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D E V E L O P M E N TA L  B I O L O G Y

A noncanonical role of glycolytic metabolites 
controlling the timing of mouse embryo segmentation
Hidenobu Miyazawa1*†, Jona Rada1†, Nicole Prior1†‡, Paul Gerald Layague Sanchez1§,  
Emilia Esposito1, Daria Bunina2¶, Charles Girardot3, Judith Zaugg2#, Alexander Aulehla1*

Studies on the impact of metabolism on cell fate decisions are seeing a renaissance. However, a key challenge re-
mains to distinguish signaling functions of metabolism from its canonical bioenergetic and biosynthetic roles, 
which underlie cellular homeostasis. Here, we tackled this challenge using mouse embryonic axis segmentation 
as an experimental model. First, we found that energetically subminimal amounts of glucose can support ongoing 
segmentation clock activity, providing evidence that glycolysis exerts a signaling function. Using a dynamical 
systems approach based on entrainment, we identified fructose 1,6-bisphosphate (FBP) as the potential signaling 
metabolite. Functionally, we demonstrated that glycolytic flux/FBP control the segmentation clock period and 
Wnt signaling in an anticorrelated manner. Critically, we showed that the slow segmentation clock phenotype 
caused by elevated glycolysis is mediated by Wnt signaling rather than cellular bioenergetic and biosynthetic 
state. Combined, our results demonstrate a modular organization of metabolic functions, revealing a signaling 
module of glycolysis that can be decoupled from its canonical metabolic functions.

INTRODUCTION
Central carbon metabolism affects gene expression and signal 
transduction via various mechanisms, such as epigenetic and 
protein posttranslational modifications. In addition, it exerts its 
canonical bioenergetic and biosynthetic functions by producing 
energy, reducing equivalents, and cellular building blocks to fuel 
biological processes (1–7). The widespread roles and importance 
of metabolism are being reemphasized and increasingly studied. 
However, it remains a key challenge to identify specific molecular 
mechanisms by which metabolism exerts its instructive roles due 
to its intertwined role in cellular homeostasis and signaling (8).

To overcome the challenge, one strategy is to finely tune metabo-
lism within a physiological range in a targeted manner and then 
monitor its impact, for instance, at the level of signaling in a quantita-
tive and dynamic manner. Here, we developed such an approach in 
the context of vertebrate embryo mesoderm segmentation, which 
represents an excellent entry point to tackle the role of metabolism. 
Previous studies had firmly established a functional role for glycolysis 
in the development of the presomitic mesoderm (PSM) into somites, 
the precursors for vertebrae and skeletal muscles (9–11). At the same 
time, it is well studied that the timing of somite segmentation is 

regulated by the segmentation clock, linked in all vertebrates studied 
to the oscillatory signaling activity of the Notch signaling pathway 
(12). Temporal periodicity of Notch signaling oscillations is translat-
ed into spatial periodicity of somites by integrating additional infor-
mation encoded by graded signaling pathways such as Wnt, fibroblast 
growth factor (FGF), and retinoic acid signaling (13–16). In the 
mouse PSM, FGF and Wnt signaling pathways are also core compo-
nents of the segmentation clock, exhibiting oscillatory activities cou-
pled to Notch signaling oscillations (14, 17, 18). This highly complex 
network of interconnected signaling pathways can be dynamically 
perturbed and functionally studied by using a combination of quan-
titative live imaging and a dynamical systems approach. For instance, 
using microfluidics-based entrainment, we previously showed that 
the segmentation clock network can be efficiently controlled via ex-
ternal periodic pulses of Notch and Wnt signaling cues, achieving 
synchronization and tuning of signaling oscillation period (14, 19).

When combined with tailored metabolic perturbations, this ability 
for quantitative live imaging, mouse genetics, and microfluidics-
based entrainment offers a unique opportunity to tackle the central 
question of whether and how glycolysis exerts its signaling function 
during PSM segmentation. As stated above, it has previously been es-
tablished that active glycolysis is essential for maintaining the segmen-
tation clock oscillations (9). Moreover, studies revealed that changes 
in central carbon metabolism affect Wnt signaling (9–11, 20) and the 
period of the segmentation clock (21). Yet, these studies could not 
resolve whether the observed effects reflect a bioenergetic/biosynthetic 
or signaling function of metabolism. Here, we reveal that glycolytic 
flux controls the timing of mouse embryo axis segmentation via gly-
colytic flux signaling, a module that we can dissociate from the ca-
nonical bioenergetic/biosynthetic functions commonly considered. 
Furthermore, we localize the glycolytic flux signal to specific me-
tabolites around the phosphofructokinase reaction. Particularly, we 
show evidence that fructose 1,6-bisphosphate (FBP) can potently 
signal to and entrain the segmentation clock. Combined, our results 
demonstrate that this glycolytic flux–signaling module is mediated 
at least, in part, via Wnt signaling, revealing a glycolysis-FBP-Wnt 
signaling axis.
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RESULTS
Disentangling signaling and bioenergetic roles of glycolysis 
in the segmentation clock oscillations
To address whether glycolysis is required for signaling oscillations un-
derlying the segmentation clock due to its bioenergetic/biosynthetic 
or signaling functions, we investigated the consequence of mark-
edly reducing glycolytic flux using an established ex vivo culture 
system of mouse PSM explants. The control culture conditions 
mimic glucose concentrations the embryo is exposed to physiolog-
ically in utero [i.e., 2.0 mM; (22)] and build on refined culture set-
tings, such as elevated oxygen concentrations, that are needed 
especially in static culture conditions to obtain faithful and timely 
development of mammalian embryos (23). Under these condi-
tions, axis segmentation, clock oscillations, and elongation pro-
ceeded very reliably and comparable to in vivo (24). We first tested 
whether the segmentation clock and PSM patterning continue 
when galactose is provided as a primary carbon source instead of 
glucose. Galactose is metabolized through glycolysis at very low 
flux rates, hence forcing cells to rely on mitochondrial respiration 
for adenosine 5′-triphosphate (ATP) production (25). When glu-
cose was replaced with galactose, glycolytic flux was reduced by 
15-fold within PSM cells (Fig. 1A). Notably, despite the minimal 
glycolytic flux, we found qualitatively no changes in the segmenta-
tion clock oscillations or PSM segmentation (Fig. 1B and movie 
S1). As stated above, bypassing glycolysis entirely is not compati-
ble with clock activity. Combined, our findings indicate that a 
minimal glycolytic flux is sufficient and required, which possibly 
reflects that this essential role is linked to a signaling function and 
not to a bioenergetic/biosynthetic role.

To further explore this possibility, we devised a “subminimal glu-
cose rescue” experiment in mouse embryos, directly inspired by an 
experiment published in classic studies by Spratt (26) in chick embryos. 
In this rescue experiment, we first determined the minimal glucose 
concentration and, hence, minimal glycolytic flux that is sufficient 
to sustain PSM development and segmentation clock oscillations. 
Previously, we reported that PSM explants develop qualitatively 
normally even when glucose concentration is reduced to 0.5 mM 
(9, 11).

