the 
microscope manufacturer (CODI, ONI, Oxford, UK). 
Drift was corrected over all frames and included all local-
izations with photon count < 30,000, SD of the point-
spread function between 75  nm and 200  nm, estimated 
localization precision (SD) <15  nm. Localizations were 
excluded where the same emission event lasted more 
than 15 frames.

Confocal microscopy
ONI Nanoimager was also employed for confocal micros-
copy. The acquired confocal images were processed sepa-
rately from the STORM data. Cilia length were quantified 
using the free ImageJ software (NIH, USA). For colocal-
ization analysis, the Jacob plugin was used, and the Pear-
son correlation coefficient was applied.

Statistical analysis
Statistical analysis of data was performed using Prism 
v.6.0 (GraphPad Software). Distributions were checked 
with the Kolmogorov-Smirnov test. Data are presented 
as means ± SEM. Comparisons between two groups were 
done using the unpaired Students’ t-test. Comparisons 
between more than two groups were first assessed using 
a two-way ANOVA, and then Bonferroni post-hoc test. 
Differences were considered significant at p < 0.05.

Results
A proteomics study involving IDE Immunoprecipitation 
revealed implications in cytoskeleton and cellular 
projection
Three independent immunoprecipitation (IP) samples 
(using an anti-IDE antibody in pancreatic alpha-cell 
extracts) and their respective controls were analyzed 
using LC-MS/MS. 683 proteins were detected in the 
three IP samples analyzed, but not in the controls. Only 
those proteins identified by two or more peptides were 
considered, resulting in a final number of 513 proteins. 
Among these, we found the IDE protein, which con-
firmed the quality of the IP assay. The full list of proteins 
identified in the immunoprecipitation assay can be found 
in Supp. Table 1.

A functional analysis was carried out with String-DB 
online platform, in order to identify potential interac-
tor partners of IDE (Supp. Tables 2 and 3). A selection of 
the most representative functions identified for the IDE-
interacting proteins have been represented in Fig.  1A. 
Among them, there were many proteins related with the 
cytoskeleton, cellular organization and projection, as well 
as proteins related to mitochondrial function or glucose 
and lipid metabolism. Finally, IDE itself was also associ-
ated with spliceosomes, RNA splicing, oxidative stress 
and Alzheimer disease. The functional network including 
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proteins associated with the microtubule cytoskeleton 
and primary cilium (Tubb1, Tuba1b, Tubb6, Tubb4a, 
Tubb4b, Dynchn1…) is shown in Fig. 1B. These data sup-
ported the notion that the tubulin cytoskeleton and the 
primary cilia are relevant to the function of IDE in pan-
creatic alpha-cells.

We chose to study one of the cytoskeletal proteins 
obtained in the proteomics, Dync1h1 (cytoplasmic 
dynein 1 heavy chain 1). It was select because Dync1h1 
heterozygous mice show decreased levels of glucagon 
in plasma along with a metabolic phenotype (Eschbach 
et al. 2013). Thus, we generated a knock-down model 
using Dync1h1 (Dync) siRNA with 90% decrease in pro-
tein expression, interestingly Dync-KD cells didn´t show 
effects on glucagon secretion, pointing to a dispensable 
role of this protein in alpha-cell function (Supplementary 
Fig. 2).

Then, instead of focusing on specific proteins, we 
decided to explore one of the biological functions 
revealed by the proteomic study: microtubule cytoskel-
eton and the primary cilium. To do so, we used an IDE 
knock-down model, as explained next.

The loss of IDE expression in alpha-cells leads to impaired 
ciliogenesis
We first generated the alpha-cell IDE-KD model using 
siRNA to silence Ide expression. IDE was knocked-down 
~ 25% as detected by protein levels and ~ 75% as detected 
by mRNA levels (Fig. 2A-C) leading to a ~ 30% decrease 

in cilia number and length when compared to control 
(siRNA-scramble) (Fig.  2D-F). Altogether these results 
support the idea that IDE has a direct relationship with 
the primary cilium.

IDE-KD cells and controls were used to perform a 
transcriptomic array. This revealed that genes involved 
in ciliogenesis and other related membrane components 
exhibited differential expression when IDE was dimin-
ished (Supplementary Fig. 3). This finding is in line with 
our previous observations in Figs. 1 and 2.

