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C E L L  B I O L O G Y

Islet primary cilia motility controls insulin secretion
Jung Hoon Cho1, Zipeng A. Li1, Lifei Zhu1, Brian D. Muegge1,2, Henry F. Roseman1†,  
Eun Young Lee1,3, Toby Utterback4, Louis G. Woodhams4, Philip V. Bayly4, Jing W. Hughes1*

Primary cilia are specialized cell-surface organelles that mediate sensory perception and, in contrast to motile 
cilia and flagella, are thought to lack motility function. Here, we show that primary cilia in human and mouse 
pancreatic islets exhibit movement that is required for glucose-dependent insulin secretion. Islet primary cilia 
contain motor proteins conserved from those found in classic motile cilia, and their three-dimensional motion is 
dynein-driven and dependent on adenosine 5´-triphosphate and glucose metabolism. Inhibition of cilia motion 
blocks beta cell calcium influx and insulin secretion. Human beta cells have enriched ciliary gene expression, and 
motile cilia genes are altered in type 2 diabetes. Our findings redefine primary cilia as dynamic structures having 
both sensory and motile function and establish that pancreatic islet cilia movement plays a regulatory role in 
insulin secretion.

INTRODUCTION
Cilia are slender, hair-like projections that mediate cellular interac-
tions with the surrounding environment. There are two main types 
of vertebrate cilia: primary cilia that are solitary, present on most 
cells of the body, and specialize in sensory and signaling function 
(1) and motile cilia that are typically present in large numbers per
cell in select tissues and beat in coordinated waves (2). Fundamen-
tally, these two cilia types are distinguished by their capacity for
movement. Classic motile cilia have a “9 + 2” axonemal microtubule
structure, composed of a ring of nine outer microtubule doublets
and two central microtubule singlets, with interconnecting motor
protein complexes such as dynein arms and radial spokes (2, 3). In
contrast, conventional primary cilia have a “9 + 0” configuration of
microtubules (4, 5) and are considered immotile due to the lack of
central microtubules and motor accessories.

There are exceptions to this dichotomous cilia classification, 
most notably, the embryonic nodal cilia, which are “9 + 0” primary 
cilia that have both motility and signaling capacity (6–8). In other 
tissues, primary cilia can bend passively under external forces such 
as fluid flow (9), where cilia mechanosensing regulates cellular ho-
meostasis via ciliary and cytoplasmic [Ca2+]i (10–12). Primary cilia 
can also exhibit spontaneous fluctuations from internal actin-myosin 
forces generated at the cell cortex (13). However, to date, active 
dynein-driven motility in primary cilia has not been reported. 
Recent three-dimensional (3D) ultrastructural studies have shown 
that primary cilia architecture can differ extensively from the classic 
“9 + 0” configuration, owing to microtubule shifts along the length 
of the cilium that result in outer microtubules rotating into the center 
of the axoneme (14–16). These findings suggest that primary cilia 
microtubules are dynamic and that the structural distinction between 
primary and motile cilia may not be absolute.

To examine the possibility that primary cilia may have motility 
and the functional significance of their movement, we used multi-
modal imaging to study cilia structure and behavior in human and 
mouse pancreatic islets. Islet cells express primary cilia that regulate 
glucose-stimulated hormone secretion via G protein–coupled receptor 
(GPCR) and other specialized signaling pathways (17–20). Defects 
in ciliary function manifest in metabolic disorders such as obesity 
and type 2 diabetes in human ciliopathy syndromes (21–23). We 
show here that, contrary to assumption, islet primary cilia are mo-
tile by using the same dynein machinery as classic motile cilia, and 
that beta cell cilia motility is required for glucose-stimulated calcium 
influx and insulin release. Our studies identify cilia motility as a 
core beta cell function that, when impaired, leads to reduced ability 
by the beta cell to respond to glucose and to secrete insulin. These 
findings raise the possibility that cilia dysmotility may be a pathway 
to islet dysfunction and offers a new therapeutic target for human 
metabolic diseases.

RESULTS
We examined the structure and distribution of primary cilia in hu-
man donor islets using complementary imaging modalities (Fig. 1). 
Ultrastructural examination by transmission electron microscopy 
(TEM) of solitary beta cell cilia from two individual human donors 
showed characteristics consistent with primary cilia but deviated 
from the expected 9 + 0 microtubule arrangement (Fig. 1, A and B). 
Instead, we detected eight outer microtubule doublets with a central 
microtubule doublet or singlet. Electron densities decorating the 
microtubules resemble inner and outer dynein arms and radial 
spokes but were not preserved clearly for definitive labeling. These 
cilia cross sections are internal, approximately 0.3 m in diameter, 
similar to an insulin granule (Fig. 1B), and can be found juxtaposed 
to a daughter centriole several micrometers away (Fig. 1A).