When reduced to as low as 0.025 mM, the glucose concentration 
was subminimal and, thus, was no longer able to support the seg-
mentation clock oscillations (Fig. 1, C and D). As previously shown, 
bypassing the entire glycolytic pathway by supplying pyruvate in-
stead of glucose led to the expected immediate arrest of the segmen-
tation clock activity (Fig.  1, C and D) (9). Notably, however, the 
combination of a subminimal amount of glucose (=0.025 mM) with 
pyruvate, two conditions that on their own both fail to support seg-
mentation clock activity, led to a clear rescue of segmentation clock 
oscillations (Fig. 1, C and D; fig. S1A; and movie S2). We found that 
the subminimal amount of glucose had no significant impact on the 
cellular bioenergetic state, including the adenosine 5′-diphosphate 
(ADP)/ATP ratio and the oxidized to reduced from of nicotinamide 
adenine dinucleotide (NAD+/NADH) ratio (fig. S1, B and C). These 
findings provide evidence that the indispensable role of glycolysis is 
not linked to a bioenergetic effect; rather, we conclude that the min-
ute, subminimal glucose amounts that rescue segmentation clock 
oscillations exert a signaling function. It is the first clear evidence 
directly supporting that glucose metabolism functions as a signal in 
this complex developmental process.

Metabolic entrainment of the segmentation clock
To localize the signal within the glycolytic pathway, we used a dy-
namical systems approach on the basis of entrainment. Entrainment 
offers a quantitative and nondisruptive approach to reveal function-
al dependencies within a dynamical system. We had previously es-
tablished microfluidics-based entrainment of the mouse embryo 

Fig. 1. Rescuing the segmentation clock with a subminimal amount of glu-
cose. (A) Lactate secretion was quantified as a proxy for glycolytic flux within PSM 
cells. The amount of lactate secreted from PSM explants during 12 hours of ex vivo 
culture was quantified. Welch’s t-test (***P  <  0.001). Data are presented as 
means ± SD, and individual data points represent biological replicates. (B and C) 
Kymographs showing the dynamics of the Notch signaling reporter [=LuVeLu (65)] 
in wild-type PSM explants cultured in different culture conditions. In (B), PSM ex-
plants were cultured in DMEM/F12 (without glucose and pyruvate) supplemented 
with 2.0 mM glucose or 2.0 mM galactose, while, in (C), they were cultured in 
DMEM/F12 (without glucose, pyruvate, and glutamine) supplemented with either 
glucose (0.025 mM or 2.0 mM), pyruvate (20 mM), or both. h, hours. (D) Temporal 
profiles of LuVeLu intensities in the posterior PSM of samples shown in (C). The 
values were centered to the mean LuVeLu intensities over time for each sample. 
a.u., arbitrary unit.
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segmentation clock, using periodic pulses of signaling pathway 
modulators, such as a Notch signaling inhibitor and a Wnt signaling 
activator (14, 19).

Our reasoning was that if glycolytic metabolites act as signals to 
the segmentation clock, then we should be able to use metabolites to 
entrain the signaling oscillations of the segmentation clock. Although 
we perturb metabolism in a periodic manner, metabolism does not 
have to be oscillatory within PSM cells for metabolic entrainment to 
work. We first tested whether periodic changes in glucose levels can 
entrain the segmentation clock. Changes in glucose levels are mir-
rored at the level of glycolytic flux and several metabolite levels in 
PSM cells (11). We used microfluidics to implement periodic changes 
in glucose concentration during the culture of intact PSM explants 
and monitored segmentation clock dynamics using real-time imaging 
of a Notch signaling reporter. Notably, we found that periodic alterna-
tions of glucose levels are sufficient to entrain Notch signaling oscilla-
tions underlying the segmentation clock (Fig. 2, A, A′, B, and B′; and 
movie S3). We quantified entrainment based on phase-locking (Fig. 2, 
A′ and B′, and fig. S2C) and also using the first Kuramoto order pa-
rameter (Fig. 2, A and B), which effectively measures the synchronic-
ity of signaling oscillations between samples.

We then tested several glycolytic metabolites for their ability to sig-
nal and entrain the segmentation clock. We especially focused on the 
sentinel metabolite FBP, which we previously revealed to function as 
a sentinel metabolite mirroring glycolytic flux within PSM cells (11). 
Excitingly, we found that periodic addition of FBP efficiently en-
trained Notch signaling oscillations, with a distinct phase locking 
compared to the glucose entrainment (Fig. 2, C and C′; fig. S2C; and 
movie S4). In contrast, periodic application of pyruvate, the end prod-
uct of glycolysis that feeds into the TCA cycle, did not entrain the 
segmentation clock based on our quantitative criteria, i.e., lack of 
phase-locking and lack of increase of the first Kuramoto order param-
eter (fig. S2, A, A′, and C; and movie S5). The entrainment capacity of 
glucose and FBP, combined with the failure of pyruvate to elicit a 
similar effect, allowed us to localize the metabolic signal to a specific 
level of glycolysis, centered around the metabolite FBP, which is lo-
cated in the committed part of glycolysis (27). This finding is in appar-
ent contrast with recent work in embryonic stem cell models. In that 
in vitro context, it was reported that pyruvate exerted an effect on the 
segmentation clock period via effects on the cellular redox state (21). 
While we could confirm that pyruvate supplementation led to an in-
crease in the NAD+/NADH ratio (fig. S2D) in our assays, such chang-
es in cellular redox state did not correlate with entrainment of the 
segmentation clock. Hence, our results indicate that, in the mouse 
embryo PSM explant system that we used, which, in contrast to the 
stem cell culture approaches, does not rely on exogenous growth and 
signaling factors, cellular redox state is not essential in mediating the 
effect of glycolysis that we observed. Rather, our results point to a sig-
naling role of glycolytic metabolites, a conclusion that we wanted to 
further challenge using a nonmetabolizable FBP analog.

To this end, we used the fructose analog 2,5-anhydromannitol (2,5-AM). 
2,5-AM is converted to the FBP analog AM–1,6-bisphosphate, which, 
in turn, cannot be metabolized any further (28–30). We tested 
whether we can entrain the segmentation clock using 2,5-AM. In-
triguingly, periodic application of 2,5-AM efficiently entrained Notch 
signaling oscillations (fig. S2, B, B′, and C; and movie S6). This find-
ing is compatible with the conclusion that it is FBP itself that acts as 
a signal to the segmentation clock. One caveat, however, is our find-
ing that at least the chronic addition of 2,5-AM also had an effect on 

glycolytic flux (fig.  S2E). While we were not able to score such a 
flux-reduction effect with periodic 2,5-AM entrainment, it remains 
a possibility that 2,5-AM entrained the clock via periodic changes in 
glycolytic flux and, hence, via multiple metabolites.