To investigate whether IDE is part of the primary 
cilium structure, we performed immunostaining on 
alphaTC1.9 cells using antibodies for acetylated tubulin 
and IDE. Representative images from confocal micros-
copy (Fig.  2G) and STORM (Fig.  2H) demonstrate that 
IDE is not localized within the primary cilium.

A loss of IDE expression in alpha-cells leads to dysregulated 
glucagon secretion and the loss of insulin-inhibitory signals
Glucagon secretion by IDE-KD cells was impaired under 
low glucose conditions (Fig.  3A). Furthermore, insulin 
treatment did not inhibit glucagon secretion any further 
in IDE-KD cells (Fig.  3B). These results are consistent 
with the decreased protein levels of the insulin recep-
tor (IR) observed in the IDE-KD cells compared to the 
control cells (Fig.  3C-D), which is not due to transcrip-
tional regulation as shown by RT-PCR results (Fig.  3E). 
Finally, we stimulated IDE-KD and control cells with 
100nM insulin to induce downstream signaling. We 

Fig. 1  Proteomics of IDE immunoprecipitation. A IDE- interacting proteins identified by LC-MS/MS were associated to several biological functions. The 
most representative are shown, included into 5 main groups: cytoskeleton, splicesome, metabolism, mitochondrial function and known IDE-associated 
functions. B Proteins related to microtubule tubulin cytoskeleton, including some cilium related proteins were represented as a network, provided by 
String online platform

 



Page 7 of 16Casanueva-Álvarez et al. Molecular Medicine           (2026) 32:35 

then detected pIR and plotted a time response curve of 
pIR/GAPDH. We found that pIR decreased (p = 0.07) in 
IDE-KD cells (Fig.  3F-H). We did not perform a pIR/IR 
ratio analysis in this study because IR levels were modi-
fied from baseline (time 0) due to IDE loss, as previously 
demonstrated (Fig. 3C-D). These results indicate the exis-
tence of insulin resistance in IDE-KD alpha-cells.

A second model of IDE knock-down (shIDE) in 
alpha-TC1.9 cells was generated using lentivirus con-
taining shRNA-IDE and empty lentivirus as control 
(shControl), 50% diminished expression was obtained 
as measured by protein levels and RT-qPCR. Glucagon 
secretion in this model was similar to the siRNA-IDE 
(Supplementary Fig.  4). Unexpectedly, we observed a 
discrepancy in glucagon secretion responses between 

Fig. 2   Impaired ciliogenesis in IDE-knock-down alphaTC1.9 cells. A Representative western-blot analysis of IDE after 48 h of siRNA-IDE (IDE-KD) and siR-
NA-scramble (control) transfection. B Quantification of IDE/GAPDH in IDE-KD and control cells, N = 9. C Quantification of Ide gene expression by RT-PCR, 
N = 9. D Representative immunostaining of acetylated tubulin staining in IDE-KD and control cells. E Quantification of cilia number and, F cilia size, N = 9. 
G Representative confocal microscopy images showing IDE and acetylated tubulin (primary cilia) and DAPI (nucleus). Graph bar= 10 μm. H Representative 
STORM images showing further details of colocalization observations. Graph bar = 0.5 μm. **p < 0.01, ***p < 0.001. Data are represented as mean ± SEM
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the A-IDE-KO (Merino et al. 2022) and IDE-KD alpha-
cell models (Fig. 3 and Supplementary Fig. 4), despite 
both models exhibiting impaired glucose sensing 
in alpha-cells. To study the cause of this difference, 
we performed glucagon secretion tests on islets iso-
lated from heterozygous alpha-cell-specific IDE mice 
(A-IDE-HT), with partial loss of IDE expression (as 
IDE-KD cells) but with intact paracrine signals sur-
rounding alpha-cells. A-IDE-HT islets, which had 
experienced a partial loss of IDE expression, exhibited 
a secretory profile similar to that of A-IDE-KO islets 
(Supplementary Fig.  5A), suggesting that the cause of 
the differential glucagon secretion pattern in the cell 
line versus the pancreatic islets is not the ´partial´ 
versus ´total´ loss of IDE, but rather the paracrine 
regulation by non-alpha cells. In fact, alpha-cells of 
A-IDE-HT islets miss insulin inhibitory control (Sup-
plementary Fig.  5B) and insulin secretion is constitu-
tive in the A-IDE-HT islets (Supplementary Fig. 5C).

