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SUMMARY

Quiescence is a dynamic process of reversible cell cycle arrest. High-level persis-
tent expression of the HES1 transcriptional repressor, which oscillates with an ul-
tradian periodicity in proliferative neural stem cells (NSCs), is thought to mediate
quiescence. However, it is not known whether this is due to a change in levels or
dynamics. Here, we induce quiescence in embryonic NSCs with BMP4, which does
not increase HES1 level, and we find that HES1 continues to oscillate. To assess
the role of HES1 dynamics, we express persistent HES1 under a moderate
strength promoter, which overrides the endogenous oscillations while maintain-
ing the total HES1 level within physiological range. We find that persistent HES1
does not affect proliferation or entry into quiescence; however, exit from quies-
cence is impeded. Thus, oscillatory expression of HES1 is specifically required for
NSCs to exit quiescence, a finding of potential importance for controlling reacti-
vation of stem cells in tissue regeneration and cancer.

INTRODUCTION

Quiescence is defined as a state of reversible growth arrest in which cells are not actively dividing but they
retain the capacity to re-enter the cell cycle when exposed to the appropriate signals. It is a common
feature adapted by many stem cell populations that enables them to retain a “reservoir” of cells in an idling
state that can respond to changes affecting the actively dividing stem cells (van Velthoven and Rando,
2019). As such, dysregulation of this state has huge implications in the health of an organism as in tissue
homeostasis and regeneration (Marescal and Cheeseman, 2020). In the adult vertebrate brain, neural
stem cells (NSCs) exist primarily in two main brain regions, the subgranular zone (SGZ) of the dentate gyrus
in the hippocampus and the ventricular-subventricular zone (V-SVZ) that lines the lateral ventricles, where
they remain largely in a quiescent state (Doetsch et al., 1999; Doetsch, 2003; Seri et al., 2001; Urban et al.,
2019; Obernier and Alvarez-Buylla, 2019). Although adult NSCs continuously generate new neurons in vivo,
this does not seem to be a sufficient mechanism for regeneration and brain repair. It appears that the extra-
cellular environment can restrict the activation of quiescent NSCs or their full differentiation potential upon
activation (Magnusson and Frisen, 2016). Therefore, understanding how quiescent cells can be reactivated
is the first key step to regeneration.

Although mostly studied in the adult brain, quiescent stem cells also exist in the embryonic brain, in spite of
the overall extensive proliferation in the embryo. In particular, it was shown that a subpopulation of embry-
onic neural progenitors is ‘set aside’ during early embryonic development and remains in a quiescent state
that later contributes to the adult NSC pool (Fuentealba et al., 2015; Furutachi et al., 2015). The Notch
signaling pathway, and especially its effectors and members of the bHLH family Hes7 and Ascl1, are known
to play an important role during embryonic neural development and in the adult brain (Cau et al., 2002;
Pattyn et al., 2006; Hatakeyama et al., 2004; Baek et al., 2006; Sueda et al., 2019), which makes them attrac-
tive candidates for regulating the state of quiescence.

HES1 is a transcriptional repressor that inhibits its own transcription and causes HES1 to oscillate with a
2-3h periodicity in NSCs. In turn, the proneural gene Ascl1, which is a downstream target of HES1 (Chen
et al., 1997), also oscillates with a similar period and it is inversely correlated with HES1 expression (Im-
ayoshi et al., 2013). ASCL1 oscillations are needed to maintain NSCs in a proliferative state while switching
to sustained ASCL1 expression at similar level promotes neurogenesis (Imayoshi et al., 2013). Similarly,
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Figure 1. Characteristics of HES1 dynamic expression in proliferative, quiescent and reactivated conditions

(A) Schematic structure of LUC2:HES1 BAC used to generate transgenic mice. NSC lines were established from the LGE
region of E13.5 LUC2:HES1 embryos (CTX = cortex, LGE = lateral ganglionic eminence, MGE = medial ganglionic
eminence).

(B) Experimental design for induction of quiescence and reactivation (upper panel). Example images from the analysis of
cell proliferation by Kié7 staining at proliferative, quiescent and reactivated conditions. Cells were counterstained with
DAPI (bottom panels) (scale bars = 30um).

(C) Percentage of Ki67 positive cells in proliferative, quiescent and reactivated conditions (error bars represent standard
deviation, n = 9 biological experiments, One-way ANOVA with Uncorrected Dunn’s multiple comparison test,
proliferative versus quiescent ****p < 0.0001, quiescent versus reactivated *p = 0.04, proliferative versus reactivated
*p = 0.04).

(D) Example cell traces of E13.5 LUC2:HES1 NSCs cultured in proliferative, quiescent and reactivated conditions (A.U. =
arbitrary units).

(E) Percentage of oscillators in proliferative, quiescent and reactivated conditions (error bars represent standard
deviation, number of 10-h cell traces analyzed: 75 proliferative from n = 8, 171 quiescent from n = 4, 182 reactivated from
n =5 biological experiments).
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Figure 1. Continued

(F-H) Box plots representing analysis of 10h bioluminescence traces for period of oscillations (F), quality of oscillations (G)
and maximum peak-to-trough ratio per oscillatory trace (H). Note that the first 10h of imaging of individual cells have a
random starting point from the start of the imaging of the culture (dots represent individual oscillatory cell traces, black
horizontal lines represent median, number of 10-h oscillatory cell traces analyzed: 56 proliferative from n =7, 110
quiescent from n = 4, 149 reactivated from n = 5 biological experiments, Kruskal-Wallis test with Dunn’s multiple
comparison test, *p = 0.038, ***p = 0.001, ns = not significant)

differentiation toward neurons. ASCL1 expression is mostly lost in quiescent NSCs, however induced oscil-
latory Ascl1, but not sustained, more effectively activates quiescent NSCs to generate neurons (Sueda
et al., 2019). These findings highlight the importance of dynamically expressed genes where the pattern
of protein expression on its own, and not level, can dictate cell fate. This provides a new perspective of
studying cell-state transitions, and especially the state of quiescence which is inherently dynamic.

Within the context of quiescence, HES1 is expressed at high level in slow dividing boundary regions in the
roof and floor plate of the embryonic mouse spinal cord and was found to oscillate at high level in quiescent
embryonic and adult NSCs (Baek et al., 2006; Sueda et al., 2019). Moreover, forced expression of sustained
HES1 has been shown to reduce cell proliferation (Shimojo et al., 2008; Baek et al., 2006) and maintain NSCs
in a quiescent state (Sueda et al., 2019). Therefore, high sustained or high oscillatory HES1 expression in-
hibits NSC proliferation. Unlike ASCL1, the role of HES1 dynamics on the ability of NSCs to enter and/or
exit quiescence still remains unknown and it is not clear whether the dynamic expression of HES1 itself,
rather than the high level, can drive this phenotype.

Here, we provide a detailed characterization of HES1 expression in embryonic NSCs as they transit in and out
of quiescence in vitro and we explore the role of HES1 dynamics during this transition. We find that upon in-
duction of NSC quiescence with BMP4 the total HES1 level does not increase while the HES1 oscillations are
retained. To assess the role of HES1 dynamics in driving entry or exit from quiescence we first generated a new
fluorescent HES1mSearletVmsearlet! yransgenic mouse line, where the gene encoding for the mSCARLET-|
fluorophore has been fused to the endogenous Hes1 locus, and we established NSC cultures from homozy-
gote (HOM) mice where mSCARLET-| represents total endogenous HES1 expression. We then introduced a
persistent mMVENUS:HEST input under a moderate strength UbC promoter (UbC-mVENUS:HES1) and
assessed its effect on endogenous HES1 dynamics and HES1 level. We found that upon expression of
UbC-mVENUS:HES1 the endogenous HES1 oscillations were abolished and endogenous HES1 level
decreased by x3.5fold. Absolute quantification of the HES1 concentration with fluorescence correlation
spectroscopy (FCS) showed that although the total HES1 concentration was increased in UbC-mVENUS:HES1
expressing cells, this was still within the range of HES1 concentrations found in cells not expressing the persis-
tent input. Interestingly, under these conditions NSCs continue to proliferate, and they can be induced into
quiescence; however, exit from quiescence is impeded. We, therefore, provide evidence that oscillatory
HES1 dynamics are required specifically for reactivation of NSCs from quiescence.