We used metabolic entrainment to further disentangle the func-
tional dependencies between glycolysis and signaling oscillations 
underlying the segmentation clock. We previously had shown that 
Wnt and Notch signaling oscillations are coupled within the seg-
mentation clock network and that entrainment of Notch signaling 
oscillations eventually leads to entrainment of Wnt signaling oscilla-
tions with a time delay and vice versa (14). Thus, we next quantified 
the timing of FBP entrainment in regard to both Notch and Wnt 
signaling oscillations. Notably, we found that periodic FBP pulses 
first entrained Wnt signaling oscillations, while entrainment of 
Notch signaling oscillations followed with considerable time delay 
(Fig. 2, C and D; fig. S2F; and movie S7). Hence, this dynamic en-
trainment analysis provides strong evidence that glycolysis/FBP sig-
nals to the segmentation clock first via Wnt signaling.

It was previously reported that glycolysis affects Wnt signaling 
via changes in intracellular pH, proposed to affect acetylation of ß-
catenin (10). However, in the mouse embryo PSM system that we 
studied, we could not find a correlation between glycolytic flux and 
acetylated ß-catenin levels (fig. S3). This is in agreement with our 
combined results that reveal a glycolysis-FBP-Wnt signaling axis, 
which can be decoupled from the bioenergetic and biosynthetic 
functions of the glycolytic pathway.

While we noticed that, during metabolic entrainment, periodic 
changes in glycolytic flux and FBP levels induce periodic changes in 
tissue shape (movies S3 and S4), we found that tissue shape changes 
are neither necessary nor sufficient for metabolic entrainment of the 
segmentation clock. Accordingly, we found that periodic pulses of 
pyruvate caused a similar shape change phenotype without entrain-
ing the segmentation clock (movie S5), while periodic pulses of 
2,5-AM entrained the segmentation clock without causing tissue 
shape changes (movie S6).

The precise mechanism by which FBP signals to the segmenta-
tion clock network remains to be uncovered. Toward this goal, we 
studied glycolytic flux-induced transcriptional responses and com-
bined it with a spatially resolved, enhancer-mediated gene-regulatory 
network (eGRN) analysis in PSM cells. For the eGRN analysis, we 
used the gene regulatory network inference including enhancers 
(GRaNIE) method (31), which constructs eGRN based on covaria-
tion of chromatin [i.e., transcription factor (TF) binding site] acces-
sibility, TF expression, and corresponding target gene expression 
across samples. The eGRN analysis was done using wild-type PSM 
tissues that were microdissected into tail bud, posterior PSM, ante-
rior PSM, and somite regions. Using this approach, the resulting 
eGRN is linked to gene expression changes following PSM cell dif-
ferentiation along the embryonic axis, which also mirrors metabolic 
state changes (fig. S4A) (9, 20). The resulting eGRN includes 2522 of 
the 28,629 (=9%) genes expressed in the PSM and consists of 69 
regulons, where each regulon represents a set of target genes regu-
lated by a TF through their accessible enhancer regions. The PSM-
specific eGRN was verified using the gene regulatory network 
performance analysis (GRaNPA) (31), which is a machine learning 
tool that predicts differential expression of genes from another in-
dependent experiment and which evaluates the prediction of the 
network compared to randomly permuted connections. GRaNPA 
showed that the PSM-specific eGRN that we had identified can 
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predict differentially expressed genes (DEGs) between different re-
gions of the PSM better than a random network (fig. S4B).

The unbiased, paired analysis of these PSM-specific regulons 
with flux-induced transcriptional changes (table  S1) revealed that 
most of flux-regulated genes are parts of the regulon controlled by 
the Wnt signaling regulator Tcf7l2 (fig. S5, A, B, and D) (32, 33). The 
expression of Tcf7l2 regulon was decreased upon glycolytic 

activation or FBP supplementation (fig.  S5E). T cell transcription 
factors (TCFs) are known to work as transcriptional switches, acti-
vating or repressing downstream targets in a context-dependent 
manner (34, 35). In our eGRN analysis, we identified Tcf7l2 func-
tioning as a repressor (fig.  S4A). Intriguingly, we did not identify 
Tcf7l2 as a flux-responsive gene in our transcriptome dataset 
(fig.  S5C). These results, hence, suggest the presence of a 

Fig. 2. Metabolic entrainment of the segmentation clock. (A to D) Detrended (via sinc-filter detrending, cutoff period of 240 min) time series of LuVeLu [(A) to (C)] and 
Axin2-Achilles (D) intensity oscillations in wild-type PSM explants during metabolic entrainment (dashed lines, individual samples; bold black lines, median values; gray 
shades, the first to third quartile range; a.u., arbitrary unit). Changes in the first Kuramoto order parameter are shown in magenta. Samples were incubated either in a 
constant (i.e., 2.0 mM) glucose condition with periodic mock pulses (gray) (A) or alternating culture conditions [(B) to (D)] with a period of 140-min and a pulse length of 
30-min [alternating between (B) 2.0 mM (white) and 0.5 mM (yellow) glucose conditions; [(C) and (D)] the medium with (cyan) or without (white) 20 mM FBP on top of 
2.0 mM glucose]. To keep molarity of the medium at constant during experiments, nonmetabolizable glucose analog (i.e.,3-O-methyl-D-glucopyranose) was added to 
the medium when necessary. (A′ to D′) Stroboscopic maps showing step-wise changes in the phase of LuVeLu [(A′) to (C′)] and Axin2-Achilles oscillations (D′) during 
metabolic entrainment. At each pulse of metabolic perturbations with glucose [(A′) and (B′)] or FBP [(C′) and (D′)], the phase of the oscillator (i.e., new phase) is plotted 
against its phase at the previous pulse (i.e., old phase). Darker dots represent later time points. Stroboscopic maps of a single representative sample are shown on the right 
(the numbers in the plots indicate the number of pulses).
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glycolysis-Wnt signaling axis where increased glycolytic flux activates 
Tcf7l2, which represses the expression of the regulon, providing the 
potential mechanistic basis for the anticorrelation between glycolytic 
flux and Wnt signaling target gene expression. Future studies will 
build on these findings and will be able to address the specific role of 
Tcf7l2 and the other regulons that we identified in mediating the gly-
colytic flux/FBP signal.

Glycolytic flux signaling controls the period of the 
segmentation clock
We next turned to the functional role of the glycolysis-FBP-Wnt sig-
naling axis and specifically addressed its impact in controlling the 
period of the segmentation clock. As outlined above, it is critical to 
tune glycolytic flux within a physiological range and to monitor its 
impact on the segmentation clock dynamics using a quantitative, 
real-time imaging approach. To manipulate glycolytic flux in a spe-
cific and genetic manner, we used a conditional cytoPFKFB3 trans-
genic mouse line (hereafter termed as “TG”) that we generated 
previously (11). In this TG line, a cytoplasmic, dominant-active 
form of the glycolytic enzyme PFKFB3 (36) is expressed from the 
Rosa26 locus upon CRE-recombination, leading to a glucose dose–
dependent increase of glycolytic flux in PSM explants (11).