Consistent with electron microscopy findings, we detected abundant 
primary cilia in both beta and alpha cells by immunofluorescence in 
healthy human donor islets (Fig. 1C). Targeted immunostaining 
showed strong endogenous expression and ciliary localization of 
key motile cilia proteins (Fig. 1, D and E). These include dynein arm 
components dynein axonemal intermediate chain DNAI1, light in-
termediate chain DNALI1, and heavy chain DNAH5 (24–26), which 
are distributed continuously but non-uniformly along the length of 
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the cilium; growth arrest–specific protein GAS8 that forms the nexin-
dynein regulatory complex (N-DRC) (27, 28) and is detected in the 
axonemal lumen; and the spermatogenesis and flagellar assembly 
protein SPEF2 (29, 30) and kinesin family member KIF9 (31, 32), 
which are known to associate with the central pair and were found in 
the axoneme and base. The differential enrichment of these proteins 
in different ciliary compartments likely reflects their unique roles in 
motile cilia and flagellar assembly and function.

Next, we tested whether primary cilia exhibit motility behavior 
in live islets. Cilia movement was observed by video microscopy in 
intact human islets labeled with green cilia cADDis (cAMP difference 
detector in situ) or SiR (silicon rhodamine)-tubulin, but imaging was 
suboptimal due to high background fluorescence and lack of cell 
specificity by the biosensors (movies S1). To specifically study beta 
cell cilia dynamics, we generated a beta cell–targeted fluorescent cilia 
reporter mouse by crossing the Ins1-Cre and somatostatin receptor 3 
(SSTR3)–green fluorescent protein (GFP) lines (33, 34) (Fig. 2A). 
The Ins1-Cre strain was chosen for its efficient and selective beta cell 
recombination without leaky expression in the central nervous sys-
tem (33). Homozygous beta cell cilia GFP mice are fertile and produce 
normal size healthy litters, expressing constitutive green fluorescence 
in the primary cilia of beta cells. Fluorescence is robust and withstands 
prolonged live imaging and fixation (Fig. 2B). Live imaging of Ins1-
Cre cilia reporter islets revealed spontaneous movement of beta cell 
cilia throughout the islet. Cilia at low glucose displayed slow and 

variable oscillations, with wave periods on the order of 20 to 30 s 
(movies S2). This contrasts with the fast and regular beating of conven-
tional motile cilia with periods in the 0.1- to 0.3-s range (35–37). In ad-
dition to planar beating, beta cell cilia displayed a lasso-like 3D rotation, 
whose trajectory was less amenable to tracing as it moved in and out of 
imaging focus and required a z-stack to capture. We prioritized pre-
serving temporal resolution of the videos and thus focused on the more 
clear planar view that captured cilia in profile. Raising ambient glucose 
from 1 to 11 mM stimulated cilia movement by nearly a twofold in-
crease in amplitude as measured by SD of angle of deflection (), rep-
resenting the transverse variance from the cilium base to a reference 
central axis (Fig. 2C, movie S2, quantitation Fig. 2D). Movement is most 
dynamic in the distal tip of the beta cell cilium, a region that is continu-
ally remodeled (38) and represents a specialized compartment enriched 
in GPCRs and other signaling molecules (20, 39, 40). High glucose in-
duced greater axonemal bend and larger tip displacement, up to 10 m, 
which exceeds that expected from thermal bending due to Brownian 
motion or actin-mediated internal forces (13, 41). Cilia beating fre-
quency was greater in low glucose conditions as the cilia traversed 
shorter distances. All cilia waveform parameters, including curvature, 
frequency, periodicity, and amplitude, displayed increased distribution 
range under high glucose conditions, reflecting heterogeneity in beta 
cell responses. These observations suggest that active cilia motility may 
have evolved to aid dynamic interactions between the cell and its envi-
ronment and possibly to augment the detection of nutrient cues.

Fig. 1. Human islets contain motile primary cilia. (A) Transmission electron microscopy (TEM) of a beta cell primary cilium and daughter centriole from a healthy 
40-year-old female human donor. Inset: cilium cross section showing outer and inner microtubules decorated with unidentified electron densities. Inset scale bar, 50 nm. 
(B) TEM of a beta cell cilium from a healthy 55-year-old male human donor, showing similar outer/inner microtubule arrangements. Scale bar, 100 nm. (C) Primary cilia 
distribution on beta and alpha cells in human islets. Insulin (green, left), glucagon (gray, right), cilia (red), and DAPI (blue). Scale bar, 20 m. (D) Low-magnification view of 
a human islet showing dynein (DNAI1) expression in the primary cilia of multiple cells. Scale bar, 5 m. (E) High-magnification views of primary cilia on human islet cells 
showing endogenous expression of motile proteins, including dynein arm components (DNAI1, DNAH5, and DNALI1), nexin regulatory protein (GAS8), and central 
pair-associated proteins (SPEF2 and KIF9). Reference cilia markers are shown in green, including ARL13B (ADP ribosylation factor-like GTPase), AcTUB (acetylated alpha 
tubulin), and GT335 (polyglutamylated tubulin). Nuclei are labeled with DAPI in blue. Scale bars, 2 m.
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To test the role of specific motor proteins in beta cell cilia motil-
ity, we used targeted genetic deletion of axonemal dynein Dnai1 in 
cilia reporter mouse islets. Dynein knockdown resulted in abrogated 
cilia motion, suggesting that motility is dynein dependent (Fig. 3A 
and movie S3). To test energy requirements for ciliary motion, islets 
were cultured with no glucose stimulation with or without 10 M 
supplemental adenosine 5′-triphosphate (ATP), a concentration 
established to induce ciliary beating of motile cilia (42, 43). Exoge-
nous ATP induced a near 60% increase in mean cilia amplitude, 
demonstrating a stimulatory effect (Fig. 3B and movie S4). Conversely, 
ATP depletion using antimycin A and 2-deoxy-d-glucose profoundly 
inhibited cilia movement (Fig. 3C and movie S5). These results suggest 
that beta cell cilia movement depends on a microtubule dynein–driven 
mechanism and requires ATP as energy source. Dynein knockdown 
studies were corroborated by pharmacologic inhibitors including 