RESULTS

1. HES1 oscillations persist through quiescence and reactivation, and are of better quality in
quiescent NSCs

To monitor the HES1 dynamics in active and quiescent NSCs, we first established NSC lines from the telen-
cephalic lateral ganglionic eminence (LGE) of E13.5 mouse embryos (Figure 1A). The embryos were derived
from HES1 reporter mice where the firefly Luciferase 2 (LUC2) cDNA had been inserted in-frame upstream
of the Hes1 gene in a bacterial artificial chromosome (BAC), to generate a LUC2-HES1 fusion protein that
mimics the endogenous HES1 expression (Imayoshi et al., 2013) (Figure 1A). Embryonic LGEs were chosen
as their descendants contribute to the pool of adult NSCs that reside in the ventral aspect of the subven-
tricular zone (SVZ) (Young et al., 2007).

E13.5 LUC2-HES1 LGEs were cultured in the presence of epidermal growth factor (EGF) and basic fibroblast
growth factor (FGF) to promote their proliferation, as indicated by the expression of the cell proliferation
marker Kié7 (Figures 1B and 1C), and they uniformly expressed the stem cells markers SOX2 and PAX6 sug-
gesting that they retain their stem cell characteristics in culture (Figures STA-S1C and STE-S1G). To induce
quiescence, EGF was replaced by BMP4 for 3 days upon which the NSCs lost their Ki67 expression and they
were cell-cycle arrested (Figures 1B and 1C). It has been previously shown that addition of BMP4 in the
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presence of FGF activates a quiescence gene expression program (Martynoga et al., 2013). The main me-
diators of BMP signaling were found to be ID proteins (inhibitors of differentiation), and not SMADS,
although Id genes were not considered to be the main mechanism by which quiescence was established
(Martynoga et al., 2013). Accordingly, we find in our cultures that upon addition of BMP4 Id genes
(Id1,2,4) are upregulated with Id4 upregulated the most (Figure S2A). To reactivate the cells, BMP4 was re-
placed by EGF, enabling the cells to re-enter the cell cycle and start proliferating again (Figures 1B and 1C)
(Martynoga et al., 2013). The NSCs retained expression of the SOX2 and PAXé stem cells markers
throughout quiescence and reactivation, and irrespectively of their Ki67 status (Figures STA-S1H),
suggesting that their stem cell identity was not lost during this manipulation. To further ensure that
upon reactivation we are not promoting the proliferation of the minority of cells that failed to enter quies-
cence, we reactivated the cells without replating and only by replacing the culture media (Figure 1B).

We next performed bioluminescent single-cell live imaging of NSCs cultured in proliferative, quiescent, or
reactivated conditions. HES1 was expressed and expression was dynamic under all three conditions (Fig-
ure 1D). Proliferating NSCs are characterized by increased cell motility, which restricts the amount of time
individual cells can be tracked for before they exit the field of view, whereas quiescent cells are less motile
and therefore can be tracked for longer (Figures S2B and S2C). To therefore avoid any bias introduced by
the length of tracking we truncated all cell traces to have a maximum length of 10h, to match the average
cell trace length in proliferating conditions (Figure S2C). For example, traces that were 30h long were split
into 3 independent 10-h traces so that no information was lost.

We first sought to determine whether the HES1 dynamic expression was oscillatory by using a previously
described Gaussian processes (GP)-based method (see STAR Methods) that can classify cell traces as pe-
riodic or not, with statistical significance (Phillips et al., 2017). Our analysis revealed that across all different
conditions ~70% of cell traces were oscillatory (Figure 1E). HES1 was found to oscillate in proliferative con-
ditions with a median period of 2.7h, similarly to what has been previously described (Imayoshi et al., 2013),
whereas in quiescent and reactivated conditions the HEST median period was slightly increased by
~20min, although it was not statistically significant (Figure 1F).

We also assessed and compared the quality of oscillations, which is the ratio of the frequency of oscillations
to the timescale of damping (Phillips et al., 2017). Oscillations with high quality better match a sine wave
whereas low quality oscillations tend to have higher peak-to-peak variability. We found that HES1
oscillations in quiescent cells are of better quality (Figure 1G). Finally, we compared the amplitude of
HES1 oscillations and found that proliferative cells tend to have a higher peak-to-trough ratio (Figure TH).
Oscillations in reactivated cells showed a mixed ‘phenotype’ with intermediate levels of quality and ampli-
tude, indicative of their tendency to return to a proliferative state (Figures 1G and 1H). Finally, to ensure that
these comparisons are not affected by potential changes in the HES1 behavior over long periods of time,
we compared the first 10h traces to the remaining 10-h blocks within each condition and found no
differences for any of the parameters tested (Figure S2D). Overall, our results show that HEST continues
to oscillate in quiescent and reactivated NSCs, similarly to proliferative conditions, with HES1 oscillations
being of better quality in quiescent NSCs.

2. HES1 level does not increase in BMP4 induced quiescent NSCs

High HES1 expression has been reported to associate with slow-dividing or quiescent cells whereas en-
forced high sustained expression prevents cell proliferation (Baek et al., 2006; Shimojo et al., 2008; Sueda
et al., 2019) suggesting that high HES1 is potentially required for quiescence to be established. To assess
how HES1 level is affected upon induction of quiescence with BMP4 in our system, we performed biolumi-
nescent live imaging of LUC2-HES1 NSCs as they transition from proliferation into quiescence. We began
imaging NSCs in proliferating conditions and then replaced the media to induce quiescence while
continuing to image. Following media replacement, the cells were imaged for at least three more days,
by the end of which the vast majority of the cells had become quiescent (Figures 1B and 1C). Individual cells
expressing luminescence were tracked before and after induction of quiescence to record HES1 levels in
three independent experiments (Figure 2A). To assess the HES1 level we first estimated the median lumi-
nescence expression from all cell traces at every time point and then compared the median expression of
all sampling intervals between proliferative and quiescent cells. We found that shortly after the media
change luciferase expression was temporarily lost, however, this did not seem to be associated with the
content of the media, but it was rather a response to the media change itself (Figure S3A). Our analysis
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Figure 2. HES1 level does not increase as NSCs transition from proliferation into quiescence

(A) Graphs showing luminescence expression of LUC2:HEST NSCs as they transition from proliferation into quiescence
from 3 independent experiments. Red vertical lines indicate the time at which proliferation media was replaced by
quiescence media and horizontal dotted lines represent the luminescence thresholds defined as the median
luminescence expression across proliferative and quiescence conditions per experiment, estimated by the median
luminescence expression at each sampling interval (A.U. = arbitrary units).

(B) Graph showing the relative fold change of median luminescence expression between proliferative and quiescent
conditions per experiment. Luminescence expression was estimated by the median luminescence expression at each
sampling interval across proliferative and quiescent cell traces (error bars represent standard deviation, two-tailed paired
ttest, ns = not significant).

(C) Schematic showing the different parameters tested for each peak from all cell traces. These include the maximum fold
change of luminescence expression per peak relative to the threshold, the continuous time spent above the threshold for
every peak and the area under the curve per peak.

(D-F) Graphs comparing the time spend above threshold per peak (D), the area under the curve (E) and the maximum fold
change above threshold per peak (F) between proliferative and quiescent conditions per experiment (circles represent
mean values and error bars represent standard deviation, two-tailed paired ttest, ns = not significant)

revealed that overall there was no significant difference in HES1 level between proliferative and quiescent
NSCs, although the responses were variable with quiescent cells either retaining similar HES1 level or
showing a decrease (Figure 2B). Similar results were obtained when we compared the median luminescent
expression per cell trace in proliferative versus quiescent conditions (Figure S3B). Quantitative analysis of
the Hes1 mRNA also showed no significant differences between proliferative and quiescent cells, but simi-
larly to the luciferase-HES1 expression the response was variable (Figure S3C). Induction of quiescence was
efficientin all cases, as judged by analysis of the Ki67 mRNA expression, and therefore unlikely for it to have
contributed to the Hes1 level variability (Figure S3C).

