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Abstract

Aims/hypothesis Following on from the emerging impor-
tance of the pancreas circadian clock on islet function and
the development of type 2 diabetes in rodent models, we
aimed to examine circadian gene expression in human islets.
The oscillator properties were assessed in intact islets as
well as in beta cells.

Methods We established a system for long-term biolumines-
cence recording in cultured human islets, employing lentivec-
tor gene delivery of the core clock gene Bmall (also known as
Arntl)-luciferase reporter. Beta cells were stably labelled using
a rat insulin2 promoter fluorescent construct. Single-islet/cell
oscillation profiles were measured by combined biolumines-
cence—fluorescence time-lapse microscopy.

Results Human islets synchronised in vitro exhibited self-
sustained circadian oscillations of Bmall-luciferase expression
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at both the population and single-islet levels, with period
lengths of 23.6 and 23.9 h, respectively. Endogenous BMALI
and CRY] transcript expression was circadian in synchronised
islets over 48 h, and antiphasic to REV-ERB«x (also known as
NRIDI), PERI, PER2, PER3 and DBP transcript circadian
profiles. HNF1A4 and PDX1 exhibited weak circadian oscilla-
tions, in phase with the REV-ERB« transcript. Dispersed islet
cells were strongly oscillating as well, at population and single-
cell levels. Importantly, beta and non-beta cells revealed oscil-
latory profiles that were well synchronised with each other.
Conclusions/interpretation We provide for the first time
compelling evidence for high-amplitude cell-autonomous
circadian oscillators displayed in human pancreatic islets
and in dispersed human islet cells. Moreover, these clocks
are synchronised between beta and non-beta cells in primary
human islet cell cultures.
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Abbreviations

BMAL1 Brain and muscle ARNT-like protein 1

CGE Circadian gene express

CLOCK Circadian locomotor output cycles kaput

CMRL  Connaught Medical Research Laboratories
medium

CRY Cryptochrome

GFP Green fluorescent protein

GSIS Glucose-stimulated insulin secretion

MOI Multiplicity of infection

qgPCR Quantitative PCR

PER Period

RIP Rat insulin 2 promoter

SCN Suprachiasmatic nucleus

Introduction

Circadian oscillations of biological processes have been
described in virtually all light-sensitive organisms. They
reflect the existence of underlying intrinsic clocks with near
24 h oscillation periods. Circadian control of physiology
and behaviour is driven by a master pacemaker located in
the suprachiasmatic nucleus (SCN) of the hypothalamus,
which orchestrates subsidiary oscillators in peripheral
organs. Rhythmicity in the SCN is entrained by external
Zeitgeber (time-giver) cues, such as daily changes in light
intensity [1]. In mammals, the CLOCK (circadian locomotor
output cycles kaput) and BMALI (brain and muscle ARNT-
like protein 1) transcription factors activate the expression
of Per and Cry genes. Once the period (PER) and crypto-
chrome (CRY) proteins have reached a critical threshold,
they attenuate the CLOCK/BMAL]1-mediated activation of
their own genes in a negative feedback loop [1, 2]. This
rhythm-generating circuitry is functional in most cell types,
including primary and immortalised cell lines [3, 4].

There is growing evidence for connections between met-
abolic syndromes, including obesity and diabetes, and the
circadian clockwork [5]. Rhythmically expressed liver
genes code for enzymes implicated in the metabolism of
fatty acids, cholesterol, bile acids and xenobiotics, and the
disruption of circadian oscillator function causes alterations
in metabolism [6]. Animals with a liver-specific Bmall (also
known as Arntl) disruption suffer from hypoglycaemia spe-
cifically during the resting phase [7]. Mice with disrupted
circadian clock function (homozygous mutants of Clock)
develop hyperphagia, obesity and features of the metabolic
syndrome [8]. Further evidence of the interconnection be-
tween circadian oscillators and metabolism stems from
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several recent studies on the core clock gene Rev-erba (also
known as Nridl), which has been found to be indispensable
for proper lipid and carbohydrate metabolism [9—11]. More-
over, CRY1 and CRY2 modulate fasting glucose levels
through the inhibition of glucagon-induced gluconeogenesis
[12]. Recently, evidence for self-sustained oscillators in
mouse pancreatic islets has been provided by Bass and
colleagues [13]. This work indicated that ClockAl9 mutant
mice exhibited hyperglycaemia, elevated fasting glucose
levels and impaired glucose tolerance. A similar phenotype
was observed in Bmall knockout mice, suggesting that
these metabolic alterations are not dependent on CLOCK
function alone, but are general for core clock genes. Most
importantly, this study revealed that ablation of the pancre-
atic clock might directly trigger onset of diabetes, represent-
ing an important milestone in our understanding of the
molecular link between the clock, islet function and type 2
diabetes aetiology [13]. In line with these findings,
pancreas-specific Bmall knockout in a different mouse
model led to impaired insulin secretion [14].