ciliobrevin D, a small-molecule inhibitor of dynein adenosine triphos-
phatase (44, 45), at 50 M, effectively inhibiting cilia movement after 
1 hour of treatment (Fig. 3D and movie S6), and erytho-9-(2- 
hydroxynonyl) adenine (EHNA) (46) at 0.8 mM (Fig. 3E and movie 
S7). In contrast, inhibition of the actin-associated motor myosin II 
by blebbistatin did not obviously impair cilia movement (Fig.  3F 
and movie S8).

Building on these findings, we next tested the physiologic rele-
vance of dynein-mediated cilia motility in islet function. Dynein 
inhibition was achieved using both molecular and pharmacologic 
approaches as for cilia waveform studies. As calcium is a crucial 
messenger in beta cells underlying glucose-stimulated insulin secre-
tion (GSIS), we tested the effect of axonemal dynein knockdown 
on islet intracellular calcium dynamics. Glucose normally induces 
a large rise in cytosolic [Ca2+]i in both mouse and human islet beta 

Fig. 2. Beta cell cilia exhibit glucose-dependent motility. (A) Beta cell cilia reporter mice were generated by crossing INS1-Cre with SSTR3-GFPOFF strains. (B) SSTR3-GFP 
protein is enriched in beta cell cilia with detectable expression also in the plasma membrane. Colocalization of SSTR3 fluorescence reporter (green) with antibody-stained 
acetylated alpha tubulin (cilia marker, red) is seen as yellow in the merged image. Non–beta cell cilia are red only. Nuclei are labeled in DAPI (blue). Scale bar, 10 m. 
(C) Beta cell cilia exhibit glucose-dependent motility. Schematic shows measurement of theta () as the angle of deflection and kappa () as the curvature of the cilia 
axoneme. Video microscopy captures primary cilia movement on murine beta cells in response to glucose (movie S2), with representative traces shown in colored panels 
corresponding to the temporal heatmap where the starting frame of the ciliary wave is depicted in blue and the end in yellow. Scale bar, 5 m. (D) Cilia waveform analysis 
showing increased ciliary curvature, reduced frequency, and increased amplitude at high glucose (movie S2); n = 80 per condition. ***P < 0.001 and ****P < 0.0001. Histogram 
shows cilia amplitude distribution at 1 mM low glucose (black) versus 11 mM high glucose (magenta).
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cells, measurable by fluorescent calcium sensors such as Calbryte 
590 AM. Lentiviral short hairpin–mediated (shRNA) knockdown 
of DNAI1 in human islets led to a flattening of Ca2+ flux during the 
glucose response (Fig. 4A). The delay in Ca2+ flux corresponded to 
a nearly 50% decrease in 1-hour insulin secretion, as measured by 
static GSIS assay (Fig. 4B). Mouse islets exhibited a similar reaction 
to dynein inhibition, where both targeted mouse Dnai1 knockdown 
and chemical inhibition by ciliobrevin D reduced both the time on-
set and amplitude of the calcium influx (fig. S1 and movies S9 and 
S10). Treatment of human islets with ciliobrevin D reduced insulin 
secretion by more than 50% in multiple healthy donors (fig. S2), 
with an average fold induction of 19.2  in dimethyl sulfoxide 
(DMSO) versus 9.3 in ciliobrevin D. Human islets exhibited a range of 
insulin secretion in both baseline GSIS and response to ciliobrevin D, 
which was expected given donor heterogeneity. Ciliobrevin treatment 

had minimal cytotoxicity on intact islets when limited to short-term 
exposures, and its inhibitory effect on insulin secretion was partly 
reversed by the potassium channel blocker tolbutamide (fig. S3), 
suggesting that ciliobrevin-mediated disruption of stimulus-secretion 
coupling is upstream of membrane depolarization. Together, these 
results demonstrate that cilia motility is conserved between mouse 
and human islets and that insulin secretory function is at least in 
part dependent on cilia motility.