To avoid any bias introduced by the fact that quiescent cells can be tracked for longer, where potentially more
low expressing intervals can be captured, we performed additional analysis to overcome this limitation. For
each replicate experiment, we calculated the median luminescence expression across both proliferative
and quiescent conditions, which was estimated based on the median HES1 expression at each sampling in-
terval, and we used it as a threshold (Figures 2A and 2C). We then explored for how long the HES1 level
was detected above the threshold, continuously. That is, for every trace we would estimate continuous blocks
of time intervals during which HES1 was expressed above the threshold. Each block of time interval represents
an oscillatory peak and it was treated as an independent component. Blocks of intervals of 30 min or less were
excluded from any downstream analysis as they were too short to be considered oscillatory peaks. Analysis of
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the continuous time spent above threshold between proliferative and quiescent conditions showed variable
behavior but not statistically significant differences (Figure 2D). We also measured the area under the curve for
each peak that had crossed the threshold, to assess how much HES1 protein was expressed (Figure 2E). Our
results showed again no consistent requirements for HES1 level to increase or decrease in order for the cells to
enter quiescence (Figure 2E). Finally, we compared the maximum fold change of each peak over the equiva-
lent threshold value, where we found again no statistically significant differences (Figure 2F). Together these
findings show that upon induction of quiescence with BMP4 the HES1 level does not increase and that high
HES1 level is not required for cells to enter quiescence.

3. Ectopic persistent HES1 expression overrides the endogenous HES1 oscillations

To further gain insight into the functional role of the HES1 dynamics, we next sought to establish a
system to manipulate the HES1 oscillatory expression. To this end, we first generated a transgenic mouse
HES1 reporter line to mark endogenous HES1 expression. We manipulated the C-terminus of the endog-
enous HES1 protein by knocking in, in frame, a linker sequence followed by a 3xFlag epitope and the
mSCARLET-I fluorophore directly after the last HesT exon and upstream of the 3'UTR (Figures 3A and
S4). E13.5 LGEs were further isolated from HESmScarlet-/mSearlet-l i (or HOM HES1:mSCARLET-I mice)
to establish NSCs lines where mSCARLET-| expression represents the total expression of endogenous
HES1 in the cells. To assess whether fusion of the HES1 protein with the mSCARLET-I fluorophore has
not affected the function of the protein, we compared total Hes?T mRNA level and the level of known
HES1 targets like AsclT and DIl (Chen et al., 1997; Kobayashi et al., 2009), in wild type (WT) vs HOM
HES1:mSCARLET-I cells and found no statistical differences in their level of expression (Figure S5).

To manipulate the endogenous HES1 dynamics we introduced into the HOM HEST:mSCARLET-I NSCs an
mVENUS:HES1 reporter driven by the ubiquitously expressed and moderate strength UbC promoter. The
notion behind this is that ectopic expression of a persistent HES1 input (i.e., UbC-mVENUS:HES1) will
continuously suppress the endogenous HES1 expression (due to HEST autorepression) while the endoge-
nous HES1 protein will not be able to bind and inhibit the UbC-mVENUS:HES1 reporter, as it lacks the HES1
binding sites (Figure 3B). Therefore, we hypothesized that ectopic persistent HES1 expression will override
the endogenous HES1 oscillations.

To assess whether this is the case, we performed dual-color fluorescence live imaging of HOM HES1:
mSCARLET-I NSCs expressing the UbC-mVENUS:HES1 reporter, to record the endogenous HES1 dynamics
in the presence of a HES1 persistent input. We then compared the results against HOM HEST:mSCARLET-I
NSCs expressing a control UoC-mVENUS reporter or no reporter at all. We found that HES1:mSCARLET-I
endogenous expression continued to be dynamic in untransfected cells or cells expressing the control
UbC-mVENUS whereas the oscillations were completely abolished in cells expressing the UbC-mVENUS:
HES1 (Figures 3C-3E). Note that untransfected cells are cells from the same culture, treated with the same
transfection reagents but they do not express the UbC-mVENUS or UbC-mVENUS:HES1 protein. Oscillatory
analysis of the traces, using the GP based method previously described, confirmed that endogenous
HES1:mSCARLET remains oscillatory in untransfected and control UbC-mVENUS transfected cells, whereas
almost no oscillations were found in cells expressing UbC-mVENUS:HES1 (Figures 3F and 3G). We found
that the percentage of oscillators in UbC-mVENUS was lower than the one in untransfected samples, suggest-
ing that transfection of the plasmid on its own may have an effect and, therefore, including an UbC-mVENUS
control is always necessary to account for this effect. Finally, as expected, neither the ectopic persistent UbC-
mVENUS:HES1 expression nor the control UbC-mVENUS expression were found to be oscillatory as expres-
sion of these reporters is driven by the constitutive UbC promoter (Figure 3H).

Our dual-color fluorescence live-imaging also showed a reduction in the endogenous HES1 levels upon
ectopic expression of the UbC-mVENUS:HES1 (Figure 3C). We therefore estimated the mean endogenous
HES1:mSCARLET-I fluorescence intensity per cell trace in the presence or absence of an ectopic reporter.
In particular, we found that in control UbC-mVENUS expressing cells the endogenous HES1 expression was
not significantly altered when compared to untransfected cells however, in the presence of ectopic persis-
tent HES1 the endogenous HES1 level was decreased by a x3.5-fold (Figures 3l and 3J). These results
confirm our expectation that endogenous HES1 expression would be repressed by UbC-mVENUS:HES1.

Examining the correlation of mMVENUS vs mSCARLET expression for the different levels of mMVENUS expres-
sion in single cells showed that endogenous HES1 expression is inhibited for medium and even low level
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Figure 3. Endogenous HES1 protein does not oscillate in the presence of an ectopic HES1 persistent input

(A) Schematic structure of the Hes1 locus in the HES1mSearlet-/mSearlet-l 44 nsgenic mice. A DNA sequence encoding for a
linker protein, a 3xFlag epitope and the mSACRLET-| protein has been inserted downstream of the last Hes1 exon and
before the 3'UTR.

(B) Schematic showing the structure of UbC-mVENUS:HES1 reporter and the hypothesis for altering the endogenous
HES1:mSCARLET- oscillatory expression and level. mVenus has been fused to Hes1 cDNA followed by the Hes? 3'UTR
and it is expressed under the constitutive UbC promoter. Persistent HES1 expression is expected to inhibit the
endogenous HES1 level and override the endogenous HES1 oscillations.

(C-E) Example cell traces showing mVENUS and mSCARLET-| fluorescence expression over time in the same cell where
mVENUS represents expression of either UbC-mVENUS:HES1 (C) or the control UbC-mVENUS (D) and mSCARLET-I
represents endogenous HES1 expression. In untransfected cells only the mSCARLET-l endogenous HES1 expression has
been recorded (E) (A.U. = arbitrary units). Oscillatory period of mSCARLET-| expression in panel (D) Cell 1 = 2.4h, Cell 2 =
2.4h, Cell 3 = 3h and in panel (E) Cell 1 =3.2h, Cell 2 =3.1h, Cell 3 = 5.3h.

(F and G) Box plots showing the percentage of cells that have oscillatory endogenous HES1:mSCARLET-| expression in
the presence of ectopic UbC-mVENUS or UbC-mVENUS:HES1 (F) or in untransfected cells (G) (dots represent means of
biological replicates, black horizontal lines represent median, n = 3 biological experiments).

(H) Box plot showing the percentage of cells where UbC-mVENUS or UbC-mVENUS:HES1 exhibit oscillatory
expression (dots represent means of biological replicates, black horizontal lines represent median, n = 3 biological
experiments).

(I'and J) Graphs showing the endogenous HEST:mSCARLET-I expression level in untransfected vs transfected cells with
UbC-mVENUS (1) or UbC-mVENUS:HES1 reporter (J) per experiment (circles represent mean values and error bars
represent standard deviation, A.U. = arbitrary units). Number of cells analyzed for (1) untransfected = 191, transfected =
135, n = 3 biological experiments, two-tailed paired ttest, ns = not significant. Number of cells analyzed for (J)
untransfected = 222, transfected = 88, n = 3 biological experiments, two-tailed paired ttest, *p = 0.015.
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expression of UbC-mVENUS:HES1 (Figures S6A-S6C). This suggests that inhibition of endogenous expres-
sion is efficient even with minimal level of ectopic HES1 expression. In high UbC-mVENUS:HES1 expressing
cells the endogenous HES1 increased, which may be due to an indirect effect from the high level of HES1
expression in these cells (Figure S6C).

