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takes approximately 24 h, and thereby drives the circadian rhythm. In a second, stabi-
lizing loop, ROR and REV-ERB proteins, both regulated by the same E-box as Per and
Cry, competitively bind to the RORE promoter site, which rhythmically regulates Bmal1
transcription. Bmal1 is induced by ROR binding and repressed by REV-ERB↵ [19,20].
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Figure 1. The basic circadian clock timing mechanism of mammals. Two feedback loops work to-
gether to provide approximately 24-h rhythms in interacting transcription, translation, and gene 
regulation. The oscillations simultaneously modulate clock-controlled genes that generate rhythms 
outside this core timing mechanism. A dimer of transcription factors BMAL1 and CLOCK activates 
genes through the E-box and related promoter elements. Members of the Per and Cry gene families 
are, thereby, induced by BMAL1-CLOCK. Resulting PER and CRY proteins enter the nucleus and, 
through a larger complex, inhibit BMAL1-CLOCK activity, suppressing their own genes but only 
after a sufficient delay to produce the period of the circadian rhythm. A second loop consists of Rev-
erb and ROR genes that are induced by BMAL1-CLOCK, ultimately inducing the Bmal1 gene 
through a competitive interaction of transcription factors at the RORE of the Bmal1 gene. A gener-
alized view of circadian timing during cell differentiation suggests that circadian timing is sup-
pressed in stem cells, indicated by the broken clock, followed by emergence of a functional clock in 
progenitor cells and during cell maturation. 

The circadian clock regulates cycles of gene expression via transcriptional, post-tran-
scriptional, and post-translational modifications and indirectly generates circadian 
rhythms in behavior and physiology. BMAL1 circadian rhythms are a major regulator of 
clock-controlled genes (CCGs), producing rhythms in numerous cellular processes 
through this clock output [10]. Circadian rhythms are self-sustained; they persist in exper-
imental or natural conditions that do not provide external timing cues for the clock. Dur-
ing entrainment, however, these circadian oscillators repeatedly shift their phase so that 
their period matches that of the Zeitgeber. Through entrainment, cells produce a rhythmic 
gene expression pattern suitable for the environment [21]. Circadian oscillations are 

Figure 1. The basic circadian clock timing mechanism of mammals. Two feedback loops work
together to provide approximately 24-h rhythms in interacting transcription, translation, and gene
regulation. The oscillations simultaneously modulate clock-controlled genes that generate rhythms
outside this core timing mechanism. A dimer of transcription factors BMAL1 and CLOCK activates
genes through the E-box and related promoter elements. Members of the Per and Cry gene families
are, thereby, induced by BMAL1-CLOCK. Resulting PER and CRY proteins enter the nucleus and,
through a larger complex, inhibit BMAL1-CLOCK activity, suppressing their own genes but only after
a sufficient delay to produce the period of the circadian rhythm. A second loop consists of Rev-erb
and ROR genes that are induced by BMAL1-CLOCK, ultimately inducing the Bmal1 gene through
a competitive interaction of transcription factors at the RORE of the Bmal1 gene. A generalized view
of circadian timing during cell differentiation suggests that circadian timing is suppressed in stem
cells, indicated by the broken clock, followed by emergence of a functional clock in progenitor cells
and during cell maturation.

The circadian clock regulates cycles of gene expression via transcriptional, post-
transcriptional, and post-translational modifications and indirectly generates circadian
rhythms in behavior and physiology. BMAL1 circadian rhythms are a major regulator of
clock-controlled genes (CCGs), producing rhythms in numerous cellular processes through
this clock output [10]. Circadian rhythms are self-sustained; they persist in experimental
or natural conditions that do not provide external timing cues for the clock. During en-
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Figure 3 RT-PCR gel images of the core circadian cycle genes in undifferentiated and differentiated human embryonic stem cells. 
Expression of core circadian genes CLOCK, BMAL-1, PERIOD and CRYPTOCHROME in cells prior to passaging (UD) at >70% confluency, 
and then at 6, 18 and 22 hours post-seeding (A). Expression of core circadian genes CLOCK, BMAL-1, PERIOD and CRYPTOCHROME 
in differentiating cells at 6, 18 and 22 hours post addition of differentiation inducing media (B). β2 MICROGLOBULIN was used as 
housekeeping control in (A) and (B). UD, undifferentiated; NTC, no template control. 

to 48 hours probably robust expression of lineage specific 
markers would have been seen.