Last, to explore the physiologic role of motile primary cilia in 
human islets and potential link to metabolic disease, we examined 
ciliary gene expression in islet transcriptome studies from both 
healthy donors and individuals with type 2 diabetes. Gene set enrich-
ment analysis (GSEA) of a previously published RNA sequencing 
(RNA-seq) study (47) using fluorescence-activated cell sorting–
sorted human pancreatic cells from 28 healthy donors across the 

Fig. 3. Beta cell cilia motility requires dynein, ATP, and glucose. (A) Cilia movement in mouse beta cells is inhibited by targeted dynein knockdown, as shown in mean 
waveform amplitude (SD of cilium tangent angle, , rad). Representative wave traces are shown for each condition; temporal heatmap denoting the starting and ending 
frames of ciliary wave traces. (B) ATP supplementation without glucose promotes cilia movement. (C) ATP depletion using antimycin A and 2-deoxy-d-glucose (2DG) in-
hibits cilia movement. (D) Dynein chemical inhibition by ciliobrevin D blocks cilia movement. DMSO-treated islet cilia exhibited unperturbed motility; untreated islet cilia 
are shown as an additional control. (E) EHNA inhibits cilia movement compared to DMSO-treated and untreated cilia. (F) The actin-myosin inhibitor blebbistatin does not 
significantly affect ciliary beat amplitude. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; n = 10 to 50 traces per condition, pooled from three or more independent 
experiments. Corresponding movies S3 to S8.
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Fig. 4. Cilia motility is required for glucose-stimulated insulin secretion. (A) Dual-color live imaging showing GFP-labeled transduced beta cells in whole islets labeled 
with Calbryte dye. Still images show control versus dynein shRNA islets reporting calcium activity after exposure to 11 mM glucose. Three representative regions of interest 
(ROIs) per islet are shown. Calbryte, red; cilia, green. Scale bar, 20 m. Calcium response to glucose is delayed and dampened by ciliobrevin D, as shown by fluorescence 
intensity tracings and areas under the curve (AUCs). Traces are composite of three ROIs and representative of islets examined in three independent experiments. 
(B) Dynein knockdown in human islets results in reduced DNAI1 gene expression and diminished glucose-stimulated insulin secretion (GSIS); data are plotted from two 
independent knockdown experiments. Statistical significance was analyzed by Student’s t test and two-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
(C) Gene set enrichment analysis (GSEA) of a published human RNA-seq study (47) showing differential expression of motile cilia genes in beta cells versus acinar cells. 
Red-blue color bar represents the gene order in beta cells (red, left) to acinar cells (blue, right). Each black line above the color bar represents a high-confidence ciliary 
gene in the reference gene set CiliaCarta (48). More black lines are enriched toward the left, showing greater frequency of ciliary gene detection in beta cells. (D) Increased 
expression of select motile cilia genes in human T2D beta cells. Z-transformed normalized average expression of ciliary genes in alpha and beta cells from healthy controls 
and patients with T2D. Source data from a published single-cell RNA-seq study (49).
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age span (1 to 66 years) showed enrichment of cilia genes in islet 
beta cells compared to acinar cells. The reference gene set used was 
CiliaCarta, a validated compendium of ciliary genes (48) [Fig. 4C, 
normalized enrichment score (NES) 2.59]. We then performed gene 
expression analysis on another published single-cell RNA-seq data-
set from human pancreatic islets obtained from either healthy in-
dividuals or those with type 2 diabetes (49); reference gene list was 
manually curated from literature review including genes with known 
ciliary function such as dynein and other core components of motile 
cilia. When comparing average expression in alpha and beta cells 
separated by donor disease status, we observed that a number cilia 
motility genes are more highly expressed in beta cells than alpha cells 
and higher in diabetic donors than healthy controls, including axo-
nemal dynein and central pair assembly factors DNAH5, DNAAF2, 
SPAG16, and others (Fig. 4D).

DISCUSSION
The primary cilium is often called the cellular antenna for its prom-
inent role in sensory perception and signaling. Here, we show that 
the antenna is capable of active movement and that this facilitates 
islet beta cell nutrient sensing and hormone secretion. Motility of 
beta cell primary cilia is stimulated by glucose, the main metabolic 
signal for pancreatic islets. We find that islet primary cilia con-
tain axonemal dynein motors and associated regulatory protein 
complexes including N-DRC, radial spoke proteins, and central 
microtubule-associated proteins. Cilia waveform studies confirm that 
axonemal movement is driven by dynein via ATP hydrolysis, the 
classic force-generating system that confers cilia and flagellar motili-
ty. Our ex vivo imaging show that beta cell cilia can be quite dynam-
ic in their movement with tip displacements up to 10 micrometers 
or the entire length of a cilium. These movement patterns are exag-
gerated on the islet periphery in isolated islets, an ex vivo observation 
that should be validated in more physiological settings, e.g., pancre-
atic slices or whole pancreas by intravital imaging. As dictated by 
islet cytoarchitecture, the surface of the islet may have cilia project-
ing outward into the exocrine-endocrine interface, while most of 
the islet cilia may be directed inward to the canalicular space be-
tween adjacent cells (39, 50, 51), an important region where glucose 
is extracted from the interstitial fluid between arterial-venous blood 
flow and where paracrine hormones, nutrient cues, and signaling 
molecules are present in high concentrations. In the relatively en-
closed islet environment where cells themselves are nonmotile, having 
motile cilia would increase the range of signal detection and cell-cell 
communication, which may contribute to a more effective whole-islet 
response to extracellular cues. Consistent with this idea, the mode 
of primary cilia motility appears to be an irregular, exploratory pat-
tern, a combination of the planar beating exhibited by conventional 
motile cilia and rotational movement of nodal cilia, such that it al-
lows each beta cell to sample its surroundings for sensory stimuli. 
Similar nonperiodic, 3D, wave-like motion provides exploratory 
function in other biological contexts, for example, the hunting be-
havior of the unicellular predator Lacrymaria olor (52). Of note, in 
addition to ciliary movement as purposeful sensory surveillance, 
our data are equally compatible with increased motility as a conse-
quence of increased rate of axonemal transport, especially given the 
apparent lack of directionality to the movement of these cilia. This 
possibility may be tested by restricting cilia movement, but not 
axonemal transport, e.g., by embedding islets in agarose before live 

imaging. Clarifying between these mechanisms and characterizing 
the complete 3D waveform (53) in beta cell primary cilia will be a 
priority of future research.