In summary, we conclude that a low or medium ectopic persistent HES1 expression suppresses the endog-
enous HES1 level and overrides the endogenous HES1 oscillations, thus, it can be used as a means to
manipulate the endogenous HES1 dynamics.

4. Persistent HES1 expression impedes reactivation of quiescent NSCs

Having established that we can override the endogenous oscillations by introducing ectopically a persis-
tent HES1 input, we next sought to determine the effect of altering the HES1 dynamics on the ability of
NSCs to proliferate as well as to enter and exit quiescence. To address that, we employed a similar method
as before whereby the UbC-mVENUS:HES1 reporter was transfected into WT NSCs to create a mosaic pop-
ulation of UbC-mVENUS:HES1 positive and negative cells. We then cultured the cells either in proliferative
conditions or we induced quiescence for 3 days, followed by reactivation into proliferating conditions again
for 2 days. At each condition, we fixed the cells and performed immunofluorescent staining against the Kié7
proliferation marker and mVENUS (Figure 4A). As a control, we applied the same process to NSCs trans-
fected with the UbC-mVENUS reporter (Figure 4B).

We estimated the percentage of Kié7 positive cells at each condition and within the mVENUS positive and
mVENUS negative populations. We found that within the mVENUS positive population (i.e., transfected
cells), in proliferative conditions, UbC-mVENUS:HES1 expressing cells were proliferating at the same
rate as the control UbC-mVENUS expressing cells, suggesting that switching from oscillatory to stable
HES1 expression does not prevent cells from cycling (Figure 4C). Equally, upon induction of quiescence,
almost all UbC-mVENUS:HES1 expressing cells lost Kié7 expression, similar to control, indicating that
dynamic expression of HES1 is not required for cells to enter quiescence (Figure 4C). Interestingly, when
UbC-mVENUS:HES1 expressing quiescent cells were exposed to proliferating media they did not resume
proliferation (Figure 4C). This impediment in reactivation was only present in UbC-mVENUS:HES1 express-
ing cells but not in their control counterparts. Accordingly, we found that within the mVENUS negative
population (i.e., untransfected cells in the same culture), in both the control UbC-mVENUS and the
UbC-mVENUS:HES1 treated cultures, the NSCs were able to proliferate when cultured in proliferating
conditions and they would undergo quiescence when exposed to BMP4 (loss of Kié7 expression) whereas
upon reactivation they resumed proliferation capacity (Figure 4D). Differences observed in the percentage
of Ki67 positive cells in proliferative conditions between the mVENUS positive and mVENUS negative
population, are potentially due to the effect of transfection itself which is taken into account by comparing
UbC-mVENUS to UbC-mVENUS:HES1 expressing cells (Figures 4C and 4D).

Although we did not detect any differences in the percentage of Kié7 positive cells expressing either
UbC-mVENUS or UbC-mVENUS:HES1 in proliferative conditions (Figure 4C), to further examine how variable
levels of UbC-mVENUS:HES1 may affect expression of Ki67, we looked at the correlation of mVENUS and Ki67
protein expression intensity in the immunofluorescence data. We found that the mVENUS intensity in
cells expressing UbC-mVENUS:HES1 at either high or low level was not correlated with the Kié7 expression
intensity, similar to control UbC-mVENUS positive cells (Figure S7A). Additionally, quantitative analysis
of the Ki67 mRNA in proliferative cells, sorted for either high or low expression of UbC-mVENUS and UbC-
mVENUS:HES1, showed no statistically significant differences between control and experimental cells (Figures
S7B and S7C).

Together, these findings suggest that oscillatory HES1 expression is required specifically for cells to be
reactivated from quiescence.

5. Total HES1 level remains within physiological level range in cells expressing persistent
HES1

To determine whether the failure of UbC-mVENUS:HES1 expressing NSCs to reactivate is due to the
change in HES1 dynamic expression rather than the HES1 protein level, it is imperative to assess how
the total HES1 level is affected in the presence of the ectopic persistent HES1 input.
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Figure 4. Loss of HES1 oscillations in NSCs impedes reactivation from quiescence

(A and B) Immunofluorescence staining for the proliferation marker Kié7 and mVENUS. E13.5 NSCs were transfected
either with the UbC-mVENUS:HES1 (A) or the control UbC-mVENUS reporter (B). Cells were fixed and stained in
proliferative (1d or 2d after transfection in proliferation media), quiescent (4d after transfection, 3d in quiescent culture
media) or reactivated (6d after transfection, 3d in quiescent media, and 2d in proliferation media) culture conditions. Cells
were also counterstained with DAPI. The insets depict the dotted square areas magnified. White arrows in the insets in
proliferative conditions in (A) and (B) mark cells that stain for both Ki67 and mVENUS whereas in quiescent conditions in
(A) and (B) white arrows mark mVENUS positive cells that are negative for Ki67. In reactivated conditions in (A) white arrow
marks a cell that stains positive only for mVENUS but it is negative for Ki67 whereas in (B) the arrow marks a cell that stains
positive for both mVENUS and Ki67 (scale bars = 30um).

(C and D) Box plots showing the percentage of Kié7 positive cells in UbC-mVENUS or UbC-mVENUS:HES1 positive (C)
and negative cells (D) in proliferative, quiescent, and reactivated conditions. Note that the percentage of Ki67 positive
cells for UbC-mVENUS:HES1 in proliferative cells in (C) ranges from 35 to 39%, meaning that fixation 1d or 2d after
transfection produced similar results (black horizontal lines represent median, n = 3 biological experiments, C left panel:
two-tailed paired ttest, *p = 0.028, C right panel: Wilcoxon test, ns = not significant, D left panel: two-tailed paired ttest,
*p = 0.016, D right panel: two-tailed paired ttest, *p = 0.022).

We had previously found that ectopic UbC-mVENUS:HES1 expression reduces the endogenous
HES1:mSCARLET-I level by x3.5-fold (Figure 3J). However, this decrease in the endogenous HEST level
does not inform on how the total HES1 level is affected in UbC-mVENUS:HES1 expressing cells
compared to untransfected. This is because in untransfected cells total HES1 protein is represented only
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Figure 5. Ectopic persistent HES1 expression does not increase total HES1 level above physiological range

(A) Example pictures of E13.5 HES1:mSCARLET-I NSCs transfected with UbC-mVENUS:HES1 reporter. White arrows mark
transfected (top panels) or untransfected (bottom panels) cells where FCS was performed (1). Schematic showing how
total HES1 concentration is compared between transfected and untransfected cells. Green dots represent UbC-
mVENUS:HES1 concentration and red dots represent HES1-mSCARLET-I concentration (2) (scale bars = 5um).

(B and C) Box plots showing total HES1 concentration in untransfected and UbC-mVENUS:HES1 transfected E13.5 HOM
HES1:mSCARLET-I NSCs. In the reporter transfected cells, the total HES1 concentration is the sum of UbC-
mVENUS:HES1 concentration and HES1:mSCARLET-I concentration. In (B) all concentrations have been estimated
experimentally by FCS (apart from the HEST:mSCARLET-I concentration in transfected cells which was inferred). In (C) all
concentrations have been inferred (black horizontal lines represent median, dots represent individual cells, number of
cells analyzed in B) untransfected= 75, transfected = 38, n = 3 biological replicates, in (C) untransfected = 316,
transfected = 77, n = 3 biological experiments, two-tailed paired ttest, *p = 0.047, **p = 0.008).

(D) Bar graph showing the percentage of E13.5 HOM HES1:mSCARLET-I NSCs transfected with UbC-mVENUS:HES1 that
have atotal HES1 concentration (either experimentally estimated or inferred) within the range of total HES1 concentration
values in their untransfected counterparts.

by mSCARLET-I expression whereas in UbC-mVENUS:HEST treated cells total HEST is represented by both
mSCARLET-I and mVENUS expression, which cannot be compared to just mSCARLET-| expression alone.
To this end, we employed FCS to perform absolute quantification of HES1 protein molecules. FCS is an
imaging technique used to estimate absolute numbers of fluorescent protein molecules based on their
fluorescence intensity and irrespective of the type of fluorophore (Elson, 2011). During FCS analysis, the
intensity of fluorescent proteins within a minute volume (also known as confocal volume) is collected
over time and temporally autocorrelated to infer the concentration of the protein.