Expression of circadian gene in human pluripotent stem 
cells

Once, we established that we had both undifferentiated 
and differentiated human embryonic stem cells, we moved 
ahead to determine expression of the core circadian genes. 
In order to understand the circadian cycle gene expression 
in undifferentiated human pluripotent stem cells, we 
harvested RNA at 6, 18 and 22 hours after passaging, as 
well as cells on the eve of passaging (days 4–5) to serve as 
control. For the initial 24 hours after seeding the human 
embryonic stem cells appear slightly mesenchymal like in 
morphology (Figure 2A), but as the cells proliferate, they 
attain epithelial morphology. We performed RT-PCR for 
genes associated with pluripotency—OCT4, NANOG and 
SOX2, and observed that all three genes were expressed at 
all the time points (Figure 2A). Once we established that 
KIND1 cells were pluripotent, we then carried out RT-
PCR to investigate expression of circadian genes namely 
CLOCK, BMAL-1, PERIOD and CRYPTOCHROME. We 
found that PERIOD, BMAL-1 and CRYPTOCHROME 
genes were expressed at 6, 18 and 22 hours post seeding, 
however CLOCK gene expression was lowest in day 4 
undifferentiated cells but was highly expressed post seeding 
(Figure 3A). We then looked for expression of CLOCK, 
BMAL-1, PERIOD and CRYPTOCHROME at 6, 18 and  

22  hours  post  addi t ion of  d i f ferent ia t ion media  
(Figure 3A,B). Interestingly expression of CLOCK was 
much lower in differentiated human embryonic stem 
cells, and PERIOD which was absent at 22 hours in 
undifferentiated cells was expressed at all time points in 
differentiated cells  (Figure 3A,B). Using several agarose 
gels images (n=4) for every time point, we used ImageJ 
to perform semi-quantitative analysis. We observed 
that CLOCK expression seems to be downregulated in 
differentiated cells (Figure 4A), while BMAL-1, PERIOD 
and CRYTOCHOME show cyclicity (Figure 4B,C,D).

Discussion

Our work demonstrates that core circadian cycle genes 
CLOCK, BMAL-1, PERIOD and CYRPTOCHROME shown 
cyclicity in human pluripotent stem cells in undifferentiated 
state as well as upon spontaneous differentiation into 
mesoderm and ectoderm, even though there are no 
definite light/dark cycles for the in vitro cultured cells. 
After decades of painstaking work, the set of neurons in 
the brain called the superchiasmatic nuclei were found to 
control the circadian rhythm (14). The circadian proteins 
along with chromatin modifiers, RNA binding proteins, 
phosphatases and kinases control expression of genes in 
a rhythmic manner (15-17). Human pluripotent stem 
cells have the ability to differentiate into any cell lineage 
and they can be used in cell replacement therapies, but 
if circadian genes play pivotal role in the differentiation 
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process, then it is imperative to understand their dynamics 
in human pluripotent stem cells. Circadian genes are crucial 
for proliferation and functioning of intestinal cells, liver 
cells, hormone producing cells, heart cells and immune cells 
(2,12,18,19) however their expression pattern in human 
pluripotent stem cells has not been completely elucidated. 

Bmal-1 has been shown to control expression of 
inflammatory cytokines that are required for proliferation 
of intestinal cells, and mice with mutated Bmal-1 show 
impaired intestinal regeneration (18). Rogers et al. 2017 
compared expression of Period, Bmal-1 and Rev ErbAα in 
human bone marrow derived stem cells, adipose-derived 
stem cells and dental-derived stem cells (20). They showed 
differential expression of Period, Bmal-1 and Rev ErbAα in 
different human adult stem cells, however authors appeared 
to have shown normalized expression but qRT-PCR inverse 
normalized expression should be given. Recently, it was 
shown that by simply adjusting cells to regular feeding and 
fasting cycles, the in vitro generated islet cells get entrained 
and these cells become functionally mature islets cells  
in vitro (21).