In humans, glucose homeostasis is tightly controlled by
the circadian system [15]. Genetic linkage analysis has
shown that CRY2 and PER2 might be associated with blood
glucose levels [16, 17]. Moreover, patients with circadian
misalignments show profound perturbations of plasma glu-
cose and insulin levels [6]. Finally, core clock gene expres-
sion analysis in human islets demonstrated that mRNA
levels of PER2, PER3 and CRY2 might be downregulated
in isolated islets from individuals with type 2 diabetes in
comparison with islets from healthy counterparts, suggest-
ing the link between the human islet clock and type 2
diabetes [18]. It is therefore of scientific and clinical impor-
tance to provide further insight into the emerging connection
between circadian oscillator function, metabolic regulation
and type 2 diabetes in humans, with a specific focus on the
human islet circadian oscillator molecular makeup.

Methods

Human islet preparation Human pancreases were obtained
from brain-dead multi-organ donors. Details of islet donors
are summarised in Table 1. Human islet isolations were
performed at the Islet Transplantation Centre at the Univer-
sity Hospital of Geneva (Switzerland) as previously de-
scribed [19, 20]. The use of human islets for research
was approved by the local ethical committee. Islet purity
was estimated by dithizone staining; islet viability was
assessed by propidium iodide and fluorescein diacetate
staining. After purification islets were cultured in Con-
naught Medical Research Laboratories (CMRL) medium
for 24-72 h before the experiments. Whole islets were
attached to dish surfaces covered with a laminin-5-rich
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Table 1 Islet donor characteristics

Donor Sex Age BMI Purity Viability
no. (years) (kg/mz) (%) (%)

1 M 58 29.3 90 79

2 F 56 23.8 90 85

3 F 56 19.7 90 87

4 M 56 29.1 90 70

5 M 48 20.3 95 94

6 M 52 23.1 95 96

7 M 61 27.8 85 47

8 M 56 28.6 85 60

1-8 M=6, F=2 55447 25+4* 90+4? 77£17%

M, male sex; F, female sex

#Data are means = SD, n=8

extracellular matrix derived from 804G cells [21]. To
dissociate islets into single cells, islets were re-
suspended in Accutase (Innovative Cell Technologies,
San Diego, CA, USA), incubated at 37°C until completely
dissociated and then diluted in CMRL medium.

Lentivectors and lentiviral production The Bmall-lucifer-
ase (luc) lentivector was engineered by Liu and colleagues
[22]. CMV-GFP lentivector (pLOX-CW-GFP) was previous-
ly described by us [23]. pRIP-GFP and pRIP-tomato were
engineered using the rat insulin 2 (RIP) promoter [23],
controlling the production of green fluorescent protein
(GFP) or the tdTomato red living colour [24], respectively.
Maps and sequences of lentivectors are available at our
website (http://medweb2.unige.ch/salmon/lentilab/). Lenti-
viral particles were produced by transient transfection in
293T cells using the polyethylenimine method [25]. Lenti-
viral particles were harvested at 48 h post transfection, 100-
fold concentrated, titred and used for the transduction of
whole islets or islet cells. Multiplicity of infection (MOI) of
three was found optimal in this system.