We focused on 2.0 mM glucose condition in which TG explants 
show an elevated glycolytic flux compared to control samples but 
show no qualitative difference in PSM patterning (fig.  S6A) (11). 
Intriguingly, we found that, in this culture condition, the segmenta-
tion clock oscillations were significantly slower (by about 20%) in 
TG explants, compared to those in control explants (Fig. 3, A and B, 
and movie S8). This change in oscillation period was accompanied, 
at morphological level, by a transient increase in the somite length 
(Fig. 3C). The increase in segmentation clock period was also evi-
dent when quantifying Wnt signaling oscillations using a Axin2-
Achilles knock-in reporter line that we generated previously (fig. S6, 
B and C, and movie S9) (19). To test whether the observed effect on 
the segmentation clock oscillations is due to an increased glycolytic 
flux and not merely the effect of the overexpression of cytoPFKFB3 
protein per se, we cultured TG explants in reduced glucose concentra-
tions to lower glycolytic flux (fig. S6A). Lowering glucose concentra-
tion rescued the clock period phenotype in TG explants (Fig.  3B). 
This indicated that the segmentation clock period responds to chang-
es in glycolytic flux rather than cytoPFKFB3 protein per se.

We did not find a correlation between cellular redox state and the 
effect on segmentation clock period. Accordingly, the NAD+/NADH 
ratio was comparable between control and TG explants cultured in 
2.0 mM glucose (fig. S6D), although there was a significant difference 
in the segmentation clock period between these conditions (Fig. 3B). 
Thus, cellular redox state does not account for glycolytic flux control 
of the segmentation clock period, which is consistent with our obser-
vation that cellular redox changes are not essential for metabolic en-
trainment of the segmentation clock (fig. S2, A, A′, C, and D).

To test whether glycolytic flux controls the segmentation clock 
period also in wild-type conditions, we quantified the effect of tun-
ing (i.e., increasing and decreasing) glycolytic flux by titrating glu-
cose concentrations in the culture medium and using real-time imaging 
of clock oscillations as a quantitative readout. Also in wild-type condi-
tions, we found that the segmentation clock period responded to 
changes in glycolytic flux. Increasing glucose concentrations led to a 
slower segmentation clock (fig. S6E). Because we revealed that the 
glycolytic flux signal is localized at the level of FBP, we directly 

tested whether supplementation with FBP also affects the clock pe-
riod. FBP addition led to a slowing down of the segmentation clock 
(Fig. 3D). We also tested whether a decrease in glycolytic flux would 
lead to an acceleration of segmentation clock oscillations. To this 
end, we quantified the oscillation period in samples cultured in 
galactose-containing medium, because glycolytic flux in this condi-
tion is minimal (Fig. 1A). Notably, we found that the segmentation 
clock oscillated faster in the galactose condition than in the glucose 

Fig. 3. Glycolytic flux tunes the segmentation clock period in an anticorrelat-
ed manner. (A) Kymographs showing the dynamics of the Notch signaling report-
er [=LuVeLu (65)] in control (Ctrl) and cytoPFKFB3 (TG) PSM explants in 2.0 mM 
glucose condition. h, hours. (B) Quantification of the segmentation clock period in 
control (Ctrl) and cytoPFKFB3 (TG) PSM explants cultured in different glucose condi-
tions. The clock period was determined as a mean of LuVeLu periods between 400 
and 600 min of the imaging. Because the clock period is highly sensitive to tem-
perature, the comparisons are always made within each experiment. One-way 
analysis of variance (ANOVA) with Tukey’s post-hoc test (***P < 0.001). Data are 
presented as means  ±  SD, and individual data points represent biological repli-
cates. (C) Quantification of somite size in control (Ctrl) and cytoPFKFB3 (TG) PSM 
explants cultured in 2.0 mM glucose. The length of newly formed somites along the 
anteroposterior axis was determined. Somite #1 corresponds to the first somite 
formed during the time window of live imaging. Welch’s t-test (**P < 0.01). Data are 
presented as means  ±  SD, and individual data points represent biological repli-
cates. n.s., not significant. (D) Quantification of the segmentation clock period in 
wild-type PSM explants cultured in different metabolic conditions [CTRL, culture 
medium with 2.0 mM glucose; FBP, culture medium with 2.0 mM glucose and 10 mM 
FBP; GALA, culture medium with 2.0 mM galactose (without glucose)]. The clock 
period was determined as a mean of LuVeLu periods between 400 and 600 min of 
the imaging. One-way ANOVA with Tukey’s post-hoc test (*P < 0.05; **P < 0.01; 
***P < 0.001). Data are presented as means ± SD, and individual data points repre-
sent biological replicates.
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condition (Fig. 3D). Therefore, our results reveal an anticorrelation 
of glycolytic flux and segmentation clock period: Decreasing glyco-
lytic flux speeds up the segmentation clock and vice versa.

A genetic rescue experiment demonstrates a noncanonical 
signaling role of glycolysis
To obtain definitive evidence for a signaling role of glycolysis that is 
mediated via Wnt signaling, we set up a genetic rescue experiment 
using a mutant for Dickkopf-1 (Dkk1). Dkk1 is a Wnt signaling in-
hibitor that acts at the level of ligand-receptor interaction and plays a 
critical role during development (37, 38). Given that increased gly-
colysis that we found in TG embryos led to decreased Wnt signaling, 
we asked whether partial deletion of the Wnt signaling inhibitor Dkk1 
could rescue the slow clock phenotype. Excitingly, we found that, in 
TG embryos in which one allele of Dkk1 was deleted, not only was 
Wnt signaling restored, but also the segmentation clock period was 
rescued in most of the samples (Fig. 4, A and B). Critically, we re-
vealed that Dkk1 heterozygosity led to a rescue of Wnt signaling and 
the clock period without affecting glycolytic flux (Fig.  4C). These 
findings demonstrate that the proximate cause of the observed clock 
phenotype in TG embryos is a change in Wnt signaling, rather than 
the cellular bioenergetic/biosynthetic state. In alignment with this, we 
revealed that phamacological inhibition of Wnt signaling leads to 
slowing down of the segmentation clock oscillations (fig.  S7). We, 
therefore, conclude that glycolysis exerts a noncanonical signaling 
role, mediated by the FBP-Wnt signaling axis, regulating the timing of 
embryo axis segmentation.

DISCUSSION
A noncanonical signaling function of glycolytic metabolites 
during PSM development
In this study, we show that glycolytic flux controls the timing of axis 
segmentation via a signaling function, which we can decouple from 

the canonical glycolytic bioenergetic/biosynthetic role. Several find-
ings are of particular importance to substantiate this central conclu-
sion. First, the “subminimal glucose” rescue experiment reveals that, 
while glycolysis is indispensable, only a minute, energetically sub-
minimal amount of glucose is actually required to support PSM de-
velopment (Fig.  1, C and D). Second, we showed that periodic 
supplementation of 2,5-AM, which leads to periodic production of 
a nonmetabolizable FBP analog, is sufficient to entrain the segmen-
tation clock oscillations (fig. S2, B, B′, and C). Last, we show that the 
effect of increased glycolytic flux on the timing of the segmentation 
clock can be rescued by restoring Wnt signaling activity without the 
need to restore metabolic activity per se (Fig. 4). It is important to 
stress that, in this genetic rescue condition, only the signaling activ-
ity, but not the metabolic state, was restored by Dkk1 deletion and 
that such changes in signaling activity were sufficient to rescue the 
slow clock phenotype. This finding also indicates that glycolytic flux 
signals, at least, in part, through the Wnt signaling pathway. Al-
though numbers are small, we noticed a potential bimodal rescue 
response in Dkk1 heterozygous cytoPFKFB3 embryos, the underly-
ing cause remains to be investigated.