Ours is the first demonstration of dynein-controlled motility 
and the presence of motor accessory components in primary cilia. 
Primary cilia have been found to move in the context of mechano-
sensing and actin forces (11, 13, 54), while our discovery of motile 
primary cilia containing dynein challenges the conventional dichot-
omy of primary (immotile) versus motile cilia. Our findings support 
a more permissive view where primary cilia not only might be consid-
ered as sensory dominant but also have motile function. Correspond-
ingly, motile cilia have been shown as not only motile dominant but 
also capable of sensory and signaling function (55–57). There has 
been mounting evidence of primary cilia structural deviations from 
the classic “9 + 0” paradigm, where microtubule arrangements can 
evolve from “9 + 0” to “8 + 1” to “7 + 2,” depending on location 
along the axoneme and is likely cell type dependent (14, 15, 58). Our 
current study reveals “8 + 1” microtubule patterns in human beta 
cell primary cilia that may also contain dynein arms and radial spokes, 
although the immunostaining data could benefit from additional 
validation using RNA interference (RNAi) knockdown of endoge-
nous motile components. These structures had not been highlighted 
in prior studies likely because their detection is critically dependent 
on fixation and staining protocol (58, 59) and can be missed because 
of sampling. While orthogonally positioned centriole pairs are fre-
quently found in our TEM islet studies, cilia cross sections were rare 
observations whose detection depends on sample preservation, me-
ticulous searching, and luck. With the advance of focused ion beam 
scanning electron microscopy (FIB-SEM) and tomography techniques, 
we expect to see more whole-cilia structures that demonstrate the dy-
namic 3D organization of microtubules and distribution of motor 
complexes from base to tip (15, 16).

On the basis of the cross-species conservation of cilia motility 
and the strong link between cilia movement and insulin secretion in 
both human and mouse islets, we conclude that cilia motility is an 
essential aspect of beta cell function. This notion is consistent with 
the observation that cilia motility genes are enriched in human beta 
cells, and their expression was altered in type 2 diabetes, a disorder 
often characterized by insulin hypersecretion. The demonstration 
of motility gene enrichment in beta cells across the human age span 
strongly suggests a role of islet cilia motility on human health, al-
though we present only limited bioinformatics analyses here and would 
suggest a more comprehensive future study of cilia gene expression 
in human islets to compare disease-correlated changes across mul-
tiple T2D datasets. In terms of expression and control of motile pri-
mary cilia in islets, we speculate that there exist multiple levels of 
heterogeneity: different microtubule arrangements and, thus, me-
chanical stability and robustness of motion among different cilia, 
mosaicism with motile and nonmotile primary cilia on different cells 
within a tissue, or inducible switch between nonmotile and motile 
cilia depending on environmental cues and transcriptional state of the 
cell. In all of these scenarios, having motile cilia likely augments inter-
cellular communication as neighboring primary cilia can physically 
interact (60), which may serve to transduce signals between cells, and 
future studies might delineate a functional role of cilia motility in 
mediating paracrine or juxtacrine signaling. Whether motility in beta 
cell primary cilia induces mechanotransduction and calcium signal-
ing through transient receptor potential (TRPV) and polycystin chan-
nels (61) is another open question. Altered expression in motile cilia 
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genes in human T2D suggests a potential connection between cilia 
motility and islet function that may provide a new therapeutic target 
in diabetes.

MATERIALS AND METHODS
Generation of beta cell cilia GFP mice
INS1-Cre mice from the Jackson Laboratory (JAX #026801) were 
crossed with SSTR3 GFP mice (34) provided by the Yoder laboratory 
at UAB. Mice at weaning were genotyped by a commercial vendor 
(Transnetyx) and fed a standard rodent diet (PicoLab Mouse Diet 
S053, 13.2% calories from fat). Both male and female mice were used 
for experiments between 2 and 6 months of age. Animals were main-
tained in accordance with Institutional Animal Care and Use Committee 
regulations at the Washington University School of Medicine, ap-
proval #20190188.

Human islets
Intact islets from cadaveric nondiabetic human donors were ob-
tained from the NIDDK Integrated Islet Distribution Program (IIDP) 
or purchased commercially from Prodo Laboratories Inc. Upon arrival, 
islets were visually inspected, washed twice in islet media [RPMI-
1640, 10% FBS, 11 mM glucose, 1% (v/v) penicillin/streptomycin, and 
20 mM Hepes], and cultured overnight before experiments. Islets 
from both male and female donors were used. Human donor islet 
use adhered to institutional review board (IRB) guidelines. All ref-
erences to “low” and “high” glucose in insulin secretion and imaging 
experiments correspond to 1 and 11 mM glucose, respectively.