In vitro islet synchronisation and bioluminescence monitor-
ing To synchronise islets/islet cells, dexamethasone was
added to the culture medium at a final concentration of
100 nmol/l. Following 30 min incubation at 37°C in a cell
culture incubator, dexamethasone was replaced with normal
culture medium, as previously described by us [26]. Biolumi-
nescence patterns were monitored from human islets or islet
cells 4 days following Bmall-luc lentiviral transduction, as
described previously [3, 26]. Briefly, synchronised islets/islet
cells were transferred to a light-tight incubator (37°C) in the
recording medium (CMRL containing 100 pmol/l luciferin).
Bioluminescence from each dish was continuously monitored
using a Hamamatsu photomultiplier tube detector assembly
(Hamamatsu City, Japan). Photon counts were integrated over

I-min intervals. The Actimetrics LumiCycle Analysis pro-
gram was used for analysis of thythm variables (Actimetrics,
Wilmette, IL, USA).

Temperature entrainment Synchronisation with temperature
cycles was performed according to the protocol described
previously [27]. Briefly, simulated circadian body temperature
cycles (38-34°C) were generated in a custom-built incubator
equipped with photomultiplier tubes for simultaneous biolu-
minescence recording [27]. Luminescence traces are either
shown as raw or detrended data. For detrended time series,
luminescence signals were smoothened by a moving average
with a window of 60 data points and detrended by an addi-
tional moving average with a window of 24 h.

Bioluminescence time-lapse microscopy and data analysis

Whole islets or dispersed islet cells were attached to glass
bottom dishes and transduced with Bmall-luc, or with
Bmall-luc and RIP-tomato lentivectors, respectively. Four
days after lentiviral transduction islets/islet cells were
synchronised with dexamethasone and subjected to com-
bined bioluminescence—fluorescence imaging on an Olym-
pusLV200 workstation (Bioimaging Platform, Geneva,
Switzerland) equipped with a 63xUPLSAPO objective. Bio-
luminescence emission was detected for several consecutive
days using an EM CCD camera (Image EM C9100-13,
Hamamatsu) cooled to —90°C using exposure times of
30 min. The image series were analysed employing the
Image] 1.32 software (http://imagej.nih.gov/ij/). The image
analysis has been done by an adapted version of the soft-
ware Circadian Gene Express (CGE, http://bigwww.epfl.ch/
sage/soft/circadian/), a Java ImagelJ’s plugin that we previ-
ously developed for tracking cells in the context of circadian
studies [26, 28]. The measure of expression has been
adapted to the islets considering that the labelled cells
are mainly present at the periphery. The level of expres-
sion is obtained by subtracting the average of intensity
inside a ring at the periphery of the islet and the
average of intensity outside the islets, which represents
the local background level (Fig. le). CGE now includes
a module to fit a model to a profile of expression. The
model that we have chosen is a sinusoid:

T Xt

m(t):Axsin<2 +9>—|—B

The fitting is performed by a Levenberg—Marquardt op-
timisation procedure to recover the amplitude 4 and the
period 7. The bioluminescence image sequence has been
de-noised using the PURE-LET method [29]. This method
is optimised for images corrupted by mixed Poisson—
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Fig. 1 Cell-autonomous oscillators in human pancreatic islets.
(a) Bmall-luc and CMV-GFP co-expression in whole islets. Whole islets
were co-transduced with lentiviral particles expressing Bmall-luc and
CMV-GFP constructs. Four days after infection, GFP expression evalu-
ation was performed in =20 islets from two donors (ten islets from each
donor). At least half of the cells were GFP positive in all visualised islets
(representative CMV-GFP transduced islet is shown). (b) Bmall-luc
oscillation profile in synchronised islets. Islets were synchronised with
dexamethasone and Bmall-luc bioluminescence was recorded using an
Actimetric Lumicycler for 200 h. Bmall-luc oscillation profiles were
recorded for three parallel dishes for each donor, total of five donors. (c,
d) Individual islet circadian bioluminescence recording (ESM Video 1,
left). Human islets were cultured on 804G matrix-covered dishes and
transduced with Bmall-luc viral particles. (c¢) Differential interference
contrast (DIC) image. (d) Bioluminescence channel from the time-lapse
microscopy images. (e) Trajectories of seven individual islets image by
adapted CGE application (image corresponds to ESM Video 1, right). (f)
Representative individual islet profile: the raw data (red curve) and the
fitted sinusoid (black curve) are shown

Gaussian noise and it improves the signal-to-noise ratio of
the bioluminescence signal.