Previously, several mechanisms have been proposed regarding 
how glucose metabolism affects signaling via its effect on posttransla-
tional modifications, including acetylation of ß-catenin (10, 39, 40). 
However, in the experimental context of mouse embryo PSM that we 
study, we did not find a clear correlation between glycolytic flux and 
acetylation of ß-catenin (fig. S3). Instead, our results presented here 
reveal a noncanonical signaling role for glycolysis that is centered 
around the metabolite FBP. Key findings supporting this conclusion 
are the effect of FBP supplementation on the clock period (Fig. 3D) 
and the potent entrainment of the segmentation clock by periodic 
pulses of FBP (Fig. 2, C and C′). Our finding that the glycolytic flux 
signaling function centers on the metabolite FBP is also particularly 
interesting given that FBP serves as a sentinel metabolite from bac-
teria to mammals (11, 27). Accordingly, the FBP-Wnt signaling axis 
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Fig. 4. Genetic rescue of the slow segmentation clock phenotype in cytoPFKFB3 embryos without affecting glycolytic flux. (A and B) Quantification of the segmen-
tation clock period (A) and Wnt signaling activity (B) in control (Ctrl) and cytoPFKFB3 (TG) explants with one allele of Dkk1 (HET), compared to samples with wild-type Dkk1 
copy number (WT). The clock period under 2.0 mM glucose condition was determined as a mean of LuVeLu periods between 400 and 600 min of imaging, while Wnt 
signaling activity was determined as a mean of the Wnt signaling reporter (=Axin2-Achilles knock-in reporter) intensity between 400 and 500 min of imaging. Welch’s 
unpaired t-test (n.s., not significant; *P < 0.05; ***P < 0.001). Data are presented as means ± SD, and individual data points represent biological replicates. a.u., arbitrary 
unit. (C) Lactate secretion was quantified as a proxy for glycolytic flux within PSM cells. After 12 hours of ex vivo culture in 2.0 mM glucose, the amount of lactate secreted 
from control (Ctrl) and cytoPFKFB3 (TG) PSM explants was quantified in samples with normal Dkk1 copy number (WT) and in samples with one allele of Dkk1 (HET). Welch’s 
unpaired t-test (n.s., not significant). Data are presented as means ± SD, and individual data points represent biological replicates.
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, functionally integrates the status of glycolytic flux, while its signal-
ing mechanism can be decoupled from the bioenergetic and biosyn-
thetic roles of glycolysis.

The detailed molecular mechanisms by which intracellular FBP 
levels are sensed and linked to downstream responses is yet un-
known and a key question that needs to be addressed in future stud-
ies. The physiological concentrations of FBP in developing mouse 
embryos remain unknown and, hence, need to be determined in the 
future studies. Moreover, it will be critical to probe allosteric me-
tabolite (FBP)–protein interactions, as FBP has already been shown 
to have widespread potential to allosterically affect protein function 
(41–44). We speculate that one protein controlled by FBP could be 
Tcf7l2, as our transcriptome and gene regulatory network analyses 
identified targets of Tcf7l2 as particularly glycolytic flux sensitive 
(fig.  S5). Notably, Tcf7l2 has been strongly associated with type 2 
diabetes and is involved in glucose homeostasis and insulin secre-
tion in pancreatic β cells (45, 46). It will, hence, be of particular im-
portance to test a potential FBP-Tcf7l2 interaction not just in the 
context of the segmentation clock network but also potentially in 
other biological contexts, including pancreatic β cells.

Identification of a functional anticorrelation between 
glycolytic flux/FBP and Wnt signaling
Combined with our previous study (11), we provide evidence that gly-
colysis controls Wnt signaling in a dose-dependent and anticorrelated 
manner (Fig. 4B and fig. S5). Hence, while increasing glycolytic flux/
FBP leads to a decrease in Wnt signaling target gene expression and a 
slowing down of segmentation tempo, we also see evidence for the 
inverse: Decreasing glycolytic flux within a physiological range cor-
relates with increased Wnt target gene expression and accelerated seg-
mentation. Furthermore, we showed that periodic application of FBP 
synchronizes first Wnt signaling oscillations, while Notch signaling 
oscillations become entrained with a delay (Fig. 2, C and D). We inter-
pret these findings as an indication of the specificity of the FBP signal 
toward the Wnt signaling pathway. This FBP-Wnt signaling axis con-
trols the timing of embryo axis segmentation. While a previous study 
reported that, in chick embryo PSM, glycolysis functions downstream 
of the FGF signaling pathway (20), this functional dependency awaits 
testing in the mouse PSM explant model. Along this line, further 
studies are also needed to understand how FBP signaling modulates 
the shape of Wnt signaling gradient, reflecting graded expression of 
Wnt ligands within the PSM.

Our results from studying PSM explant samples appear to con-
trast with findings from several studies that used in vitro stem cell 
models for mesoderm specification. In several reports, glycolytic 
inhibition led to down-regulation, not up-regulation, of Wnt signal-
ing (10, 20, 47–49). One potential reason for this apparent discrep-
ancy could be rooted in the differences in the experimental systems. 
While all samples are cultured in vitro, in our study, we used primary 
PSM explants that are cultured in a chemically defined medium with-
out exogenous signaling or growth factors, and, hence, all signals are 
originating from the embryonic cells and tissue (we, hence, suggest to 
term these endogenous in vitro assays). In contrast, stem cell and or-
ganoid cultures rely on a successful combination of a series of external 
growth and signaling factors and, thus, many experimental parame-
ters, including their concentrations, timing of addition, and duration 
of treatment, have critical impacts on the phenotypic outcome. We 
suggest to term these assays requiring external control exogenous 
in vitro assays. Another source potentially explaining the observed 

discrepancy might be found at the level of the strength and specificity 
(and lack thereof) of metabolic perturbations used in the above stud-
ies. In the studies mentioned above, glycolysis was mainly impaired 
pharmacologically by using 2-deoxyglucose, which is known to have 
pleiotropic effects on metabolism (50). This metabolic impairment was 
found to be correlated with a down-regulation of cellular signaling ac-
tivity, including, but not limited to, Wnt signaling. In contrast, when we 
tune glycolytic flux, using glucose titration for instance, we find an an-
ticorrelated response at the level of Wnt signaling targets and segmen-
tation clock period (figs. S5 and S6E) (11). Therefore, in future studies, 
it will be critical to apply metabolic perturbations with high specificity 
and to remain within a physiological range, as demonstrated in this 
study, to be able to compare outcomes across different contexts.