Two models of impaired ciliogenesis in alpha-cells show 
dysregulated glucagon secretion and impaired insulin 
regulation
In light of our previous findings, we hypothesize that the 
primary cilium plays a pivotal role in alpha-cell func-
tion. To confirm this, we have developed two models of 
impaired ciliogenesis: ARL13B (ARL13B-KD) and IFT88 
knock-down (IFT88-KD), two proteins that are required 
for normal ciliogenesis.

To generate the ARL13B-KD model, we performed 
transfections using siRNA. ARL13B was knocked-down 
by ~ 70%, as determined by protein levels (Fig.  4A–B), 
and ~ 45% as detected by mRNA levels (Fig. 4C) result-
ing in a ~ 30% reduction in cilia number and a ~ 10% 
decrease in cilia length (Fig. 4D-F) in alpha-cells. A sec-
ond model of impaired ciliogenesis was generated using 
IFT88 siRNA, which decreased IFT88 protein levels by 
~ 60% (Fig. 4G-H) and ~ 45% as detected by mRNA levels 
(Fig. 4I) and primary cilium number by 60% (Fig. 4J-K), 
with no change in cilia length (Fig. 4L). Loss of ARL13B 
expression resulted in impaired glucagon secretion when 
alpha-cells were treated with a low-glucose medium 

Fig. 3  Impaired glucagon secretion and insulin receptor levels in IDE-KD cells. A Low glucose (1 mM) stimulates glucagon secretion in alphaTC1.9 
cells meanwhile high glucose (16 mM) inhibits it in control cells, meanwhile, IDE-KD cells have lost glucagon secretion capacity at low glucose, N = 9. B 
Low glucose stimulated glucagon secretion is inhibited by 100nM insulin in control cells, this inhibition is lost in IDE-KD cells, N = 9. C Representative IR 
western-blot of control and IDE-KD protein extracts. D Quantification of IR protein levels in IDE-KD compared to control cells, N = 9. E Quantification of 
Insr gene expression by RT-PCR, N = 9. F Representative pIR western-blot after insulin stimulation for 5, 15 and 30 min. G Quantification of pIR dynamic 
between 0- and 30-minutes post-insulin stimulus, N = 3. H Area under the curve (AUC) quantification to measure differences in insulin signalling between 
WT and IDE-KD cells. *p < 0.05 **p < 0.01, ***p < 0.001. Data are represented as mean ± SEM
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(Fig.  5A). This is consistent with what happens in the 
IFT88-KD model (Fig. 5B).

Interestingly, both models of impaired ciliogen-
esis exhibited impaired insulin action (Fig.  6A-B) and 
decreased IR protein levels by ~ 30–40% (Fig. 6C-D and 
F-G) which is not due to transcription regulation (Fig. 6E, 

H). These results support the idea that loss of para-
crine insulin signaling occurs when the primary cilium 
is impaired. They also suggest the possibility of insulin 
resistance in the absence of primary cilium of alpha-cells.

Fig. 4  Impaired ciliogenesis in ARL13B-knock-down and IFT88-knock-down alphaTC1.9 cells. A Representative western-blot analysis of ARL13B after 48 
h of siRNA-ARL13B (ARL13B-KD) and siRNA-scramble (control) transfection. B Quantification of ARL13B/GAPDH in ARL13B-KD and control cells, N = 9. C 
Quantification of Arl13b gene expression by RT-PCR, N = 6. D Representative immunostaining of acetylated tubulin staining in ARL13B-KD and control 
cells. E Quantification of cilia number and, F cilia size, N = 9. G Representative western-blot analysis of IFT88 after 48 h of siRNA-IFT88 (IFT88-KD) and 
siRNA-scramble (control) transfection. H Quantification of IFT88/GAPDH in IFT88-KD and control cells, N = 15. I Quantification of Ift88 gene expression by 
RT-PCR, N = 6. J Representative immunostaining of acetylated tubulin staining in IFT88-KD and control cells. K Quantification of cilia number and, L cilia 
size, N = 8–10. **p < 0.01, ***p < 0.001. Data are represented as mean ± SEM. Graph bar= 10 μm
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The inhibitory phase of glucagon secretion is similar to the 
inhibition of IDE expression and the regulation of primary 
cilium
To investigate the relationship between physiological glu-
cagon secretion and IDE levels, as well as downstream 