To measure the HES1 concentration we established mosaic cultures of HOM HES1:mSCARLET-I NSCs ex-
pressing persistent UoC-mVENUS:HES1 and performed a dual-color FCS for mSCARLET-l and mVENUS
(Figure 5Ai). Absolute quantification of mMSCARLET-| fluorescent particles per confocal volume is a direct
estimation of the endogenous HES1 concentration whereas quantification of mMVENUS particles is a direct
estimation of mMVENUS:HES1 concentration. To estimate the total concentration of HES1, the number of
mVENUS and mSCARLET-I HES1 molecules per confocal volume were combined in UbC-mVENUS:HES1
expressing cells and compared against the HEST:mSCARLET-I molecules in untransfected cells (Fig-
ure 5Aii). We found that in transfected cells the endogenous HES1 protein expression was dramatically
decreased in the vast majority of the cells, preventing the accurate measurement of HEST:mSCARLET-i
molecules by FCS. To therefore ensure that we are not underestimating the endogenous HES1 expression
in those cells, by assuming zero contribution when accurate measurements cannot be obtained, we
decided instead to infer the HES1 concentration from the mSCARLET-I fluorescence intensity. For this
purpose we constructed standard curves of mSCARLET-I and mVENUS fluorescence intensity versus
mSCARLET-I concentration (determined by FCS in unstransfected cells) and mVENUS concentration
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(determined by FCS in UbC-mVENUS:HES1 expressing cells) respectively in the same cell, from 3 indepen-
dent experiments (Figure S8A). In each case we found a strong correlation of 0.8 or greater, suggesting that
mSCARLET-l and mVENUS fluorescent intensities can be used as a proxy to estimate protein concentration
without performing any further FCS.

We performed two types of analyses in order to estimate the total amount of HES1 protein. One analysis
was based on the experimental values obtained by FCS (called experimental analysis), with the exception of
the endogenous HEST:mSCARLET-| particles in the UbC-mVENUS:HES1 expressing cells, which had to be
inferred from the mSCARLET-| fluorescence intensity. For the second analysis we inferred all HES1 concen-
tration based on mSCARLET-I and mVENUS fluorescence intensity (called inferred analysis). The aim of the
latter analysis was to increase the number of cells tested in order to get a better representation of the HES1
level heterogeneity in the culture.

Overall, we found that total HES1 levels in UbC-mVENUS:HES1 expressing cells increased by either
x2.1-fold (experimental analysis) or x2.9-fold (inferred analysis) (Figures 5B and 5C). However, over 90%
of the UbC-mVENUS:HES1 expressing cells had a total HES1 concentration still within the range of
HES1 concentrations recorded in untransfected cells (which we consider to represent the physiological
range of HES1 level) (Figure 5D). These results suggest that despite the overall increase in total HES1 level,
cells expressing a HES1 persistent input operate within normal HES1 level. We also calculated the contri-
bution of endogenous HES1T:mSCARLET-I and ectopic mMVENUS:HES1 concentration in the total HES1 level
of UbC-mVENUS:HESTexpressing cells (in both the experimental and inferred analysis) and found an
approximate x4fold decrease in endogenous HES1 levels compared to untransfected cells (Figures S8B
and S8C), similar to what we had found before based on the fluorescence intensity comparison (Figure 3J).
Altogether these findings reveal that ectopic expression of persistent HES1 under a weak ubiquitous pro-
moter does not increase total HES1 level above normal values, revealing that the impediment of reactiva-
tion in UbC-mVENUS:HES1 expressing cells is due to the change in HES1 dynamics and not levels.

To further gain an insight into how this change in HES1 dynamics, but not level, may affect gene expression,
which ultimately impedes reactivation of quiescent cells, we performed quantitative PCR analysis in cells
expressing UbC-mVENUS:HES1 vs control. We hypothesized that the main effect of persistent HES1
expression is exerted in quiescent cells hence, we sorted mVENUS positive quiescent NSCs expressing
either control UbC-mVENUS or UBC-mVENUS:HES1, at either low or high levels (Figure S9A). We then
compared mRNA expression for a panel of genes between control and experimental samples. In particular,
we looked at expression of the direct target Ascl1 (Chen et al., 1997) and p21 (Castella et al., 2000), the in-
direct target CyclinD1 (regulator of cell cycle progression) (Shimojo et al., 2008), the Id genes (Id1-1d4), the
cell cycle inhibitors Rb1, Rb2 and the tumor suppressor p53. When we looked within the mVENUS low
expressing samples (which we hypothesize represent more physiological levels of persistent HES1
expression) we found that expression of Ascl! was downregulated by x0.7 fold in cells expressing UbC-
mVENUS:HES1 (although it was marginally not significant with a pvalue = 0.06) and expression of p21
was significantly upregulated by x3.3-fold suggesting that a change in HEST dynamics directly affects
HES1 downstream targets (Figure S9B). With regards to p271, regulation of this gene by HES1 has been
found to be context-dependent with studies reporting both an upregulation and downregulation (Castella
et al.,, 2000; Yu et al., 2006). Accordingly, we found that in proliferative cells, p21 was not differentially
affected, supporting a context-dependent regulation by HES1, whereas Ascl? was significantly reduced
by x0.4-fold in UbC-mVENUS:HES1 low expressing cells, similar to quiescent conditions (Figure S9C).

Finally, within the high mVENUS expressors in quiescent cells, Ascl1 was not differentially affected whereas
p21 showed an even greater increase of x12 fold in UbC-mVENUS expressing cells.

For the rest of the cell cycle regulator genes and the Ids we found no differential expression between con-
trol and experimental conditions in quiescent cells in both the low and high mVENUS expressors (where
this was applicable) (Figure S9B). Therefore, a change in the HES1 dynamics, from oscillatory to sustained,
can differentially affect downstream targets and also in a context-dependent manner.

DISCUSSION

Here we have explored the role of HES1 ultradian oscillations in controlling the entry and exit of NSCs from
quiescence in vitro. We showed that by altering the HES1 dynamic expression from oscillatory to persistent,

¢? CellPress

OPEN ACCESS

iScience 24, 103198, October 22, 2021 1"




¢? CellPress

OPEN ACCESS

while keeping the total HES1 level within physiological range, reactivation from quiescence is impeded
while NSC proliferation and entry into quiescence is not affected.

Our findings highlight the importance of ultradian gene expression dynamics regulating cell fate, a
concept that has been evolving over the last several years (Isomura and Kageyama, 2014) as evidence link-
ing the temporal regulation of ultradian oscillations with distinct cellular outcomes emerges (Imayoshi
et al., 2013; Shimojo et al., 2016; Santos et al., 2007; Purvis et al., 2012). For example, the Notch ligand
Delta-like1 (DLL1) and the transcriptional repressors HES1 and HES7, exhibit oscillatory expression in
the mouse presomitic mesoderm. Elongation or shortening of the DIIT gene dampens the DLL1 oscilla-
tions, followed by a dampening of HES1 and HES7 oscillations, which lead to severe fusion of somites
and their derivatives (Shimojo et al., 2016). Accordingly, the tumor suppressor protein P53 exhibits oscilla-
tory expression (with a period of ~5.5h) upon exposure to y-irradiation (Lev Bar-Or et al., 2000; Lahav et al.,
2004), which allows for cells to recover from DNA damage and survive, while induction of sustained P53
signaling leads to senescence (Purvis et al., 2012). Therefore, understanding how gene expression dy-
namics dictate cell fate is essential for being able to manipulate cell-state transitions at will.