RNA analysis by real-time quantitative PCR Attached intact

islets were synchronised by dexamethasone as described
above, collected every 4 h for 48 h, deep-frozen in liquid
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nitrogen and kept at —80°C. Total RNA was prepared using
RNeasy Plus Micro kit (Qiagen, Hombrechtikon, Switzer-
land). One pg of total RNA was reverse-transcribed using
Superscript 1II reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) and random hexamers, PCR amplified and quan-
tified as described previously [11]. Mean values for each
experiment were calculated from technical triplicates of
PCR assays for each sample, and normalised to the mean
of those obtained for GAPDH and 9S transcripts. GAPDH
and 95 expression levels exhibited no significant variability
throughout each experiment and therefore served as internal
controls. Primers used for this study are listed in electronic
supplementary material (ESM) Table 1.

Results

Recording circadian bioluminescence from human pancre-
atic islets Bioluminescence profiles from cells producing
luciferase driven from different circadian regulatory sequen-
ces can be recorded at the population level using photo-
multiplier tubes, or at the single-cell level using highly
sensitive photon-counting microscopy [2]. We decided to
employ both approaches to decipher the human islet clock-
work. First, we set up the experimental system for long-term
recordings of circadian reporter oscillations in cultured hu-
man islets. Whole islets were attached to dishes covered
with a laminin-5-rich extracellular matrix derived from
804G cells [21] and transduced with lentivectors expressing
the Bmall-luc construct [30]. Transduction efficiency in
whole islets was evaluated using a CMV-GFP lentivector
[23] co-transduced with Bmall-luc. At least half of the cells
were GFP positive in all visualised islets, with intensive
GFP staining observed on the islet surface, and significantly
weaker penetration to the inner core (Fig. 1a). To access the
impact of lentiviral transduction on islet function, glucose-
stimulated insulin secretion (GSIS) was measured in the
islet cells co-transduced with CMV-GFP and RIP-tomato
lentivectors 5 days following the transduction, and com-
pared with non-transduced counterparts (ESM Fig. 1, ESM
Methods). No significant difference in GSIS was observed
upon lentiviral transduction.

Cell-autonomous and self-sustained circadian clocks dis-
played in isolated human islets To monitor circadian oscilla-
tion profiles in human islets, we first recorded circadian
bioluminescence in the isolated human islets. Intact islets
expressing Bmall-luc lentivectors were synchronised by a
dexamethasone pulse 4 days after the viral transduction, and
circadian bioluminescence was continuously recorded for sev-
eral days in an Actimetrics Lumicycler (Fig. 1b). We used the
glucocorticoid hormone analogue dexamethasone for islet syn-
chronisation since it was previously demonstrated to
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synchronise circadian oscillators in cultured rat-1 and NIH3T3
fibroblasts efficiently. In addition it transiently changes the
phase of circadian gene expression in liver, kidney and heart
[26, 31, 32], therefore representing a strong in vitro synchro-
nisation stimulus. Our experiments revealed pronounced oscil-
lations of Bmall-luc expression with a period length of 23.6+
0.4 h (n=5; Fig. 1b), indicating the presence of functional islet-
autonomous circadian clocks in human islet population.

‘We next sought to visualise single-islet oscillations employ-
ing a bioluminescent time-lapse microscopy approach. Bmall-
luc transduced human islets were synchronised by a dexameth-
asone pulse and subjected to bioluminescence time-lapse mi-
croscopy recording for at least three consecutive days (ESM
Video 1 [left] and Fig. 1c, d). The Bmall-luc bioluminescence
profiles of individual human islets were analysed by an
updated version of the CGE software previously developed
by us [28], specifically adapted to the islet analysis (ESM
Video 1 [right] and Fig. 1e). A representative profile of biolu-
minescence oscillations in a human islet is shown in Fig. 1f. Of
the analysed single islets, 76% (13 out of 17) were oscillating
for 3 days of recording, with an oscillation period of 23.99+
1.20 h, closely matching the results obtained in the population
of human islets (Fig. 1b). Our single-islet recording experi-
ments unambiguously demonstrated the presence of high-
amplitude cell-autonomous oscillators in human islets. Of note,
this visualisation further ensures that Bmall-luc oscillations
were recorded from the islets themselves and not from adjacent
cells or tissue fragments, which represent 5-15% contamina-
tion of human islet preparations (Table 1).

