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In vivo regeneration of β cells provides hope for self-
renewal of functional insulin-secreting cells following
β-cell failure, a historically fatal condition now sustain-
able only by administration of exogenous insulin. Despite
advances in the treatment of diabetes mellitus, the path
toward endogenous renewal of β-cell populations has re-
mained elusive. Intensive efforts have focused on eluci-
dating pancreatic transcriptional programs that can drive
the division and (trans-)differentiation of non-β cells to
produce insulin. A surprise has been the identification of
an essential role of the molecular circadian clock in the
regulation of competent insulin-producing β cells. In
this issue of Genes & Development, work by Petrenko
and colleagues (pp. 1650–1665) now shows a requirement
for the intrinsic clock in the regenerative capacity of insu-
lin-producing cells following genetic ablation of β cells.
These studies raise the possibility that enhancing core
clock activity may provide an adjuvant in cell replace-
ment therapies.

A transformation in understanding the molecular basis
for biological timing came from the genetic analyses of
24-h circadian sleep/wake rhythms in Drosophila and
mice (circadian from circa diem, about a day) (Cederroth
et al. 2019). Positional cloning revealed the clock to be en-
coded by an autoregulatory transcriptional feedback loop
inwhich the forward limb (circadian locomotor output cy-
cles kaput [CLOCK]/brain and muscle aryl hydrocarbon
receptor nuclear translocator-like 1 [BMAL1]) induces
the expression of repressors (period [PER]/cryptochrome
[CRY]/reverse c-erbA [REV-ERB]) that provide feedback
to inhibit the forward limb in a cycle that repeats itself ev-
ery 24 h. A paradigm shift came with the recognition that
clocks are present not only within the brain but also with-
in nearly all animal cells, indicating that circadian path-
ways regulate both behavior and systemic physiology.
Genetic evidence that clocks exert ubiquitous control
over tissue function emerged following the observation
that disruption of the clock in the islet of adult mice leads

to obesity and hypoinsulinemic diabetes—a hallmark of
β-cell failure in human diabetes (Perelis et al. 2015). Al-
though molecular clocks have been shown to affect cell
cycle and development in a variety of tissues, the mecha-
nism and function of clocks in mammalian β-cell fate and
regenerative capacity is not known.
Thorel et al. (2010) established a powerful genetic mod-

el to examine β-cell regeneration by showing that seem-
ingly terminally differentiated adult pancreatic cells
could be converted to insulin-secreting cells in vivo fol-
lowing diphtheria-induced β-cell ablation during adult-
hood. New insulin-secreting cells were observed within
islets once devoid of β cells, and genetic tracing of pancre-
atic cell types revealed that a substantial proportion of
these insulin-secreting cells arose from either non-β cells
or β-cell precursors. Using a similar model, in which dox-
ycycline-induced expression of diphtheria toxin A (DTA)
triggers β-cell destruction, Petrenko et al. (2020) inquired
whether the circadian clock might be required for the re-
generation of functional insulin-secreting cells by com-
paring responses to doxycycline following knockout of
the gene encoding the core clock activator BMAL1. Their
results establish a central role of the molecular clock in
β-cell regenerative capacity (Fig. 1).
Following DTA ablation of β cells in mice harboring a

functional clock, the investigators first demonstrate that
regenerative cells exhibit robust genome-wide transcrip-
tion including oscillation of RNAs encoding the core
clock components retinoic acid receptor-related orphan
receptor γ (RORγ), BMAL1, andCRY1, aswell as cell cycle
machinery, including Ki-67, amarker of proliferation. The
regenerative program elicited by destruction of β cells sug-
gests that resident cells that do not secrete insulin or are
insensitive to DTA are set on a path toward an insulin-se-
creting cell phenotype, and this path likely requires diur-
nal patterns of transcription in tandem with induction of
the core β-cell machinery. While previous studies showed
that activation of β-cell transcription factors (i.e. neuroge-
nin-3 [NGN3] pancreatic and duodenal homeobox 1
[Pdx1], and v-maf avian musculoaponeurotic fibrosarco-
ma A [MAFA]) (Zhou et al. 2008) is sufficient to drive glu-
cose-responsive insulin secretion from extraislet exocrine
cells, stem cells and transdifferentiated cells are often not[Keywords: circadian clockwork; pancreatic α and β cells; Insulin-rtTA/