Dier ickx  e t  a l .  2017,  us ing  human embryonic 
stem cells showed that functional circadian genes are 
expressed but no rhythmicity was seen when they 

were in undifferentiated state, however once they 
were differentiated into cardiomyocytes the circadian 
genes showed rhythmicity (19). We also, show that 
undifferentiated human embryonic stem cells show 
expression of core circadian genes, but the difference 
in cyclicity could be due to shorter time point we used. 
In mouse embryonic stem cells, the circadian genes do 
not oscillate, however upon differentiation oscillation 
in circadian genes was seen and interestingly when the 
differentiated cells were reprogrammed using OCT4, 
SOX2, KLF4 and c-MYC (OSKM), the circadian gene 
oscillation ceased (22). Our results show that human 
embryonic stem cells and its differentiated progeny both 
show circadian gene oscillations. However, it would be 
crucial to determine what are the molecular regulators 
of CLOCK, BMAL1, PERIOD and CRYPTOCHOME. 
Most studies have shown that the circadian genes are 
critical in differentiation or for functionality of the 
differentiated cells, however the function of circadian gene 
in undifferentiated human embryonic stem cells needs to 
be investigated. It has been established that light exposure 
keeps the cyclical expression of the circadian genes, 
however in vitro differentiated cells are not exposed to 
light rhythmically, yet we find expression of the circadian 

Figure 4 Semiquantitative analysis of RT-PCR gel images using ImageJ. Using agarose gel electrophoresis images (n=4) for each circadian 
gene, ImageJ analysis was done. Expression of each gene was normalized to values obtained for β2 MICROGLOBULIN (housekeeping 
control) from ImageJ. The core circadian genes CLOCK (A), BMAL-1 (B), PERIOD (C) and CRYPTOCHROME (D) normalized expression 
plotted for KIND1 cells (UD) at >70% confluency, and then at 6, 18 and 22 hours post-seeding, as well as at 6, 18 and 22 hours post 
addition of differentiation inducing media. undiff: undifferentiated cells prior to passaging; 6 hr ud: 6 hours undifferentiated; 18 hr ud:  
18 hours undifferentiated; 22 hr ud: 22 hours undifferentiated; 6 hr diff: 6 hours differentiated; 18 hr diff: 18 hours differentiated; 22 hr diff:  
22 hours differentiated. Error bars in the graph indicate standard deviation (SD). UD, undifferentiated.
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è Circadian genes 
expressed in human 
embryonic stem cells
and during
differentiation

Circadian genes express in stem cells and modulate cell proliferation/differentiation



Bmal1/ mouse embryonic stem cells (mESCs) display reduced induction of ectoderm, 
endoderm, and mesoderm genes during monolayer cell differentiation.

Amador Gallardo, et al., 2020

Circadian genes express in stem cells and modulate cell proliferation/differentiation

Amador Gallardo, et al., 2020



Bmal1−/−mouse	embryonic	stem	cells	(mESCs)	display	altered	pluripotency	signaling	pathways	and	
differentiation	potential	expression.

Amador Gallardo, et al., 2020

mRNA-seq



or absence of leukaemia inhibitory factor (LIF). For this purpose, a
reduced number of cells transduced with either the control shLuci
or each of the two shRNAs against Bmal1 were plated and cultured
at clonal density with or without LIF for 4 d, followed by AP staining
(Fig 1E). Consistent with the effect observed in bulk-grown ESCs,
silencing of Bmal1 did not impact the proportion of undifferenti-
ated, partially or fully differentiated colonies both in pluripotency-
sustaining (+LIF) or differentiation-promoting (−LIF) culture conditions
(Fig 1F). Taken together, our results show that BMAL1 is dispensable
for ESC self-renewal, despite being abundantly expressed in plu-
ripotent cells.

Absence of BMAL1 protein is compatible with pluripotency
maintenance

Given that knockdown with RNA interference can result in variable
amounts of mRNA reduction, we aimed at generating ESC lines

completely lacking Bmal1 expression to systematically dissect BMA
L1 function in pluripotent cells. To this end, we used the CRISPR-C
as9 nuclease system (Jinek et al, 2012; Cong et al, 2013) to generate a
Bmal1 KO ESC line. First, we designed a sgRNA specifically targeting
the start codon site of Bmal1 gene, located at the Exon 5 (Fig 2A). PCR
genotyping and Sanger sequencing identified a Bmal1 KO ESC line
(Figs 2A and S2A–C). Western blot analysis confirmed complete
depletion of BMAL1 protein in our selected ESC clone (Fig 2B).