Multiple in vitro stimuli have previously been demon-
strated to efficiently synchronise cultured cells [32]. Among
them, forskolin has been used for in vitro synchronisation of
isolated mouse islets [13]. As demonstrated in ESM Fig. 2,
short pulses of dexamethasone, horse serum or forskolin
were all able to strongly synchronise the islets isolated from
mouse bearing the circadian Per2::luc reporter [33]. Fur-
thermore, human islets expressing Bmall-luc were sub-
jected to simulated body temperature cycles oscillating
between 38°C and 34°C (Fig. 2a). Similar to dexamethasone
synchronisation, continuous temperature cycles resulted in
high-amplitude circadian oscillations of Bmall-luc biolumi-
nescence in human islets (Fig. 2b, c).

To validate our results obtained by circadian biolumines-
cence recording, we examined endogenous core clock gene
expression profiles in the synchronised islets. To this end,
intact islets were attached to laminin-5-rich extracellular-
matrix-covered dishes (1,000 islets per dish) and subsequently
synchronised by a dexamethasone pulse as described in
Methods. The mRNA accumulation patterns from synchron-
ised islets were monitored every 4 h for 48 h by quantitative
RT-PCR, using amplicons for BMALI, CRYI, CRY2, REV-
ERBo, CLOCK, PERI, PER2, PER3 and DBP. The values
obtained were normalised to the results determined for
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Fig. 2 In vitro entrainment of human islets by simulated body tem-
perature cycles. Human islets transduced with Bmall-luc reporters
were synchronised by dexamethasone and maintained at constant
37°C temperature (black line), or continuously entrained by simulated
body temperature cycles (red line). (a) Temperature measurements
throughout bioluminescence recordings in dishes of dexamethasone-
synchronised (black) and temperature-entrained (red) islets. (b) Raw
Bmall-luc traces of dexamethasone-synchronised (black) and
temperature-entrained (red) islets. (¢) Same data as in (b), which has
been detrended as described in the Methods (y-axis shows detrended
bioluminescence)

GAPDH and 95 mRNAs, which accumulated to similar levels
throughout the day. In good agreement with our experiments
using the Bmall-luc reporter, endogenous BMALI transcript
abundance exhibited pronounced circadian oscillations over
48 h in synchronised islets (Fig. 3a). CRY1 transcript oscilla-
tion was in phase with BMALI (Fig. 3b), while clearly
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Fig. 3 Oscillation of clock genes (a—i) and functional genes (j-1) in
human islets. gPCR was performed in whole islets for core clock genes
(a) BMALI, (b) CRY1, (¢) CRY2, (d) REV-ERBa, (¢) CLOCK, (f) clock
output gene DBP, (g) PERI, (h) PER2 and (i) PER3 and for islet

antiphasic to those of REV-ERBa, DBP and PERI[-3 tran-
scripts (Fig. 3d, f-1), in good agreement with mouse islet and
liver oscillator studies [13, 34]. CRY2 mRNA exhibited a
weak oscillatory profile, in phase with REV-ERB« (Fig. 3c,
d) and CLOCK expression was arrhythmic (Fig. 3e), as
expected from previous studies ([35] and [36], respectively).
Our experiments in in vitro synchronised human islets
revealed the presence of core clock circadian genes, oscillat-
ing with a period length of about 24 h and circadian phases
comparable with those described in mouse islets and other
peripheral tissues [13, 33].