events related to tubulin and primary cilium dynamics, 
we assessed glucagon secretion in alphaTC1.9 cells. The 
cells were incubated with low (1 mM) and high (16 mM) 
glucose levels for 30  min, stimulatory and repressive 
glucagon secretion conditions respectively. Afterwards, 

Fig. 6  Impaired insulin action and insulin receptor levels in ARL13B-KD and IFT88-KD cells. A Insulin inhibits glucagon secretion at 1mM glucose in 
alphaTC1.9 cells, meanwhile insulin inhibition is lost in ARL13B-KD cells, N = 9. B Insulin inhibits glucagon secretion at 1mM glucose in alphaTC1.9 cells, 
meanwhile insulin inhibition is lost in IFT88-KD cells, N = 5. C Insulin receptor levels are decreased in ARL13B -KD cells in respect to control. D Representa-
tive western-blot of IR in ARL13B -KD and control cells. E Quantification of Insr gene expression by RT-PCR, N = 6. F Insulin receptor levels are decreased in 
IFT88-KD cells in respect to control, N = 15. G Representative western-blot of IR in IFT88-KD and control cells. H Quantification of Insr gene expression by 
RT-PCR, N = 6. **p < 0.01, ***p < 0.001. Data are represented as mean ± SEM

 

Fig. 5  Impaired glucagon secretion in ARL13B-KD and IFT88-KD cells. A Low glucose (1mM) stimulates glucagon secretion in alphaTC1.9 cells meanwhile 
high glucose (16mM) inhibits it in control cells, meanwhile, ARL13B-KD cells have lost glucagon secretion capacity at low glucose, N = 9. B IFT88-KD cells 
have lost glucagon secretion capacity at low glucose, N = 6. *p < 0.05. Data are represented as mean ± SEM
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media were collected and glucagon secretion/ inhibition 
assessed (Fig.  7A). In addition, cells were lysed and by 
Western blotting we detected, IDE, two primary cilium 
markers (ARL13B and acetylated tubulin), alpha-tubulin, 
and IR levels. Interestingly, under conditions of high glu-
cose, IDE, both cilia markers, alpha-tubulin and IR lev-
els were decreased by ~ 25%, ~ 60%, ~ 25% and ~ 25%, 
respectively (Fig. 7B-C).

These results suggest that downregulation of IDE is a 
prerequisite for inhibiting glucagon secretion, which 
is consistent with the results of IDE-KD. Similarly, 
decreased levels of tubulin acetylation and ARL13B sug-
gest diminished ciliogenesis. Interestingly, insulin recep-
tor protein levels were also decreased. Taken together, 
these results can be indicating a series of dynamic events 
in which IDE acts as a glucose sensor controlling tubulin 
and primary cilium dynamics in order to regulate gluca-
gon secretion.

A-IDE-KO hyperglucagonemic mice show impaired alpha-
cell ciliogenesis and decreased tubulin levels in pancreatic 
islet cells
A-IDE-KO mice displayed hyperglucagonemia, while 
ex vivo, dysregulated glucagon secretion was shown by 
A-IDE-KO isolated islets (Merino et al. 2022). Based on 

the previous results of the present manuscript, we aimed 
to investigate the primary cilium of A-IDE-KO mice in 
vivo, and the tubulin cytoskeleton using A-IDE-KO iso-
lated islets.