Electron microscopy
Human islet cilia were examined using electron microscopy. Intact 
isolated islets were received from IIDP, recovered overnight in islet 
culture media, fixed in Karnovsky’s solution (3% glutaraldehyde, 
1% paraformaldehyde), then secondarily fixed in osmium tetroxide, 
dehydrated in alcohol, embedded in resin, and polymerized at 90°C 
for 48 hours. Ultrathin sections of 90-nm thickness were cut, stained 
with uranyl acetate, and imaged with a JEOL 1200 EX. Different 
human samples showed batch-dependent variability in staining quality 
and contrast.

Live cilia motility imaging
Islets were isolated from beta cell cilia GFP mice using an estab-
lished protocol (62) and recovered for 24 hours in islet media at 
37°C and 5% CO2. On imaging day, islets were treated for 1 hour 
with inhibitors and vehicle control, including ciliobrevin D (50 M 
in DMSO; Sigma-Aldrich, 250401), EHNA (0.8 mM in DMSO, Cayman 
Chemical 13352), ATP (10 M in dH2O; Sigma-Aldrich, 660-30), 
antimycin A (20 M in EtOH; Sigma-Aldrich, A8674), 2-deoxy- 
d-glucose [10 mM in phosphate-buffered saline (PBS); Sigma- 
Aldrich, D8375], and blebbistatin (50 M in DMSO, Sigma 203389). 
Inhibitor treatments were performed at 1 mM glucose except anti-
mycin A and 2-deoxy-d-glucose studies, which had no glucose sup-
plementation. Treatment conditions were well tolerated by cells as 
determined by viability assays (Live/Dead viability/cytotoxicity kit, 
Invitrogen L3224). For human islet cilia live imaging, SiR-Tubulin 
(Cytoskeleton CY-SC002) and green cilia-targeted cADDis sensors 
(Montana Molecular D0201G) were used to label cilia in intact 
human islets. After treatment or labeling, islets were washed twice 
with KRBH and transferred to 35-mm glass-bottom imaging dishes. 

Live cilia motility images were recorded using an inverted Zeiss 
LSM880 fluorescence microscope using a 63× oil immersion objec-
tive. Each experiment was independently performed by two to four 
laboratory members to ensure reproducible findings. Imaging pa-
rameters varied among experiments and researchers but generally 
included 60 to 120 cycles, 7 to 12 slices (for z-stack images only), 
1 to 2 Airy units (pinhole size), 512 × 512 pixel size, 16-bit depth, 
0.26 to 0.44 m/pixel, and up to 660 s duration.

Cilia waveform analysis
Cilium traces were obtained using a custom program written in 
MATLAB (The MathWorks Inc., Natick, MA). Using the first image 
of a time series, the user manually traces the cilium to obtain length, 
base coordinates, and base angle; the program then automatically 
traces the path of the cilium in successive frames, using the follow-
ing algorithm. The length of the cilium is divided into n segments. 
For the first segment, a rectangular array of points spanning the 
cilium width and the length of one segment is rotated through a 
range of angles about the cilium base. At each angle, the weighted 
average of the interpolated pixel intensities at all points in the array 
is calculated. The next point along the cilium is located using this 
angle, the base coordinate, and the segment length. To improve the 
robustness of the angle selection, terms are applied to penalize cur-
vature, translational velocity, rotational velocity, and change in cur-
vature per time step. The process is then repeated along successive 
points along the cilium. When all n + 1 points along the cilium have 
been identified, the program proceeds to the next image in the se-
quence. The program requires that any translation of the base of the 
cilium be removed beforehand (35).

Quantities of interest including period, periodicity, curvature, and 
amplitude are calculated by postprocessing the raw angle data ob-
tained above. Oscillation period is estimated from the nonzero time 
delay that maximizes the autocorrelation of the angle data; this de-
lay is found at all points along the cilium and averaged to obtain a 
single estimate of the period. The mean of the maximum autocor-
relation value at each point is used as a measure of periodicity or 
how similar the beats are to each other. For each frame, a fourth-
order polynomial is fit to the angle data and used to reconstruct angle 
as a continuous function of the arc length, s. The shape of the cili-
um, as represented by x and y positions along the cilium axis, is re-
constructed by integrating the cosine and sine, respectively, of the 
angle along the length of the cilium. Curvature is calculated as the 
derivative of the fitted angle function with respect to arc length. Beating 
amplitude is quantified by taking the SD of all angle data within the 
middle 80% of the length of the cilium, excluding the base and the tip. 
The autotrace code is deposited at Zenodo via https://doi.org/10.5281/ 
zenodo.6687921.