To establish whether depletion of Bmal1 influences the main-
tenance of the pluripotent state of ESCs, we first examined the
morphology and AP-staining pattern in Bmal1 KO ESCs. Notably,
consistent with the Bmal1 knockdown data, Bmal1 KO ESCs dis-
played normal pluripotent colony morphology and stained positive
for AP compared with WT pluripotent cells over the course of
multiple passages (>10) (Fig 2C). In addition, the expression of
pluripotency markers (i.e., Nanog, Pou5f1, and Zfp42) at the RNA and
protein levels was not significantly affected in the absence of BMAL1

Figure 2. Generation and characterization of a CRI
SPR/Cas9 Bmal1 KO embryonic stem cell (ESC) line.
(A) (Top) Schematic representation for the CRISPR/C
as9 strategy used. The designed sgRNA is underlined
and the PAM sequence is highlighted in red. (Bottom)
Sequence deleted (22 bp) in Bmal1 KO alleles detected
by Sanger sequencing. (B) (Top) Western blot of BMAL1
and the pluripotency factors NANOG and POU5F1 in
Bmal1 WT and KO ESCs. βTUBULIN was used as a
loading control. (Bottom) Quantification of three
independent experiments. (C) Bright-field (BF) and
AP-staining images of Bmal1WT and KO ESCs. The scale
bar represents 200 μm. (D) Immunofluorescence of
POU5F1, SSEA1, and ZFP281 in Bmal1WT and KO ESCs.
Nuclei were stained with DAPI. The scale bar
represents 50 μm. (E) (Left) Number of ESC colonies
formed in a clonogenic assay with Bmal1 WT and KO
ESCs. (Right) Representative images of AP-stained
wells are shown. (F) Graphic representation for the
counting and classification of colonies of a colony-
formation assay. (n = 3) In (B, E, F), bars represent mean
± SD. Two-tailed unpaired t test analysis was performed.
***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant.
Source data are available for this figure.
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with their ability to generate teratomas, Bmal1 KO cells were able to
form EBs (Fig 4E). However, we observed that Bmal1 KO EBs pre-
sented a significant increase in their size compared with the control
(Fig 4E), suggesting intrinsic differences during the differentiation
process through EB formation due to the absence of this master
clock regulator. Moreover, when we analysed gene expression of
several ectoderm, mesoderm, and endoderm markers, we found
that they were differentially induced in Bmal1 KO at day 6, com-
pared with WT EBs (Fig 4F). These results indicate that BMAL1 is
required for ESC differentiation in vitro to properly establish germ
layer–specific transcriptional programs.

BMAL1 is important during in vitro gastrulation

To further confirm our observation that loss of BMAL1 affects proper
embryonic germ layer specification in vitro, we decided to use a re-
cently reported gastruloid system (Beccari et al, 2018). Gastruloids are
small aggregates of ESCs that undergo gastrulation-like events and
elongation in vitro and mimic embryonic spatial and temporal gene
expression (Beccari et al, 2018). Importantly, this gastrulation model
can be used as an in vitro system to study early developmental events
taking place in the mammalian embryo in vivo. Thus, we generated
aggregates of WT or Bmal1 KO ESCs in N2B27 medium and subjected
them to a pulse of a WNT agonist (i.e., CHIR99021) (Fig 5A). First, we
analysed the expression pattern of WT gastruloids and observed that,
similar to the pluripotency marker Nanog, Bmal1 was down-regulated
at 120 h of gastruloid formation compared with ESCs (t = 0 h),

concomitant with germ layer marker induction (i.e., Pax3, Gata6, and
Mixl1) (Fig 5B). We then compared the efficiency in the generation of
gastruloids in the presence or absence of BMAL1. Remarkably, we
observed that after 120 h, the aggregates obtained from Bmal1 KO ESCs
were significantly smaller (Fig 5C and D) and failed to elongate and
polarize to give rise to gastruloid-like structures compared with wild-
type cells (7.14% versus 41.07%, respectively) (Fig 5E). In addition, ab-
sence of BMAL1 during gastruloid formation was accompanied by
altered expression of several lineage specification markers repre-
sentative of three germ layers (Fig 5F). In particular, we observed
deregulation, in the absence of BMAL1, of genes associated with in vivo
gastrulation process such as Mixl1 and Eomes (Beccari et al, 2018).
Likewise, we observed altered transcriptional dynamics of several
members of the Hoxd gene cluster (Fig 5G), which is one of the
hallmarks of axial gene regulatory systems whose sequential activa-
tion is associated with the patterning and formation during in vitro
gastruloid formation (Beccari et al, 2018). Collectively, these results
show that BMAL1 is required for efficient gastruloid formation in vitro
and confirm that BMAL1 deficiency abrogates the correct induction of
ectoderm, mesoderm, and endoderm markers during the exit of
pluripotency.