TET-DTA mouse model; diabetes; glucose metabolism; β-cell
proliferation; β-cell regeneration]
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glucose-responsive or simultaneously express non-β-cell
hormones alongside insulin. Nonetheless, the regenera-
tive machinery required to restore β-cell function in late
stage diabetes remains mysterious. Prior studies suggest
that circadian transcriptional oscillation represents an
early hallmark of the functional β cell (Rakshit et al.
2018). Furthermore, exposure of stem cells to a combina-
tion of forskolin, arginine, glucose, and insulin to induce
synchronous circadian transcriptional rhythms enhances
maturation into insulin-secreting cells (Alvarez-Domi-
nguez et al. 2020). Collectively, this study from Petrenko
et al. (2020) supports the idea that circadian transcription-
al rhythms may be a feature of healthy insulin-secreting β
cells in the context of regeneration.

A second surprise is the finding that genetic ablation of
BMAL1 wipes out the capacity for β cells to regenerate fol-
lowing DTA expression. This implicates a functional role
of thecore clock transcription factor pathway in β-cell differ-
entiation and/or maturation. While clock transcription fac-
tors have been shown to regulate adult life α- and β-cell
hormone secretion (Marcheva et al. 2010), the present re-
sults indicate a role in endocrine cell fate. The third key ob-
servation is that ablationof insulin-producingcells inBmal1
nullizygous animals led to accumulation of glucagon-posi-
tive α cells, indicating a requirement for themolecular clock
in the interconversion of α- and β-cell types following β-cell
ablation. Collectively, these experiments are important in
being the “first in kind” proof that the core clock and rhyth-
mic processes are involved in β-cell regeneration—a finding
with implications across multiple organs where clock ex-
pression may modulate regenerative pathways throughout
life and responses to environmental challenges.

Transcriptomic studies identify gene networks that are
likely downstream from core clock (or PAR-ZIP) factors,
such as the forkhead box protein M1 (FOXM1) and trans-
lation control factors such as the mammalian target of
rapamycin (mTOR) and eukaryotic initiation factor 2
(eIF2). Although there remains debate concerning the biol-
ogy of β-cell loss and replacement in health and disease
states, the findings here open the field to futuremechanis-
tic examination. Coordination of clock control of chroma-
tin and tissue-specific transcription factors likely plays a

role in regeneration, although elucidating the molecular
programs linking circadian and regenerative pathways
will be critical moving forward. Rhythmic chromatin ac-
tivation by the clockmay play a role in β-cell regeneration,
involving collaboration of clock activators (CLOCK/
BMAL1) and associated histone acetyltransferase com-
plexes with factors such as FOXM1. Alternatively, the
timed recruitment of clock repressors (PER/CRY/RE-
VERB) and associated histone deacetylases may play a
key role in progression from α- to β-cell fate. It remains un-
clear whether clock-dependent regeneration is driven by
activation or repression of chromatin.

While the present studies focus on loss-of-function anal-
yses, a remaining question iswhether gain of clock oscilla-
tionmayaugment regenerative capacity.As demonstrated
here and inprior studies, regenerationof β-cellmass occurs
in the adult rodent; however, unlike rodents, there is lim-
ited evidence for the in vivo regeneration of pancreatic
β-cell population in humans (Menge et al. 2008). This rais-
es an intriguing possibility that endogenous pathways,
such as the highly conserved circadian timing system,
could serve as a therapeutic target to unlock human islet
regenerative potential, either in stem cell allografts or
through in vivo therapeutics. Manipulation of the circadi-
an clock transcription pathwaymay enhance the capacity
to regenerate β cells in the setting of diabetes.
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