Herein, we have stained pancreata from A-IDE-KO 
mice and controls (A-IDE-WT) with acetylated tubu-
lin, glucagon and insulin in order to detect and quan-
tify primary cilium of alpha- and beta-cells respectively 
(Fig.  8A). Interestingly, we found a ~ 20% decrease in 
alpha-cells primary cilia number in the A-IDE-KO pan-
creata when compared to A-IDE-WT (Fig.  8B) and no 
changes in beta-cell cilia number. Isolated islets from 
these mice were used for protein extraction and West-
ern blotting to detect the expression of two ciliary 
markers (ARL13B and acetylated tubulin) and alpha-
tubulin (Fig.  8C). Quantification of those western-blots 
showed ~ 40% decrease on the expression of ciliary mark-
ers (Fig.  8D-E) and ~ 50% decrease in alpha-tubulin 
(Fig.  8F) in A-IDE-KO islets versus controls. These in 
vivo data supported the relevance of tubulin cytoskeleton 
and primary cilium in alpha-cell function, and it rein-
forced the notion that IDE plays a role in the regulation 
of alpha-cell ciliogenesis.

Fig. 7  IDE and primary cilium dynamics under glucose-regulated glucagon secretion and inhibition. A Glucagon secretion in wild type cells (alphaTC1.9) 
under conditions of low (1mM) and high (16mM) glucose. B Representative western-blots for IDE, acetylated tubulin (AcTub), tubulin, ARL13B, insulin 
receptor (IR) and the nuclear protein p84. C Quantification of IDE protein levels, tubulin acetylation, alpha-tubulin, ARL13B, IR and p84 (housekeeping), 
N = 9. *p < 0.05 **p < 0.01, ***p < 0.001. Data are represented as mean ± SEM
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Discussion
In diabetes mellitus, glucagon secretion is inappropri-
ately high for several reasons, including dysregulation 
of alpha-cell function and impaired paracrine insu-
lin suppression. Hyperglucagonemia further promotes 
hyperglycemia by activating glycogenolysis and glu-
coneogenesis in the liver. The mechanisms underlying 
hyperglucagonemia in diabetes are poorly understood. 
In this regard, we have reported that IDE is important in 
the physiological regulation of glucagon secretion, and its 
loss of expression in vivo leads to hyperglucagonemia and 
constitutive glucagon secretion (Merino et al. 2022).

Conversely, the counter-regulatory mechanisms of 
hypoglycemia progressively decline in type 1 diabetes, 
resulting in the failure to activate glucagon secretion and 
maintain euglycemia. Therefore, dysregulation of gluca-
gon secretion is an important feature of hyperglycemia 
and hypoglycemia.

Although several authors have described the molecular 
mechanisms that regulate glucagon secretion by pancre-
atic alpha-cells, no consensus has yet been reached on 
this issue (Gilon 2020; Wendt and Eliasson 2020). Briefly, 
during hypoglycemia, the rate of glucose uptake via the 

high-affinity glucose transporter GLUT1 is low. Glu-
cose is then metabolized to increase the ATP/ADP ratio 
modestly, leading to the partial closure of ATP-sensitive 
potassium (KATP) channels. This maintains the mem-
brane potential of the alpha-cell sufficiently depolarized 
to allow action potential (AP) firing, thereby prevent-
ing voltage-dependent inactivation of voltage-gated Na⁺ 
channels. The resulting high-amplitude AP activates P/Q-
type calcium channels triggering exocytosis of glucagon-
containing secretory granules (Gao et al. 2023). However, 
there is still a knowledge gap regarding the regulation of 
glucagon secretion, and IDE appears to be involved in 
some of these unexplored mechanisms, as was previously 
demonstrated by our research group (Merino et al. 2022).

Primary cilia in pancreatic beta-cells are essential 
organelles for insulin secretion, islet communication and 
glucose homeostasis (Muller et al. 2024; Volta et al. 2019; 
Cho et al. 2022). However, its role on glucagon secre-
tion in alpha-cells is completely unknown. In this study, 
we used immunoprecipitation proteomics, a biochemi-
cal technique that can be used for studying the inter-
actions between proteins and their binding partners, 
including cytoskeletal proteins, and those involved in 