BMAL1 regulates transcriptional networks related to cellular
differentiation

To gain further insight into the molecular underpinnings of BMAL1
function in pluripotent cells, we performed transcriptional profiling

Figure 4. Bmal1 is required for embryonic stem cell in
vitro differentiation.
(A) (Left) Teratomas formed by wild-type (WT) and
Bmal1 KO ES cells after 3–4 wk of injection. The bar
represents 5 mm. (Right) Quantification of teratoma
size (n = 8 tumours per genotype). (B) Histological
analysis of teratomas of the indicated genotype by H&E
staining. Structures representing the three
embryonic germ layers in both genotypes were found.
(*), connective tissue; (^), neural tissue; and (+),
epithelial tissue. 4× magnifications for each tissue
are shown. The bar represents 30 μm. (C) Schematic
representation for the embryoid body (EB)
differentiation assay. (D) Relative expression of
genes at day 6 of EB differentiation assay compared
with day 0 in WT embryonic stem cells determined by
RT-qPCR. Ectoderm-specific (i.e., Pax3), endoderm-
specific (i.e., Gata6), and mesoderm-specific (i.e., Mixl1)
markers are shown. (E) (Top) Representative images of
EBs at day 6 of differentiation in the indicated cell
lines. The scale bar represents 200 μm. (Bottom)
Quantification of the diameter of day 6 EBs for Bmal1WT
and KO cells. The number of EBs analysed is
indicated. Data are shown as mean ± SEM. (F) Relative
expression of several germ layer–specific genes from
day 0 and day 6 EBs determined by RT-qPCR.
Expression fold changes are shown relative to the
highest value. In (A, D), data are shown as mean ± SD.
Two-tailed unpaired t test was performed. **P < 0.01;
ns, not significant.
Source data are available for this figure.
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BMAL1 coordinates energy metabolism and differentiation of pluripotent stem cells 

Cristina Ameneiro, et al., 2020



èthe circadian clockworks have detected their expression in several 
types of stem cells, which may affect stemness, differentiation, and
signaling pathway genes

èNo rhythms



1) Whether circadian rhythms be established by cyclic 24-hour 
light/dark periods?

2) Whether circadian clockwork be oscillated in diurnal periods? 

3) Whether the cell proliferation is impacted by LD cycles?



Distribution of vinculin tension in 
Mesenchymal Stem Cells

Yamada M., et al., 2019
Jordan E. P., et al. 2017

Targeted illumination with a digital 
mirror device (DMD). (A) Schematic 
illustration of patterned light generation by 
DMD. A DMD is a digital imaging chip that 
reflects light to project and display a 
certain pattern of the light. It consists of a 
mirror array of up to 2 million units, each 
one individually controlled. (B) An example 
of the targeted cell populations illuminated 
by patterned light generated by a DMD. 
The patterned light, indicated by blue 
lightning symbols, was applied to 10 
targeted cells (Cells 1–10) simultaneously, 
and their light-induced reporter expression 
was monitored
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Supplementary	Table	1:	Marker	genes	used	to	call	cluster	identity	

	

	

	

	

	

	

	

	

	

	

	

	

	

Cell	type Gene(s)
Rod photoreceptors NR2E3,	NRL	(wild type	cells	only),	GNGT1,	SAG
Cone	photoreceptors PDE6H,	ARR3,	OPN1MW, OPN1SW, GUCA1C ,	GNAT2
Bipolar	cells VSX1,	VSX2,	TMEM215,	ISL1
Photoreceptor/Bipolar precursors CRX, OTX2,	PRDM1,	VSX1
Amacrine cells TFAP2A,	GAD1,	GAD2,	CALB2
Horizontal	cells ONECUT1,	ONECUT2,	TFAP2B,	PROX1
Retinal	ganglion cells SLC17A6,	GAP43,	NEFL,	NEFM
Muller	glia SOX2, SOX9,	VIM,	CLU, DKK3
Mitotic	cells MKI67,	TOP2A, NUSAP1,	CENPF

Supplementary	Table	3:	marker	genes	used	to	call	cluster	identity

Light-mediated control of Gene expression in cell culture
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