Glycolysis-FBP-Wnt signaling axis controls the segmentation 
clock period
The primary function of the glycolysis-FBP-Wnt signaling axis that 
we revealed in this study is the control of the segmentation clock pe-
riod in mouse embryos (Figs. 3 and 4). Intriguingly, in cytoPFKFB3 
explants with higher glycolytic flux, a slowing down of the segmen-
tation clock led to an increase in somite size but only for the fourth 
somites that they formed during the ex vivo culture (Fig. 3C). This 
observation is not in agreement with the classical clock and wave-
front model supported by previous studies (16, 51–53), which pre-
dicts a stable change in somite size upon a stable change in the clock 
period. Further investigations based on the entrainment approach 
presented here are needed to reveal the underlying mechanisms. 
Previously, Wnt signaling had been functionally linked to the regu-
lation of the segmentation clock period (54), although the underly-
ing mechanisms were not addressed. Consistent with this, we 
revealed the functional link between Wnt signaling and the segmen-
tation clock rhythm (fig. S7). Moreover, our work reveals the direct 
impact of the metabolic state on Wnt signaling and clock period, 
emphasizing the need for future studies to identify how Wnt signal-
ing affects the period of segmentation clock oscillations.

Recently, a series of studies have reported potential mechanisms of 
how the oscillation period can be tuned experimentally. Accordingly, 
a study using exogenous in vitro stem cell system reported that the 
segmentation clock period can be controlled by mitochondrial respi-
ration, cellular redox state, and, ultimately, protein translation rate 
(21). Additionally, several exogenous in vitro studies emphasized that 
differences in protein turnover rates underlie species-specific devel-
opmental timing (21, 55–58). Our results revealing a noncanonical 
signaling function of glycolysis argue for a distinct mechanism of how 
the clock period is controlled in the mouse embryo PSM. First, as 
summarized above, our combined results demonstrate that the clock 
tuning function by glycolysis/FBP can be clearly decoupled from its 
bioenergetic and biosynthetic role (Figs.  1 and  4). In addition, we 
were able to localize the signal to the level of FBP and the committed 
part of glycolysis. Our observation that the fructose analog 2,5-AM, 
which is converted into nonmetabolizable FBP, can efficiently entrain 
the segmentation clock strongly supports this argument (fig. S2, B, B′, 
and C). In contrast, periodic pulses of pyruvate were not sufficient to 
entrain the segmentation clock, despite its impact on cellular redox 
state (fig.  S2, A, A′, and C). Combined, our findings, hence, argue 
against a signaling function directly linked to cellular redox state in 
the control of clock period in the mouse embryo PSM system that we 
studied. Rather, we demonstrate that a glycolysis-FBP-Wnt signaling 
axis controls the timing of PSM segmentation.
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Future direction
The renewed interest in the role of metabolism is providing clear 
evidence for its central role(s) in signaling, cell differentiation, de-
velopment, and disease (59). However, given the multitude and in-
terconnected functions of metabolism, the main challenge and 
question in the field remains how and whether these distinct func-
tions (e.g., bioenergetic/biosynthetic and signaling functions) can 
be decoupled. Here, we demonstrate that this challenge can be tack-
led by using specific metabolic perturbations, tailored genetic mod-
els, and metabolic entrainment. This allowed us to reveal that 
metabolism shows a modular functional organization. We found a 
noncanonical signaling module in glycolysis controlling the timing 
of axis segmentation, and this module can be dissociated from bio-
energetic/biosynthetic metabolic functions. This approach can now 
be adapted to other biological contexts to investigate how wide-
spread metabolic modules are in place and how canonical and non-
canonical signaling modules are interconnected.

Moreover, our findings raise a more general question regarding 
the function of the metabolic signaling module per se. One appeal-
ing hypothesis is that the intrinsic temporal organization of metabo-
lism, which manifests as metabolic rhythms at various temporal 
scales (60), serves as the core template and signal for biological tim-
ing and rhythms (61). In this regard, our first demonstration of 
metabolic entrainment of the segmentation clock provides concrete 
support for this idea, i.e., ultradian and/or circadian metabolic 
rhythms could function as intrinsic zeitgeber entraining segmenta-
tion clock oscillations. Previous work has already indicated that me-
tabolism is tightly regulated in time and also space in developmental 
systems (3, 9, 20, 62). As a next important step, efforts within the 
field need to be intensified to test for the presence of spatiotemporal 
metabolic rhythms in developmental systems.

In addition, the metabolic signaling module could also enable 
organisms to integrate external environmental cues, such as nutri-
tional resources. This capacity to link milieu extérieur and milieu 
intérieur (63) via a metabolic signal could be relevant to the optimi-
zation of life history traits, such as the rate of developmental transi-
tions and body size. Future comparative studies, hence, need to 
explore the function of noncanonical metabolite signaling during 
the dynamic interplay of organisms with their natural environment 
considering the entire life cycle.

MATERIALS AND METHODS
Animal work
All animals were housed in the European Molecular Biology Labo-
ratory (EMBL) animal facility under veterinarians’ supervision and 
were treated following the guidelines of the European Commission, 
revised directive 2010/63/EU, and American Veterinary Medical 
Association guidelines 2007. All the animal experiments were ap-
proved by the EMBL Institutional Animal Care and Use Committee 
(project code: 21–001_HD_AA). The detection of a vaginal plug 
was designated as embryonic day 0.5 (E0.5), and all experiments 
were conducted with E10.5 embryos.

Mouse lines
The following mice used in this study were described previously and 
were genotyped using primers described in these references: Axin2-
Achilles (19), HprtCre (64), LuVeLu (65), Rosa26-loxP-stop-loxP-
cytoPFKFB3 (11), and Dkk1 mutant (38). While the Dkk1 mutant 

line was maintained on C57BL/6j genetic background, the other 
mouse lines were maintained on CD1 genetic background. For the 
genetic rescue experiments, the following primers were used to de-
tect the mutant allele of Dkk1 (66): forward, 5′-GCT CTA ATG CTC 
TAG TGC TCT AGT GAC- 3′; and reverse, 5′-GTA GAA TTG 
ACC TGC AGG GGC CCT CGA-3′.

Ex vivo culture of PSM explants
Dissection and ex vivo culture of PSM explants were performed as de-
scribed before (11). In brief, E10.5 embryos were collected in Dulbecco’s 
modified Eagle’s medium (DMEM)/F12 (without glucose, pyruvate, 
glutamine, and phenol red; Cell Culture Technologies) supplemented 
with 2.0 mM glucose (Sigma-Aldrich, G8769), 2.0 mM glutamine 
(Sigma-Aldrich, G7513), 1.0% (w/v) bovine serum albumin (BSA; 
Cohn fraction V; Equitech-Bio, BAC62), and 10 mM Hepes (Gibco, 
15360–106). PSM explants were isolated using a micro scalpel (Feather 
Safety Razor, No. 715, 02.003.00.715) and were cultured in DMEM/F12 
supplemented with 0.5 to 2.0 mM glucose, 2.0 mM glutamine, and 1.0% 
(w/v) BSA (Cohn fraction V; Equitech-Bio, BAC62) at 37°C, under 5% 
CO2 and 60% O2 condition. For Wnt inhibition, IWP-2 (Sigma-Aldrich, 
I0536) was added to the culture medium. For the rescue experiments 
with a subminimal amount of glucose, PSM explants were collected in 
DMEM/F12 supplemented with 0.01% (w/v) BSA and 10 mM Hepes 
(without glucose, pyruvate, and glutamine) and were cultured in 
DMEM/F12 supplemented with 0.025 mM glucose and/or 20 mM py-
ruvate (without glutamine and BSA).