Calcium imaging in intact mouse islets
Intracellular calcium was measured using the cell-permeant dye 
Calbryte 590 AM (AAT Bioquest, CA). Intact islets were incubated 
in 4 M Calbryte 590 AM at 37°C. Mouse and human islets were 
loaded for 15 and 30 min, respectively. For ciliobrevin and tolbut-
amide experiments, islets were treated for 1 hour with ciliobrevin D 
(50 M, DMSO vehicle control) with or without tolbutamide (100 M; 
Sigma-Aldrich T0891, EtOH vehicle control) before Calbryte dye 
loading. Following dye incubation, islets were washed and allowed 
to recover in KRBH buffer for 10 min. Islets were then transferred 
to a four-chamber glass-bottom imaging dish and mounted on a 
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climate-controlled stage with 37°C and 5% CO2. Calcium imaging 
was performed on a Zeiss LSM880 inverted confocal system using a 
63× oil immersion objective. Calbryte 590 AM was excited by a 561-nm 
laser and detected in the range of 571 to 700 nm. Baseline re-
cordings were performed at 1 mM glucose for 5 min, then glucose 
was added to a final concentration of 11 mM by manual pipetting, 
and islets were continuously imaged for a total duration of 12 min. 
Sixteen-bit 512 × 512 pixel images were acquired every 465 ms, 
which is the frequency best suited to resolve islet Ca2+ dynamics 
upon glucose stimulation. For two-channel z-stacked time lapse 
imaging of cilia overlapped with calcium signals, 12-m-thick islet 
regions were imaged in seven consecutive planes along the z axis 
with a total scan time of 3.25 s per cycle. A total of 120 cycles of 
z-stack time lapse were recorded, and glucose was added on cycle 30 
(140 s), while islets were continuously imaged for a total duration of 
564  s. Calcium traces were extracted using Calbryte fluorescence 
integrated intensity (mean gray value) from ROIs in ImageJ soft-
ware (FIJI) (63). Traces were selected from cells that exhibited min-
imal motion artifacts and were averaged across biological replicates. 
Calcium kinetics was time-corrected in Excel and then plotted in 
Prism GraphPad software (San Diego, CA).

Immunohistochemistry
Isolated islets were washed with PBS, fixed with 4% paraformalde-
hyde (PFA) for 30 min, and permeabilized with 0.3% Triton X-100 in 
PBS (PBST) for 30 min at room temperature. After incubation with 
blocking buffer PBS with 10% normal goat serum for 1 hour at room 
temperature, islets were incubated for 48 hours at 4°C with primary 
antibodies diluted in PBST. The next day, islets were washed, incu-
bated overnight at 4°C with secondary antibodies diluted in PBS, and 
washed again with PBS. 4′,6-Diamidino-2-phenylindole (DAPI) pro-
vided nuclear counterstain. Islets were mounted on glass slides with 
ProLong Gold Antifade Mountant (Thermo Fisher Scientific, P36930) 
before imaging.

Primary antibodies used for cilia immunostaining include the 
following: ARL13B (Proteintech, 17711-1-AP; NeuroMab, 75-287), 
AcTUB (Proteintech, 66200-1-Ig; Sigma-Aldrich, T7451), GFP (Thermo 
Fisher Scientific; Invitrogen, #A-11122), polyglutamylated tubulin 
(GT335; AdipoGen, AG-20B-0020), DNAI1 (NeuroMab, 75-372), 
DNAH5 (Atlas Antibodies, HPA037469), DNALI1 (Atlas Antibodies, 
HPA028305), GAS8 (Atlas Antibodies, HPA041311), SPEF2 (Atlas 
Antibodies, HPA040343), and KIF9 (Atlas Antibodies, HPA022033). 
Secondary antibodies include Alexa Fluor goat anti-mouse and goat 
anti-rabbit (Invitrogen).

Images were acquired on a Zeiss LSM 880 microscopy with 
AiryScan detector (Zeiss, Oberkochen, Germany). Plan-Apochromat 
63×/1.40 numerical aperture (NA) Oil DIC M27 oil immersion ob-
jective was used for all experiments. Images were acquired using an 
optical magnification of at least 1.8×. XY pixel size was optimized 
per Zeiss Zen software (11-nm pixel size). Z pixel dimension was set 
to 250 nm per Z-step. Laser power and Z-ramp (when necessary) 
for each channel were set independently to equalize signals at the 
top and bottom of the imaging stack and to occupy the first ∼1/3 of 
the detector dynamic range. Scan speed was set to 6, scan averages 
to 2, gain to 700 to 900, digital offset to 0, and digital gain to 1. Con-
firmation of AiryScan detector alignment was performed before 
image acquisition and was rechecked with every new slide. Fol-
lowing acquisition, images were 3D Airyscan processed in Zeiss 
Zen Black.

Insulin secretion
For DNAI1 knockdown experiments, after successful lentiviral in-
fection and incubation in islet media, 10 size-matched, reaggregated 
human islets were picked from 384-well microplates and equilibrated 
in the Krebs-Ringer Bicarbonate Hepes (KRBH) buffer [128 mM 
NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4 7H2O, 2.5 mM 
CaCl2, 20 mM Hepes, 5 mM NaHCO3, and 0.1% BSA (pH 7.4)] at 
2.8 mM glucose for 1 hour at 37°C. Islets were then transferred to 
the KRBH buffer with 1 or 11 mM glucose, respectively, for 1 hour 
at 37°C for insulin secretion. Supernatant and islets were collected 
and stored at −80°C before quantification using the Lumit Insulin 
Immunoassay Kit (Promega 2021). Secreted insulin levels were nor-
malized to total insulin content of whole islets after acid ethanol 
extraction. Fold induction was calculated as the ratio of insulin se-
cretion at 11 mM glucose versus 1 mM glucose.