High sustained HES1 expression has been previously shown to associate with slow-dividing cells in vivo or
with preventing NSC proliferation both in vitro and in vivo, while quiescent NSCs were found to express
high oscillatory HES1 (Baek et al., 2006; Shimojo et al., 2008; Sueda et al., 2019). However, in these cases,
HES1 was expressed at a high level which did not allow to dissect out how each factor (HES1 level vs HES1
dynamic expression) contributes to this phenotype. Here we set out to explore the role of HES1 expression
dynamics in the context of NSC quiescence. We first investigated how is the HES1 dynamic expression
affected when proliferative NSCs are induced in and out of quiescence in vitro with the addition and sub-
sequent removal of BMP4. Similarly to previously published data (Sueda et al., 2019) we found that HES1
oscillatory expression persists throughout quiescence and reactivation. We did not find significant differ-
ences in the period of oscillations but we did find that oscillations in quiescent cells were of better quality.
This could be due to the fact that quiescent cells are less motile and interact with fewer neighbors,
therefore Notch signaling in these cells may be less interrupted by intercellular Notch lateral inhibition
(Kageyama et al., 2019).

With regards to HES1 levels, we did not find an increase in the HES1 level overall upon induction of
quiescence or a consistent pattern of HES1 oscillatory peaks reaching higher levels or being wider
compared to proliferative conditions. This is in contrast to what had been previously reported, where
HES1 level was found to increase in quiescent embryonic NSCs in vitro (Sueda et al., 2019). However,
it is possible that the use of different BMP ligands to establish quiescence or the use of the same ligand
at a different concentration could differentially affect the level of HES1. In our cultures, we find that BMP4
addition induces expression of Id genes and Id4 is the most upregulated. All ID proteins have been re-
ported to interact with HEST (Jogi et al., 2002). In particular ID2 has been found to release the negative
autoregulation of HES1 and increase HES1 level, but without interfering with HEST repression on its
downstream targets (Bai et al., 2007). On the other hand, ID4 can heterodimerize with ID1, ID2 and
ID3 and inhibit their biological activity (Sharma et al., 2015) and in this way retain the HES1 oscillations
by preventing HES1 to interact with the other IDs (Boareto et al., 2017). It is therefore possible that dur-
ing establishment of quiescence in response to BMP signaling, differential expression of ID proteins can
differentially affect HES1 level, with ID2 for example increasing HES1 level and ID4 inhibiting the function
of ID2, thus preventing upregulation of Hes1.

To assess the role of HEST dynamics in controlling the entry and exit of NSCs from quiescence we first
generated a new HEST:mSCARLET transgenic mouse line, where both alleles of the Hes? locus were
tagged with the mSCARLET-I fluorophore, to monitor HES1 endogenous expression. By introducing exog-
enously a persistent HES1 input, under the control of a moderate strength UbC promoter, we found that we
can override the endogenous HES1 oscillations without increasing the total HES1 level above the physio-
logical range. Under these conditions proliferation of NSCs, as judged by Ki67 staining, was not affected.
This is line with what has been previously reported where NSCs derived from HES1 mutant mice, with
dampened HES1 oscillations, showed no differences in proliferation and neuronal differentiation
compared to WT NSCs in vitro (Ochi et al., 2020). Accordingly, mathematical modeling of the Notch/
HES regulatory module in NSCs predicted that loss of HES1 oscillations is dispensable for low proneural
factor activity that is required for NSC proliferation (Boareto et al., 2017).

12 iScience 24, 103198, October 22, 2021

iScience



iScience

We then assessed how loss of HES1 oscillations affects entry into quiescence and reactivation. Upon induc-
tion of quiescence, NSCs expressing a persistent HES1 input stopped proliferating, similar to control cells;
however, upon reactivation they failed to re-renter the cell cycle. We cannot conclude, though, whether this
is a complete block from exiting quiescence or a delayed reactivation. Varying depths of quiescence, ac-
counting for differences in responsiveness to reactivation, have been previously described in adult NSCs
but also other systems such as muscle stem cells (MuSCs) and hematopoietic stem cells (HSCs) (LIorens-Bo-
badilla et al., 2015; Rodgers et al., 2014; Laurenti et al., 2015). Thus, it is possible that persistent HES1
expression alters the depth of quiescence in NSCs. But how can this be achieved? It has been previously
reported that changes in the pattern of expression of a transcription factor can differentially affect expres-
sion of downstream targets (Ashall et al.,, 2009; Lane et al., 2017; Hao and O’Shea, 2011; Hansen and
O'Shea, 2013; Chen et al., 2020) For example, it has been recently shown using elegant optogenetic tools
that downstream targets of the Crz1 transcription factor in yeast have higher gene expression in response
to pulsatile input, whereas others responded better to continuous inputs (Chen et al., 2020). Indeed, in our
study we found that persistent HES1differentially affects expression of AsclT and the cell cycle inhibitor p21
even when expressed at low levels. AsclT was found to be downregulated in both proliferative and
quiescent NSCs expressing persistent HES1 at low levels, whereas p21 was upregulated only in quiescent
conditions. With regards to Ascl1, it is possible that persistent HES1 alters the dynamics of Ascl as well as
reducing its level (from oscillatory to low sustained). It has been shown before that quiescent cells with low
Ascl1 expression need to both upregulate expression of Ascl1 and resume Ascl1 oscillations in order for the
cells to reactivate (Sueda et al.,, 2019). Hence, it is likely for persistent HES1 to block reactivation of
quiescent cells by not allowing Ascl1 to increase its level or resume oscillatory expression or both. On
the other hand, increased p21 expression in the presence of persistent HES1 expression may also impede
reactivation of quiescent cells by not allowing them to progress through the cell cycle when they are stim-
ulated to do so. P21 expression is also induced by p53 (Karimian et al., 2016) however we did not find p53
levels to be significantly altered. Alternatively, persistent HES1 expression may act as a ‘sponge’ of ID
proteins which are overexpressed in response to BMP4. Dimerization of ID proteins with E proteins have
been found to increase the half-life of IDs (Bounpheng et al., 1999; Lingbeck et al., 2005); thus, it is possible
that persistent HES1 expression may ‘trap’ ID proteins and protect them from degradation and therefore
retain them in the cells for longer even after removal of the BMP4 stimulus. While much remains to be
done to understand the functional significance of these gene expression changes, they serve as a proof-
of-principle that oscillatory HES1 expression affects downstream targets differently than persistent
expression.

In summary, we provide evidence that the HES1 dynamics are required for NSCs to exit quiescence in vitro,
suggesting that oscillations are needed for cells to transition from one state to another rather than just
maintaining a progenitor state. This revised view on the functional significance of HES1 is consistent
with previous findings showing that when Heré (orthologue of mouse HES1 in zebrafish) oscillations are
diminished due to the increase of noise, cells are unable to transition from progenitor state to differenti-
ation in zebrafish (Soto et al., 2020), whereas the quality and occurrence of HES5 oscillations in mouse spinal
cord increases as cells approach the transition to differentiation (Manning et al., 2019). The significance of
HES1 oscillations in controlling the state of quiescence may also have implications in tissue regeneration
and in cancer where quiescent cancer stem cells are considered to drive cancer progression and metastasis
(Chenetal., 2016; Lee et al., 2020; Phan and Croucher, 2020). Overall, our findings highlight the importance
of oscillatory expression in controlling cell state transitions, in contrast to the prevailing view that they are
only needed to maintain a progenitor state.

Limitations of the study

In this study, we find that switching HES1 expression from oscillatory to sustained impedes reactivation of
quiescent NSCs. A more accurate manipulation of the HES1 dynamics and/or levels would be beneficial in
elucidating other aspects of oscillatory expression that may be relevant in controlling this transition.

Validating our findings in an in vivo experimental system would increase the relevance of the study for ther-
apeutic applications in regeneration and cancer.