Live imaging of Notch and Wnt signaling reporter lines
To monitor Notch and Wnt signaling activity using real-time imag-
ing, LuVeLu (65) and Axin2-Achilles knock-in (19) reporter lines 
were used, respectively. Following dissection, PSM explants were 
washed once with culture medium and were transferred into agar 
wells (600-nm width, 3% low melting point agarose; Biozyme, 
840101) in four-well slides (Lab-Tek, no. 155383). Imaging was per-
formed with a LSM780 laser scanning microscope (Zeiss), at 37°C, 
under 5% CO2 and 65% O2 condition. Samples were excited by a 
514-nm wavelength argon laser through 20× Plan-Apochromat ob-
jective (numerical aperture, 0.8). Image processing was done using 
the Fiji software (67). For extracting the period and phase of signal-
ing oscillations, wavelet analysis was performed using pyBOAT (68).

For the quantification of Notch and Wnt signaling oscillations, 
kymographs were first generated from time-series images that were 
registered using the MultiStackReg plugin and Gaussian blurred. 
Reporter intensities in the posterior (for Notch oscillations) and the 
anterior (for Wnt oscillations) PSM were extracted along lines 
drawn in parallel to growing posterior ends of the tissues or the re-
gressing determination front, respectively. The intensity profiles 
were analyzed using a wavelet analysis workflow (68) to extract pe-
riods of Notch and Wnt signaling oscillations. For the comparison 
of Wnt signaling activity, moving regions of interest (ROIs; 30 pixels 
in diameter) were placed in the posterior PSM to obtain intensity 
profiles of the Axin2-Achilles knock-in reporter over time. For each 
experiment, the intensity values were normalized to the value from 
wild-type embryos at the first time point, and the datasets from dif-
ferent experiments were combined for statistical analysis.

Metabolic measurements
PSM explants without somites were cultured in DMEM/F12 supple-
mented with varying amounts of glucose or galactose (Sigma-Aldrich, 
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G0750). The explants were flash frozen by liquid N2 following 1 hour 
of ex vivo culture and were stored at −80°C until use. NAD+/NADH 
measurements were performed according to the manufacturer’s in-
structions (Promega, G9071). In brief, eight explants were lysed in 
90 μl of 0.1 M NaOH with 0.5% DTAB and were split into two tubes 
(40 μl per tube). Samples were then incubated at 60°C for 15 min 
with or without adding 20 μl of 0.4 M HCl for NAD+ and NADH 
measurements, respectively. After neutralization by either 0.5 M 
Trizma base solution (for NAD+ samples) or Trizma-HCl solution 
(for NADH samples), the lysates were used for NAD+/NADH mea-
surements. For ATP/ADP measurements (Abcam, ab65313), the 
explants were dissociated immediately following 1 hour ex vivo cul-
ture in cold phosphate-buffered saline (PBS) containing 0.01% BSA 
(two explants in 4 μl of PBS) and were processed for the analysis 
according to the manufacturer’s instructions. Lactate measurements 
were performed as described before (11).

ATAC- and RNA-sequencing analysis
PSM explants of E10.5 wild-type embryos (CD1 genetic back-
ground) were microdissected into tail bud, posterior PSM, anterior 
PSM, and somite regions by micro scalpel in cold PBS. Each tissue 
region was transferred into a micro well (ibidi, no. 80486) and me-
chanically dissociated to a cell suspension in 4.2 μl cold PBS. Last, 
0.7 μl and 3.3 μl cell suspensions were used for RNA sequencing 
(RNA-seq) and assay of transposase accessible chromatin (ATAC) 
sequencing (ATAC-seq), respectively. For the comparison between 
control and cytoPFKFB3 PSM explants, explants were cultured for 
3 hours ex vivo before collecting tail buds for RNA-seq analysis.
ATAC sequencing
We followed the Omni-ATAC protocol (69) with some modifications. 
For transposition reactions, 3.3 μl of cell suspensions were mixed with 
5.0 μl of 2× TD buffer [20 mM Tris-HCl (pH 7.6), 10 mM MgCl2, and 
20% dimethyl formamide], 1.0 μl of TDE1 (Illumina, no. 15027865), 
0.1 μl of 1% digitonin (Promega, no. G9441), 0.1 μl of 10% Tween 20 
(Sigma-Aldrich, no. 11332465001), 0.1 μl of 10% NP-40 (Sigma-Aldrich, 
no. 11332473001), and 0.4 μl of nuclease-free water. After 30 min of 
incubation at 37°C on a thermomixer set at 600 rpm, the samples were 
purified by a DNA Clean and Concentrator-5 (Zymo Research, D4014), 
and DNA concentrations were determined by the Qubit Fluorometer 
(dsDNA High Sensitivity Kit, Thermo Fisher Scientific, Q32851). The 
samples were diluted to 20 ng/μl and used as templates for library prep-
arations by polymerase chain reaction (PCR). PCR reactions were per-
formed using primers from the Nextera XT Index Kit (Illumina, 
FC-131-1001) and NEBNext High Fidelity 2X PCR Master Mix (New 
England Biolabs, M0541). After purification with the QIAGEN 
MinElute PCR Purification Kit (QIAGEN, 28004), individual libraries 
were size selected [100 to 800 base pairs (bp)] with AMPure XP beads 
(Beckman Coulter, no. A63881). Libraries were quantified using the 
Qubit Fluorometer (dsDNA High Sensitivity Kit) and average frag-
ment length distribution was determined by the Bioanalyzer (Agilent, 
High Sensitivity DNA kit, 5067-4626). Prepared libraries were multi-
plexed in pools of equimolar concentrations and sequenced on the Next-
Seq  500 (Illumina) platform with 75-bp paired-end readings. After 
demultiplexing and barcode trimming (Trimmomatic Galaxy version 
0.36.6), sequencing reads were quality checked (FastQC Galaxy Version 
0.73) and aligned to Mus musculus genome (GRCm38) with the 
Bowtie2 aligner (Galaxy version 2.3.4.2, options -I 0 -X 2000 –dovetail –
sensitive). Multimapping and duplicate reads were removed, and, last, 
only reads mapping to major chromosomes were kept (70).