For ciliobrevin experiments, triplicates of five size-matched hu-
man islets per condition were equilibrated in 24-well plates con-
taining 400 l of KRBH buffer at 1 mM glucose for 1 hour at 
37°C. Islets were then transferred to 1 or 11 mM glucose for secre-
tion for 1 hour at 37°C, with or without ciliobrevin D (50 M, DMSO 
vehicle control). For rescue experiments, a subset of islets received 
cotreatment with tolbutamide (100 M, EtOH vehicle control) during 
the 1-hour ciliobrevin incubation. Supernatants and islets were col-
lected separately, stored at −80°C until insulin measurements, and 
performed on Crystal Chem insulin ELISA assay kits according to 
manufacturer specifications. Secreted insulin was normalized to to-
tal protein, which was determined using a Pierce BCA protein assay 
kit (Thermo Fisher Scientific, 23225) according to the manufactur-
er’s instructions. Fold induction was calculated as the ratio of insu-
lin secretion at 11 mM glucose versus 1 mM glucose.

RNAi knockdown of dynein in mouse and human islets
Mouse dynein (Dnai1) knockdown was performed using ON- 
TARGETplus SMART pool small interfering RNA (siRNA). Intact 
SSTR3-GFP mouse islets were isolated, recovered overnight in islet 
media, and then partly dissociated using brief treatment (3 to 5 min) 
of Accutase (Innovative Cell Technologies AT-104). Cells were 
treated with 1 M siRNA for 24 hours and then imaged under live-
cell conditions. Human DNAI1 knockdown was performed using 
lentiviral particles generated from Origene (TL313431V) using four 
unique 29-mer target-specific shRNA and one scramble control 
(TR30021V), all expressing GFP. After dissociation of human islets 
using Accutase for 10 to 20 min at 37°C, cells were seeded in mi-
crowells or low-cell attachment plates and treated with control and 
DNAI1 shRNA lentiviral particles at 1 × 106 titer unit/ml for 24 to 
48 hours. Cells were further incubated for 96 hours to allow recovery 
and reaggregation and then used for gene expression and insulin 
secretion experiments.

Quantitative real-time PCR
After shRNA knockdown, reaggregated human islets were lysed 
in 350 l of lysis buffer RA1 (Macherey-Nagel, no. 740961) with 
-mercaptoethanol per 100 to 200 islets. RNA was purified with the 
NucleoSpin RNA Kit (Macherey-Nagel, Germany), and complemen-
tary DNA (cDNA) was synthesized using a Thermo Fisher Scientific 
High-Capacity cDNA reverse transcription kit at 200 ng/20 l. Quan-
titative polymerase chain reaction (PCR) was performed in triplicate 
on a 7900 Step One Plus reverse transcription PCR machine (Applied 
Biosystems) using 2× PowerSYBR Green PCR Master Mix (Thermo 
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Fisher Scientific, 4367659). Changes in gene expression were quantified 
using 2−∆∆Ct, and results were normalized to the housekeeping gene 
GAPDH. The following primer sequences were used: human DNAI1: 
F: 5′-TCAGCCAAGTCTGGCAAGCACT-3′, R: 5′-GAGTCCAAG-
ACACAATCCTGCC-3′; human GAPDH: F: 5′-GTCTCCTCTGAC
TTCAACAGCG-3′, R: 5′-ACCACCCTGTTG CTGTAGCCAA-3′.

Bioinformatics
For GSEA, raw fastq files from a published RNA-seq study of isolated 
pancreatic cells were downloaded from the European Nucleotide 
Archive (47) (Submission ID SRA167055). Reads were quasi-mapped 
to the human genome (GRCh38, Ensembl release 106) using Salmon 
(64). Transcripts were imported and aggregated to the gene level 
in R using Tximport (65), and differential expression analysis was 
carried out with Limma-Voom (66). Differential expression testing 
was performed comparing beta cells to acinar cells, and the t test 
statistic of that comparison was used to perform GSEA using the 
FGSEA package (doi: https://doi.org/10.1101/060012). The gene set 
for comparison was built from the 402 genes in CiliaCarta database 
(48) with an internal score greater than or equal to 1.

For T2D gene expression analysis, raw read counts from the 
published single-cell RNA-seq data of human pancreatic islet cells 
were downloaded from ArrayExpress (Accession: E-MTAB-5061). 
All data analysis was performed in R using Seurat (version 4.0.5). 
Cells with at least 1500 expressed genes and at least 15,000 detected 
unique molecular identifiers were retained for analysis. Counts were 
log-normalized and scaled, and clustering was performed by UMAP 
(uniform manifold approximation and projection). Cell clusters were 
identified by marker gene expression. Genes involved with ciliary func-
tion were identified by literature review, and a subset of these was 
identified with measurable expression and variability across cell types 
in the dataset. The R code used to generate Fig. 4 (C and D) of the man-
uscript has been archived at DOI:10.5281/zenodo.6789947 and may 
also be accessed at https://github.com/mueggeb/Cho-2022-Beta-Cell.

Statistics
Data are presented as means ± SEM. Statistical significance was 
analyzed by paired Student’s t test (two groups) or ANOVA (more 
than two groups), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 
0.0001. Sample size and number of replicates for each experiment 
are indicated in figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abq8486
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