Fig. 8  Impaired ciliogenesis in pancreatic alpha-cells of A-IDE-KO mice. A Representative pictures of insulin (green), glucagon (red), acetylated tubulin 
(white) and DAPI (blue) in A-IDE-WT (N = 4) and A-IDE-KO (N = 4) mouse pancreata. B Quantification of cilia number per alpha-cell number. C Quantifi-
cation of cilia number per beta-cell number. D Representative western-blot analysis of ARL13B, acetylated tubulin (AcTUB), alpha-tubulin and actin in 
A-IDE-KO isolated islets and controls. E Quantification of ARL13B, F AcTUB, and, G alpha-tubulin western-blots (normalized to actin), A-IDE-WT (N = 6) and 
A-IDE-KO (N = 8). *p < 0.05. Data are represented as mean ± SEM. Graph bar= 10 μm
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cilia formation and function. Immunoprecipitation pro-
teomics using an anti-IDE antibody revealed interesting 
and unexpected results. We have focused on the tubulin 
cytoskeleton and the primary cilium due to the impor-
tance of microtubules in the structure of the axoneme, 
which is necessary for the formation of the primary cil-
ium. Thus, IDE interacts with Dync1h1 a cytoplasmic 
dynein indispensable for the assembly, maintenance, and 
function of the primary cilium, mainly through its role in 
retrograde intraflagellar transport and cytoskeletal orga-
nization (Sakamoto et al. 2024; Edwards 1990; Zhou et al. 
2025). Additionally, we found several β-tubulins (TUBB1, 
TUBB4B, TUBA1B) and γ-tubulin (TUBGCP2) which 
are fundamental for the assembly, stability and function 
of the primary cilium (Khan et al. 2022; Sewell et al. 2024; 
Hao et al. 2021; Shankar et al. 2022). Exploration of the 
function of Dync1h1 in alpha-cells did not reveal a sig-
nificant role for this protein in glucagon secretion. This 
suggests that the biological functions identified, through 
proteomics of IDE interactome, give more information 
on IDE molecular mechanisms than the specific and sin-
gle proteins.

In the last decade, intra-islet paracrine signals have 
emerged as a key factor in regulating the function of islet 
cells (Hartig and Cox 2020). In this context, insulin sig-
nalling plays a pivotal role in regulating alpha-cell func-
tion in vivo, by inhibiting glucagon secretion through 
the activation of the classical IR/PI3K/AKT pathway 
(Kawamori et al. 2009). This is a signal for recruitment of 
the GABAA receptor to the membrane and induction of 
Cl− influx, which leads to hyperpolarization and inhibi-
tion of glucagon exocytosis (Xu et al. 2006). Our previous 
results (Merino et al. 2022) using isolated islets of A-IDE-
KO mice, and the results in Supplementary Fig. 5B using 
isolated islets of A-IDE-HT show impaired inhibition 
of insulin on glucagon secretion when IDE expression 
is diminished (independently of total or partial loss). 
In the current manuscript, we demonstrate that loss of 
insulin regulation is due to insulin resistance caused by 
reduced IR levels and impaired insulin signaling. Inter-
estingly, loss of IR was recapitulated in both models of 
cilium impairment, suggesting the presence of IRs in the 
primary cilium. This hypothesis is intriguing and sup-
ported by few articles reporting tyrosine kinase receptors 
in the primary cilium (Yeh et al. 2013; Gerdes et al. 2014; 
Christensen et al. 2017), which maybe using non-canon-
ical pathways regarding to the IGF1R (Yeh et al. 2013). 
These authors described important functions for ciliary 
IGF1 signaling, related to primary cilium disassembly in 
order to enter the cell cycle. This provocative study led 
us to consider the potential localization of a subpopula-
tion of IR in the primary cilium of alpha-cells. This pos-
sibility was confirmed by Gerdes et al. who demonstrated 
the presence of insulin receptors in the primary cilium of 

pancreatic beta-cells, after insulin stimulation. They pos-
tulated that ciliary function is implicated in insulin secre-
tion and insulin signaling in the beta-cell, and that ciliary 
dysfunction could contribute to type 2 diabetes suscepti-
bility (Gerdes et al. 2014).