RNA sequencing
We followed the Smart-seq2 protocol (71) with some modifications. 
In brief, dissociated cells were lysed with three times the volume of 
cell lysis buffer (0.02% Triton X-100 with RNasin), snap frozen by 
liquid N2, and stored at −80°C until cDNA synthesis. cDNAs were 
synthesized using SuperScript IV Reverse Transcriptase (Thermo 
Fisher Scientific) and amplified by PCR with HiFi Kapa Hot start 
ReadyMix (Kapa Biosystems, KK2601). After cleanup with SPRI 
beads, concentrations of cDNA (50 to 9000 bp) samples were deter-
mined by the Bioanalyzer (Agilent, High Sensitivity DNA kit). cDNAs 
(250 pg) were then used for tagmentation-based library preparation. 
Libraries were quantified using the Qubit Fluorometer (dsDNA High 
Sensitivity Kit), and average fragment length distribution was deter-
mined by the Bioanalyzer (Agilent, High Sensitivity DNA kit, 5067-
4626). Prepared libraries were multiplexed in pools of equimolar 
concentrations and sequenced on the NextSeq  500 (Illumina) with 
75-bp paired-end (for the wild-type, noncultured PSM explants) or 
single-end (for the comparison between control and cytoPFKFB3 
explants) readings. After demultiplexing and barcode trimming 
(TrimGalore Galaxy version 0.4.3.1), sequencing reads were quality 
checked (FastQC Galaxy version 0.69) and aligned to M. musculus 
genome (GRCm38) with the STAR aligner (version 2.5.2b, default 
options) (70). Multimapping reads were removed, and RNA-seq 
quality was assessed with Picard CollectRnaSeqMetrics (Galaxy 
version 2.7.1.1)

GRaNIE and GRaNPA analysis
eGRN was constructed from the matched RNA-seq and ATAC-seq 
data (24 samples for each) of the PSM explants from E10.5 wild-type 
embryos using the developer’s version of the now published GRaNIE 
package (https://bioconductor.org/packages/release/bioc/html/GRaNIE.
html) (31). Raw gene counts from RNA-seq data were produced 
with a summarizeOverlaps function from the GenomicAlignments 
R package (https://bioconductor.org/packages/release/bioc/html/
GenomicAlignments.html) (72), corrected for different experimen-
tal batches using Combat-seq function from the R package sva (73), 
and log2 normalized. ATAC-seq peak counts were generated using 
DiffBind R package (https://bioconductor.org/packages/DiffBind/), 
and peak positions were identified using MACS2 software (https://
genomebiology.biomedcentral.com/articles/10.1186/gb-2008-9-
9-r137) (74). The details of the GRaNIE approach are described 
here (31). Briefly, in the first step, the expression of each TF was 
correlated with the accessibility of each of the accessible regions 
(=ATAC-seq peak) with and without a known binding site of the 
TF (foreground and background, respectively). Known binding 
sites were defined using the HOCOMOCO database v.10 (75). Sig-
nificantly correlated TF-peak links were identified using empirical 
false discovery rate of 30% (calculated separately for each TF) and 
an absolute correlation Pearson’s coefficient of >0.4. In the second 
step, chromatin accessibility at the ATAC-seq peaks was correlated 
with the expression of all genes less than 250 kb away from the 
peak and peak-gene links were retained if they were positively and 
significantly (P < 0.05) correlated (our assumption is that accessi-
bility at the regulatory region positively correlates with expression 
of the linked gene) and if their Pearson’s correlation coefficient was 
>0.4. This resulted in the eGRN consisting of 69 TFs, 5154 TF-
peak-gene connections of 2522 unique genes. TF regulons were 
defined as all TF-gene links of each TF within the network. We 
performed the GRaNPA (https://git.embl.de/grp-zaugg/GRaNPA) 
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to evaluate the biological relevance of our eGRN. To this end, we 
used the published dataset from Chal et al. (76) and selected DEGs 
(381 genes in total) from their list of DEGs between the anterior and 
the posterior PSM by filtering them with P value of <0.05 and ad-
justed P value of <0.2.

Microfluidics-based segmentation clock entrainment
Polydimethylsiloxane (PDMS) chips and polytetrafluoroethylene (PTFE) 
tubing (inner diameter, 0.6 mm; APT AWG24T) for microfluidics-based 
entrainment experiments were prepared as described before (14,  19). 
Culture media were prepared on the day of experiments by adding a 
metabolite of interest [either glucose, FBP (Santa Cruz Biotechnol-
ogy, sc-221476), pyruvate (Sigma-Aldrich, P4562), 2,5-AM (Cayman, 
21673), or 3-OMG (Sigma-Aldrich, M4879)] to DMEM/F12 supple-
mented with 2.0 mM glutamine (Sigma-Aldrich, G7513), 0.01% (w/v) 
BSA (Cohn fraction V; Equitech-Bio, BAC62), and 1% penicillin-
streptomycin (Gibco, 15140122). The PDMS chip (soaked in PBS) and 
the culture medium (filled in 10-mL syringes; BD Biosciences, 300912; 
diameter, 14.5 mm) were degassed before use for at least 1 hour in a 
vacuum desiccator chamber.

Following dissection, PSM explants with two intact somites were 
transferred to the PDMS chip, and sample inlets were plugged with 
a PDMS-filled PTFE tubing. The tubings connected to the syringes 
with medium were then connected to the medium inlets, and the 
samples were placed in the incubator (37°C, 5% CO2, and 65% O2) 
installed on a LSM780 laser scanning microscope (Zeiss) for precul-
ture. Pumping was started for both the control and treatment me-
dium at the flow rate of 20 μl/hour. A half-hour later, only the 
control medium was pumped into the chip for another 30 min at the 
flow rate of 60 μl/hour. After the preculture, imaging was started 
under constant or alternating culture conditions.

For data analysis, moving ROIs (30 pixels in diameter) were placed 
in the posterior PSM to obtain intensity profiles of LuVeLu or Axin2-
Achilles reporters over time. To extract the period and phase of 
LuVeLu and Axin2-Achilles oscillations, the intensity profiles were 
analyzed using a wavelet analysis workflow (68). Entrainment of 
Notch and Wnt signaling oscillations was analyzed using stroboscopic 
maps and the first Kuramoto order parameter as described before (19).

Western blot analysis
Tail bud regions were collected and snap frozen by liquid N2 for Western 
blot analysis following 3-hour ex vivo culture in desired culture condi-
tions. For the preparation of lysates, two tail buds were lysed in 10 μl of 
radioimmunoprecipitation assay (RIPA) buffer containing a cOmplete 
protease inhibitor cocktail (Merck, 11873580001). Primary antibodies 
used in the study are as follows: anti–ß-catenin antibody (Thermo Fisher 
Scientific, 13-8400; RRID:AB_2533039, 1:1000), anti–acetyl-ß-catenin 
antibody (Cell Signaling Technology, 9534; RRID:AB_823679; 1:1000), 
and anti–ß-tubulin (Millipore, 05-661; RRID:AB_309885; 1:2000).

Supplementary Materials
The PDF file includes:
Figs. S1 to S7
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Legends for movies S1 to S9
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