Several key functional genes in the islet have previously
been demonstrated to be expressed in a circadian fashion in
mouse islets isolated around the clock [13]. We assayed
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Time (h)

Time (h)

functional genes (j) HNFI1A, (k) PDXI and (1) INSULIN transcripts,
normalised to GAPDH and 9S house-keeping genes. Each time point
represents 1,000 islets. Profiles are representative of three experiments
(mean + SEM), each using islets from one donor

human homologues of these potential clock-controlled
genes in human islets synchronised in vitro. Expression
pattern of HNF1A and PDXI suggested a circadian oscilla-
tory profile (Fig. 3j, k), in phase with those of REV-ERB«,
PERI-3 and DBP. On the other hand, INSULIN (also known
as INS) (Fig. 31), GLUCAGON (also known as GCQG),
GLUTI (also known as SLC241), GLUT?2 (also known as
SLC2A42) and CYCLINDI (also known as CCNDI) (not
shown) transcripts exhibited weak or no measurable circa-
dian amplitude.

Dispersed human pancreatic islet cells exhibit circadian
oscillations Our experiments in intact human islets revealed
the presence of high-amplitude circadian oscillators. The next
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key question was whether the intact three-dimensional
islet architecture is essential for the islet cellular clock-
work. To address the impact of islet spatial organisation
on cell oscillators, we compared the circadian oscilla-
tions of intact islets with those assayed in the dispersed
islet cell population. To this end, intact islets were
gently dispersed by Accutase and islet cells were then
attached to matrix-coated dishes and synchronised by a
dexamethasone pulse. Similarly to whole islets, dis-
persed human islet cells exhibited pronounced Bmall-
luc oscillations lasting for at least 8 days, with a period
length of 24.3+£0.8 h (Fig. 4a). Oscillation period
length, amplitude and dampening rate were comparable
between synchronised islet and islet dispersed cell pop-
ulations (Fig. 1b and Fig. 4a, respectively). Hence the
islet architecture is not required for sustained daily
oscillations.

Beta and non-beta cells possess cell-autonomous circadian
clocks Pancreatic islets harbour endocrine cells with differ-
ent, or even opposite, physiological functions. We next
aimed to compare beta and non-beta cell clock oscillations
in the dispersed islet cells, employing combined biolumi-
nescence—fluorescence time-lapse microscopy. RIP-GFP
and tamoxifen inducible RIP-Cre/ER-GFP lentivectors
[23] have been previously used to trace human beta cells.
We avoided using GFP as a fluorescent reporter for com-
bined bioluminescence—fluorescence time-lapse microscopy
due to the strong background of luciferin in the GFP spec-
trum. We thus constructed a lentivector expressing the tdTo-
mato gene [24] under the control of the RIP promoter (RIP-
tomato; see Methods section for details), allowing the spe-
cific and stable labelling of human beta cells. Both RIP-
GFP and RIP-tomato lentivectors exhibited about 90%
transduction efficiency and about 95% specificity (shown
for RIP-GFP in ESM Fig. 3) for human beta cells. To
visualise the beta cell oscillation profiles, we conducted
combined bioluminescence—fluorescence time-lapse micros-
copy of human islet cells transduced with the combination
of RIP-tomato and Bmall-luc lentivectors. ESM Videos 2
and 3 and Fig. 4b, c, provide time-lapse bioluminescence
and fluorescence images recorded from human islet cells
and illustrate the method used for the tracking of single islet
cells. For each of the analysed 32 cells, bioluminescence
and fluorescence profiles were obtained as described (leg-
end to Fig. 4; Methods section), and the results are presented
in Table 2. Cells were classified as beta and non-beta
according to their RIP-tomato expression level (Fig. 4c).
Among 32 analysed cells, 21 were classified as beta cells
and seven as non-beta; four remained ‘unclassified’ as
they expressed intermediate levels of RIP-fomato reporter
(Table 2). Analysis of single beta cells (tomato positive)
revealed that 17 out of 21 analysed cells were clearly

oscillating, with a period length of 26.284+2.26 h, while
four cells were not cycling or exhibiting weak or uncer-
tain oscillation profiles. For the non-beta cells, four out of
seven were oscillating with a period of 26.01+1.37 h.
Representative beta and non-beta cell oscillatory profiles
are shown in Fig. 4d, e and f, g, respectively. These
experiments demonstrate circadian oscillations in human
beta and non-beta cells, which were distinguished by
using RIP-tomato labelling. The clocks of dispersed beta
and non-beta cells seem to be well synchronised among
themselves, and they exhibit oscillations with a similar
period length to that observed in a mixed population of
islet cells.