A recent review by Jeremy Reiter, one of the world’s 
leading figures in the primary cilium field, highlights the 
most relevant known pathways in the primary cilium, 
being of special importance the GPCR signaling. Fur-
thermore, it points to the need of further research on the 
physiology of tyrosine kinase receptors in the primary cil-
ium (Hilgendorf et al. 2024). Based on our results and the 
papers discussed (Yeh et al. 2013; Gerdes et al. 2014), we 
propose that a putative subpopulation of ciliary IR maybe 
related to insulin paracrine actions on alpha-cell func-
tion. Whether ciliary IRs are present in alpha-cells, and 
whether their signalling pathways are canonical remain 
to be elucidated and it will be part of our next research 
project. These studies will potentially be challenging, 
since reliable antibodies for IR immunostaining are not 
available, and IR-Tag overexpression may lead to artefac-
tual IR localization. Further work is needed to study the 
relevant ciliary signals that control glucagon secretion, 
including not only insulin signalling but those involving 
GPCRs, such as somatostatin, glucagon and epinephrine.

On the other hand, our results clearly and unquestion-
ably show that physiological glucagon secretion requires 
a complete primary cilium. This is because four models of 
impaired ciliogenesis (A-IDE-KO islets, IDE-KD alpha-
cells, ARL13B-KD alpha-cells and IFT88-KD alpha-cells) 
show dysregulated glucagon secretion.

Unexpectedly, we observed a discrepancy in gluca-
gon secretion responses between the A-IDE-KO islets 
previously published (Merino et al. 2022) and IDE-KD 
alpha-cell line in this manuscript, despite both mod-
els exhibiting impaired glucose sensing in alpha-cells. 
A-IDE-KO islets secrete normal levels of glucagon at low 
glucose levels, but do not display inhibition of glucagon 
release at high glucose levels. In a different way, IDE-KD 
alpha-cells show similar glucagon secretion level at low 
and high glucose; lacking low-glucose glucagon secre-
tion stimulation. Our results using the A-IDE-HT islets 
(with partial loss of IDE as in the IDE-KD cells) point 
to the fact that alpha-cells in A-IDE-KO and AÍDE-HT 
islets receive paracrine inputs from neighbouring beta- 
and delta-cells, whereas the IDE-KD model only contains 
alpha-cells, emphasizing the relevance of paracrine sig-
nals in the regulation of glucagon secretion.

These results helped us to understand the physiologi-
cal role of IDE-primary cilium axis in glucagon secre-
tion. IDE acts as a glucose-sensor as demonstrated by 
the decreased IDE levels during the inhibitory phase of 
glucagon secretion (16mM glucose). This reduction leads 
to diminished levels of tubulin, cilium markers (ARL13B 
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and acetylated tubulin), as well as insulin receptor levels. 
We interpret these findings as indicating that IDE is able 
to sense different glucose concentrations. This idea aligns 
with previous publications that have pointed to the regu-
lation of IDE action by ATP (Song et al. 2004). Glucose 
sensing by IDE would lead to post-translational changes 
in tubulin (i.e., tubulin acetylation) which in turn, regu-
lates microtubule dynamics and is required for cilium 
axoneme formation (Janke and Bulinski 2011; Gadadhar 
et al. 2017). Microtubule dynamics (polymerization and 
depolymerization) have been reported to be part of the 
exocytic machinery of secretory cells (Severin et al. 1991; 
Ho et al. 2020). Thus, tubulin post-translational modifica-
tions may be required for microtubule dynamics and exo-
cytosis. On the other hand, impairment of the primary 
cilium would affect the presence of the ciliary IR, which 
is diminished at high glucose concentrations.

From a physiological point of view, it is interesting to 
observe how, the alpha-cell reduces IRs when glucose 
concentrations are high and insulin levels are increased, 
in order to avoid excessive insulin signals.

The major limitation of our study is that, to definitively 
demonstrate the effect of IDE on glucagon secretion 
through the tubulin-primary cilium axis, we would need 
to conduct rescue experiments. Normalised glucagon 
secretion in IDE-KD cells with a restored primary cilium 
would confirm the existence of a tubulin-primary cilium 
axis downstream of IDE.

Conclusions
In conclusion, our results reveal a previously unknown 
mechanism of glucose sensing to control glucagon secre-
tion, which involves IDE, tubulin cytoskeleton and the 
primary cilium. This mechanism is likely to be mediated 
by tubulin post-translational modifications as acetylation. 
These findings identify molecular targets for potential 
drugs to correct glucagon secretion in diabetes.
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