A more high-throughput exploration of how oscillatory versus sustained HES1 expression is decoded by
downstream molecular targets would deepen mechanistic understanding.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Ki67
Rabbit polyclonal anti-SOX2
Rabbit polyclonal anti-PAX6
Rabbit polyclonal anti-GFP
Goat anti-rabbit Alexa Fluor 488

Goat anti-mouse Alexa Fluor 568

BD Biosciences

Abcam

BioLegend

Molecular probes
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 550609; RRID:AB_393778
Cat# ab97959; RRID:AB_2341193
Cat# 901301; RRID:AB_2565003
Cat# A-11122; RRID:AB_221569
Cat# A-11008; RRID:AB_143165
Cat# A-11004; RRID:AB_2534072

Chemicals, peptides, and recombinant proteins

Recombinant human FGF-2
Recombinant mouse EGF
Recombinant human BMP-4
Laminin

TRIzol reagent

GlycoBlue Coprecipitant
DNase-|

EnGenSpy Cas? NLS

PFA — Pierce 16% Formaldehyde
Triton-X 100

Western blocking reagent solution

ProLong Gold antifade mountant with DAPI

PeproTech

PeproTech

PeproTech

Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific
New England BioLabs
New England BioLabs
Thermo Fisher Scientific
Sigma

Sigma

Thermo Fisher Scientific

Cat# 100-18B
Cat# 315-09

Cat# AF-120-05ET
Cat# 12020

Cat# 15596018
Cat# AM9515
Cat# M0303

Cat# M0646

Cat# 28908

Cat# T9284

Cat# 11921673001
Cat# P36935

D-Luciferin Promega Cat#E1603
Critical commercial assays

RNasy Mini kit Qiagen Cat# 74104
Lipofectamine 3000 Invitrogen Cat# L3000001
Superscript Il Invitrogen Cat# 18080051

Power SYBR green PCR master mix

Applied Biosystems

Cat# 4367659

Deposited data

Code for oscillatory analysis of Zenodo https://doi.org/10.5281/zenodo.5510278

bioluminescence and fluorescence

time series data

Raw imaging data and processed datasets Figshare https://figshare.com/projects/HES1_
protein_oscillations_are_necessary_
for_neural_stem_cells_to_exit_from_
quiescence/122704

Experimental models: Organisms/strains

Mouse: LUC2-HES1 BAC IMSR Cat# RBRC06013; RRID:IMSR_RBRC06013

Mouse: HES]mSearlet-/mScarlet This paper N/A

C57BL6/J Envigo N/A

Oligonucleotides

Primers for gPCR see Table S1 This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA

PRRL-UbC-mVenus:Hes1 This paper N/A
PLNT-UbC-NuVenus This paper N/A

Software and algorithms

Fiji http://fiji.sc RRID:SCR_002285

Imaris http://www.bitplane.com/imaris/imaris RRID:SCR_007370

MATLAB http://www.mathworks.com/products/matlab/ RRID:SCR_001622

FlowJo https://www.flowjo.com/solutions/flowjo RRID:SCR_008520

GraphPad Prism http://www.graphpad.com/ RRID:SCR_002798

RStudio http://www.rstudio.com/ RRID:SCR_000432

ggplot2 https://cran.r-project.org/web/ RRID:SCR_014601
packages/ggplot2/index.html

PyCorrFit software Muller et al. (2014) N/A

Other

35mm glass bottom culture dish Greiner BIO-ONE Cat# 627860

RESOURCE AVAILABILITY

Lead contact

Additional information and requests for resources and reagents will be fulfilled by the lead contact, Nancy
Papalopulu (Nancy.papalopulu@manchester.ac.uk)

Materials availability

The mouse line and plasmids generated in this study are available upon request from the lead contact.

Data and code availability

® Rawimaging data and processed datasets have been deposited at Figshare and are publicly available as
of the date of publication. The link is listed in the key resources table. Any data reported in this paper that
are not present in the public repository will be shared by the lead contact upon request.

e All original code reported in this study has been deposited at Zenodo and is publicly available as of the
date of publication. The DOl is listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture of primary NSCs

Primary NSCs were isolated from dissected LGEs of E13.5 embryos from LUC2-HES1 BAC (Cat#
RBRC06013; RRID:IMSR_RBRC06013) reporter mice or HES]mSeartet-l/mSearlet! \nice and cultured in com-
plete NS media as previously described (Pollard, 2013), supplemented with 10ng/ml FGF-2 (PeproTech,
Cat# 100-18B), 10ng/ml EGF (PeproTech, Cat# 100-18B) and 2pg/ml laminin (Sigma, Cat# L2020) (prolifer-
ation media). LUC2-HES1 BAC mice were obtained by the RIKEN BRC through the National Bio-Resource
Project of the MEXT, Japan (Imayoshi et al., 2013). For induction of quiescence 22K-32K cells per square
centimetre were plated in proliferating media and 24h later (or when cells reached 60-70% confluency)
they were washed twice with 1xPBS while attached, and the media was replaced with complete NS media
supplemented with 20ng/ml FGF-2 and 50ng/ml BMP4 (PeproTech, Cat# AF-120-05ET) (quiescence me-
dia). To reactivate the cells, following at least 3 days of culture in quiescent media, the cells were washed
twice with 1xPBS while attached, and the media was replaced with proliferating media without replating
the cells.
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Generation of HES1mScarlet/mScarlet-l \qi 0

We used the EASI-CRISPR strategy (Quadros et al., 2017) to generate a C-terminally tagged HES1:
mSCARLET-l mouse. Two sgRNA targeting the STOP codon of the HesT gene were selected using the
Sanger WTSI website http://www.sanger.ac.uk/htgt/wge/ (Hodgkins et al., 2015). sgRNA sequences
(GTGGCGGAACTGAGAGCCTC-AGG and TGAGGCTCTCAGTTCCGCCA-CGG) were purchased as
crRNA oligos, which were annealed with tracrRNA (both oligos supplied by Integrated DNA Technologies)
in sterile, RNase free injection buffer (TrisHCl TmM, pH 7.5, EDTA 0.1mM) by combining 2.5 pg crRNA with
5 pg tracrRNA, heating to 95°C, and slowly cooling to room temperature. To generate the long single
strand DNA donor repair template, a homology flanked flexible linker-3xFLAG-mScarletl DNA sequence
was cloned and used as a template in an initial PCR reaction with primers Hes1_IssDNA_F catgctc
ccggcecgcecatgggaattcggtaccaacagtgggacctcggt and Hesl IssDNA R caagttcgtttttagtgtccgtcagaagaga
gaggtgggctagggactttacgggtagcagtggectgaggctcteacttgtacagetegtecatgee.  This amplicon appended
the universal pGEM_dual_Bio_F primer sequence (catgggaattcggtac) at the 5 end, and the IssDNA
comprising 5'H(96nt)-linker-FLAG-mScarletl-3'H(88nt) was purified as described (Bennett et al., 2020).
For embryo microinjection the annealed sgRNA were complexed with EnGen Cas9 protein (New England
Biolabs, Cat# M0646) at room temperature for 10 minutes, before addition of long ssDNA donor (final con-
centrations; each sgRNA 20 ng/ul, Cas9 protein 40 ng/ul, IssDNA 10 ng/ul). The injection mix was directly
microinjected into C57BLé/J (Envigo) zygote pronuclei using standard protocols. Zygotes were cultured
overnight and the resulting 2 cell embryos surgically implanted into the oviduct of day 0.5 post coitum
pseudopregnant mice. Potential founder mice were screened by PCR, using primers that flank the homol-
ogy arms (Geno F ttgcctttctcatccccaac, Geno R gecagtgeatggtcagtceac), used in combination with internal
mScarlet-I primers (mScarlet-l R GTCCTCGAAGTTCATCACGC, mScarlet-l F TCCCCTCAGTTCATGTA
CGQG). 1/8 pups (pup #7) was PCR positive for both reactions, and Sanger sequencing confirmed perfect
integration of the gene tag. Note that pup #5 demonstrated a positive PCR result for one of the two reac-
tions, perhaps indicating an illegitimate repair event (Codner et al., 2018). Pup #7 was bred forward with a
WT C57BL6/J mouse. Germline transmission was confirmed through PCR and sequencing and a colony was
established. Both HET and HOM mice developed normally. All animal work was performed under UK Home
Office project licences (PO8B76E2B) according to the conditions of the Animals (Scientific Procedures)
Act 1986.

METHOD DETAILS

Cell transfection, qPCR and RNA extraction

Primary NSCs were transfected with Lipofectamine 3000 (Invitrogen, Cat# L3000001) according to
manufacturers’ instructions. 22K-32K cells per square centimeter were plated in proliferating media and
24h later (or when cells reached 60-70% confluency) the cells were transfected with 80ng plasmid per
square centimetre. For induction of quiescence (where applicable), the proliferation media was replaced
with quiescence media the day after transfection.