Discussion

We provide for the first time convincing evidence for
cell-autonomous clocks displayed in cultured human
islets. High-amplitude circadian oscillations were
recorded at islet population level, at single-islet level, in
the dispersed islet cells and in beta and non-beta cells
separately.

It has been shown previously that circadian timekeepers
in liver and lung explants can generate 20 or more daily
cycles of PER2::luc expression [33]. Using the same report-
er mouse, Marcheva and colleagues provided clear-cut evi-
dence that isolated islets synchronised with forskolin
possess self-sustained circadian oscillators [13]. Our study
demonstrates unambiguously that living human pancreatic
islets exhibit pronounced circadian oscillations and that we
can assess these oscillations in in vitro synchronised human
islets/dispersed islet cells for several days following the
synchronisation. Human islets expressing Bmall-luc circa-
dian reporter were efficiently synchronised by dexametha-
sone and temperature cycles (Figs 1, 2). Dexamethasone,
horse serum and forskolin pulses were able to synchronise
cultured mouse islets expressing Per2::luc reporter (ESM
Fig. 2). Thus high-amplitude circadian oscillations of in
vitro synchronised pancreatic islets were observed irrespec-
tive of the synchronisation or entrainment pathway. It might
be interesting to further explore whether the glucose, insulin
or glucagon-like peptide 1 signalling pathways play a role in
human islet synchronisation in vitro.

Pancreatic islets represent a unique model of endo-
crine cells tightly packed in a three-dimensional struc-
ture. We thus investigated whether islet architecture
might influence oscillator properties in cells of intact
islets, by comparing the oscillators of intact islets with
those of dispersed single islet cells. Both intact islets
and dispersed islet cells exhibited circadian oscillations,
with a period length about half an hour longer for
dispersed cells, and comparable amplitudes (Figs 1b,
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Fig. 4 Beta and non-beta cells possess cell-autonomous clocks. (a) Oscil-
lation profiles of dexamethasone-synchronised human islet cells transduced
with Bmall-luc encoding lentiviral particles. Bmall-luc oscillation profiles
were recorded for three parallel dishes for each of the five donors. (b)
Representative full DIC image (512x512 pixels) of human islet cells
attached to a Wilco glass bottom dish and subjected to time-lapse biolumi-
nescence/fluorescence microscopy (ESM Video 2). (¢) Four analysed cells,
No. 04, No. 05, No. 09 and No. 27, overlaid on a zoomed 76x76 pixel
patch (corresponding to the green square in [b], ESM Video 3). Light-grey
panel, DIC image; dark-grey panel, image taken with the red fluorescence
channel (RIP-tomato expression); black panel, image taken with the
bioluminescence channel (Bmall-luc expression); lilac panel, composite

4a; ESM Videos 1, 2). Previous study suggested that
while intercellular oscillator coupling is indispensable
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image of all three channels. Representative trajectories (cell No. 04 and
No. 09) are overlaid in white over the DIC image. (d, e) Bioluminescence
expression profiles of two representative beta cells, No. 04 and No. 05,
with average tomato expression intensity of 14,720 and 8,735 pixels/cell,
respectively (threshold for beta cells: 8,000 pixels/cell). The zone be-
tween 6,000 and 8,000 pixels/cell was considered ‘unclassified’. The raw
data and the fitted sinusoid curve (bold curve) are shown in the profiles of
both cells. (f, g) Bioluminescence expression profiles of cell No. 26 and
No. 03 (ESM Video 2). Both cells are considered to be non-beta cells with
average tomato intensity below 6,000 pixels/cell. The raw data and the
fitted sinusoid curve (bold curve) are shown in the profiles of both cells

for SCN neuron synchronisation, peripheral clocks do
not show coupling within the organs [37]. In addition,
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Table 2 Summary of the oscillation analysis of beta and non-beta cells from time-lapse microscopy datasets

Variable Beta cells Unclassified Non-beta cells Total number
of cells
Tomato expression range >8,000 6,000-8,000 <6,000
No. of cells 21 4 7 32
Oscillating cell 01, 04, 05, 06, 07, 08, 10, 11, 12, 15, 17, 18, 20, 24, 28, 30, 31, 32 02, 22,25 03, 14, 26,29 25
identification number
Non-oscillating cell 16, 19, 21 27 9,13,23 7

identification number

the study by Nagoshi and colleagues provided elegant
evidence that the clocks of cultured fibroblasts are not
coupled, even if the cells are grown to confluence and
hence establish physical contacts [3]. In line with these
findings, our results suggest that three-dimensional islet
architecture is not crucial for proper function of the
cellular oscillator. We cannot formally exclude that islet
cells are still coupled by paracrine signalling molecules,
without the need for physical contact.

Taking advantage of recently developed combined biolu-
minescence—fluorescence time-lapse microscopy, we took
one step further and analysed the oscillator profiles in
synchronised beta and non-beta cells. Adaptation of the
analysis software previously developed by us [28] for islet
studies greatly facilitated time-lapse microscopy dataset
analysis. These experiments suggest that the oscillators of
different islet cell types are indeed synchronised in islets
maintained in organotypic cultures (ESM Videos 2, 3;
Fig. 4; Table 2).

In line with the outcome of our reporter experiments,
endogenous clock gene expression measurements by real-
time quantitative PCR (qPCR) suggested that the core clock
genes BMALI, CRY1, REV-ERB«, PERI, PER2 and PER3, as
well as the clock output gene DBP, exhibit circadian oscilla-
tory patterns in dexamethasone-synchronised human islets
over 48 h (Fig. 3a—i). Moreover, expression of HNFIA4 and
PDXI genes involved in islet growth and development might
be under circadian control in the human islet (Fig. 3j, k).
Earlier studies demonstrated high DBP and HLF expression
in human islets, all together suggesting a role of proper
clockwork in human islet gene expression regulation
[38]. Of note, genes encoding insulin and glucagon
and other functional genes tested did not show clear
oscillation patterns. However, to draw strong conclu-
sions regarding the oscillation patterns of putative clock
target genes, more accurate mRNA quantification meth-
ods, such as Nanostring counting [39], should be
employed, since the transcript of these genes accumulate
with rather low amplitudes in in vitro synchronised
islets compared with mouse islets isolated around the
clock (in vivo situation [13]).

This study was made possible by two major technical
achievements. First, experimental conditions established
in our laboratory for the continuous recording of circa-
dian bioluminescence produced by a stably integrated
Bmall-luc reporter gene in islet cells provided a pow-
erful and unique tool for studying circadian oscillators
in living human pancreatic islets for several consecutive
days with high temporal resolution. Second, using RIP-
tomato-expressing lentiviral particles, we have devel-
oped an approach allowing study of specifically and
stably labelled human beta cells. At present, the most
commonly used method for human beta and non-beta
cell sorting is based on beta cell labelling with Newport
green [21]. Newport green labelling is non-toxic to the
cells and does not interfere with gene expression and
insulin secretion [21]. However, labelling with Newport
green is transient and sorting thus would have to be
performed before the experiments. Given that for the
oscillator studies, as well as for many other purposes,
cells have to be kept in culture for several days follow-
ing sorting by FACS, and taking into account the high
toxicity of the FACS procedure, avoiding the sorting
represents a major advantage for human beta cell stud-
ies. Thus the RIP-tomato labelling we developed pro-
vides a valuable tool for studying human beta and non-
beta cell function without sorting by FACS. This tool is
particularly useful for fluorescence time-lapse microsco-
py but not restricted to it, as beta cells specifically
labelled with RIP-tomato can be, for example, hand-
picked under the fluorescent microscope.

Exploring the endocrine pancreas clockwork and its
role in islet gene expression and function is likely to
provide additional insight into the emerging connection
between circadian oscillator function in peripheral tis-
sues and metabolic regulation. In mouse models intact
islet clocks have been demonstrated to play an impor-
tant role in normal energy homeostasis [13, 14, 40].
This first detailed characterisation of human islet circa-
dian oscillator opens the way for future studies that may
perhaps link defects in these pathways with decreased
beta cell function in type 2 diabetes.
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