To generate the pRRL-UbC-mVenus:Hes1 plasmid, the UbC-mVenus:Hes1 sequence was subcloned into a
new lentiviral transfer vector previously described (Seppen et al., 2002; Gilham et al., 2010). Briefly, the
UbC-mVenus:Hes1 sequence was released from the pLNT UbC-mVENUS:HES1 plasmid (Phillips et al.,
2016) using Pac1 (followed by blunting with T4 DNA polymerase) and Kpnl and cloned into the pRRL lenti
backbone which was released with Pme1 and Kpnl. To generate pLNT-UbC-NuVenus plasmid (nuclear
VENUS driven by the UbC promoter) the mVenus cDNA was PCR-amplified from the pLNT-UbC-mVENUS
lenti backbone plasmid (Bagnall et al., 2015) using a forward primer containing SV40 NLS and then cloned
back to the same vector.

For E13.5 LUC2:HES1 NSCs, RNA was extracted from cells cultured in proliferative (1-2days), quiescent (3d)
or reactivated (2d) conditions using the RNeasy kit (Qiagen, Cat# 74104) as per manufacturers’ instructions.

For WT E13.5 LGE NSCs transfected with either UbC-mVENUS or UbC-mVENUS:HES1, cells positive for
mVENUS expression were sorted directly in Tml TRIzol reagent (Thermo Fisher Scientific, Cat# 15596018)
that was kept on ice. Following a gentle mix with the pipette the samples were left at RT for 5min. 200u!
of chloroform were then added to each sample and samples were centrifuged at 14,000rpm for 15 min
at 4°C. The clear phase of the solution was transferred into a new Eppendorf tube to which 500l of isopro-
panol and 1ul of GlycoBlue (15ml/ml) (Thermo Fisher Scientific, Cat# AM9515) were added. Samples were
kept at —20°C for a minimum of 30 min or overnight and then centrifuged at 14,000 rpm for 15 min at 4°C.
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The supernatant was removed and pellets were washed with 70% ethanol and then centrifuged at
14,000 rpm for 10 min. Pellets were reconstituted in RNAse-free water and treated with DNase-| (New
England BiolLabs, Cat# M0303) as per manufacturers’ instructions.

cDNA was prepared using Superscript lll (Invitrogen, Cat# 18080051) as per manufacturers’ instructions and
gPCR was performed with SYBR green (Applied Biosystems, Cat# 4367659) using the primers listed in
Table S1. CT values were normalized to reference genes Gapdh and ActB.

Immunostaining and image analysis

Primary WT NSCs transfected with either UbC-mVENUS or UbC-mVENUS:HES1 were fixed 1-2d after trans-
fection in proliferative conditions, 4d after transfection in quiescent conditions (kept in quiescent media for
3d), and éd after transfection in reactivated conditions (kept in reactivation media for 2 d). Cells were fixed
in 4% PFA (Thermo Fisher Scientific, Cat# 28908) for 25 min, followed by permeabilization for 5 min with
0.5% Triton-X-100 (Sigma, Cat# T9284) diluted in PBS. Serum blocking was performed for 20 min at RT in
1xWBR (Western Blocking Reagent) (Sigma, Cat# 11921673001) solution. Cells were incubated with primary
antibodies at 4°C overnight and with secondary antibodies at room temperature for 40 min. Coverslips
were mounted using ProLong diamond antifade mountant with DAPI (Invitrogen, Cat# P36935). Primary an-
tibodies were mouse anit-Ki67 (1:200, BD Biosciences, Cat# 550609; RRID:AB_393778), rabbit anti-SOX2
(1:200, Abcam, Cat# ab97959; RRID:AB_2341193), rabbit anti-PAX6(1:300, BioLegend, Cat# 901301;-
RRID:AB_2565003) and rabbit anti-GFP (for mVENUS detection) (1:500, Molecular probes, Cat# A-11122;
RRID:AB_221569). Secondary antibodies were anti-rabbit 488 (1:500, Thermo Fisher Scientific, Cat#
A-11008; RRID:AB_143165) and anti-mouse 568 (1:500, Thermo Fisher Scientific, Cat# A-11004;
RRID:AB_2534072). Slides with Kié7/DAPI staining were collected with a Nikon Eclipse 80i using a Plan Fluor
20x/0.5 DIC N2 objective and a 1280x1024 format, slides with SOX2/Ki67/DAPI or PAX6/Ki67/DAPI staining
were collected with a Zeiss LSM880 Inverted Airyscan using a Fluar 20x/0.75 M27 and a 1024x1024 format,
slides with GFP/Ki67/DAPI staining were collected either with a Zeiss LSM 880 Airy Scan Upright using a
Fluar 20x/0.75 and a 1192x1192 format or with a Zeiss LSM880 Inverted Airyscan using a Fluar 20x/0.75
M27 and a 1024x1024 format. For fluorescence intensity analysis of mVENUS expression the GFP signal
was excited with two different 488nm laser powers (1% and 0.2%). The high power setting was for capturing
dimmer GFP positive cells and the lower power setting was for capturing bright GFP positive cells, so that
there was no saturated signal. Images were processed with Fiji (RRID:SCR_002285) and positive cells were
scored based on detection of expression above background of control images only treated with secondary
antibodies. For fluorescence intensity analysis, single nuclei detection was performed based on segmen-
tation of DAPI signal. Images of DAP| were smoothed and thresholded to produce individual nuclear re-
gions. Single nuclear regions were used as masks and applied onto fluorescent channels to produce a
mean intensity readout per nucleus. Positive cells were identified based on mean nuclear intensity above
negative control images. Intensities were estimated as mean fluorescent units per nucleus. To account for
variability between experimental conditions and the control, we reported as positive the nuclei with inten-
sity levels above the control as well as the non-DAPI regions indicative of background intensity.

Bioluminescence and fluorescence imaging

For bioluminescence imaging 200K-300K primary NSCs were plated on 35-mm glass bottom dishes
(Greiner BIO-ONE, Cat# 627860) in media supplemented with TmM D-luciferin (Promega, Cat#E1603)
and imaged on an Olympus UK LV200 inverted bioluminescence microscope using a 40x oil objective. Cells
were kept at 37°Cin 5% CO, throughout the imaging period. Images were acquired with a 10-min exposure
and a 2x2 binning. Imaging was performed either in proliferating conditions (cells had been cultured in pro-
liferation media for at least 1 d) or quiescent conditions (cells had been cultured in quiescence media for at
least 3 d) or reactivation conditions (cells had been reactivated in proliferation media for at least 2 d). To
perform continuous bioluminescence imaging of cells transitioning from proliferating to quiescent condi-
tions, imaging was paused to wash the cells, while the dish was firmly attached to the stage, and replace the
proliferation media with quiescent, supplemented with fresh TmM D-luciferin.

For dual fluorescence imaging of mVENUS and mSCARLET-| fluorophores, 200K-300K primary NSCs were
plated on 35-mm glass bottom dishes and imaged 1 or 2 d after transfection on a Nikon A1-R confocal
microscope using a Plan Fluor 40x/0.75 objective, a 1024x1024 format and with sequential scanning to
avoid any bleed through from one channel to another. Images were acquired every 15-20min with z-stack-
ing covering a 35um depth. Bioluminescent and fluorescent movies were analysed with the Imaris imaging
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software (RRID:SCR_007370) and individual cells were manually tracked using the 'Spots’ function. Back-
ground traces (i.e., detection of bioluminescence or fluorescence signal from a cell-free area) were
collected alongside from the same field of imaging for every movie that was analysed. Prior to tracking,
the bioluminescentimages were subjected to 3x3 median filter to remove bright spot artefacts from cosmic
rays. For fluorescence intensity and oscillatory analysis saturated tracks of mVENUS expression (18% of
cells) were excluded.

Detection of oscillations

For the detection of oscillators we considered only single-cell HES1 timeseries of 5.5h length (approxi-
mately double the expected period of 2-3h). The bioluminescence/fluorescence HES1 timeseries of each
cell trace was normalized per experiment by background subtraction. For this, the average timeseries of
2-4 backgrounds collected per video were smoothed using a nonlinear polynomial (order 2) to account
for minor fluctuations due to detection noise. The smoothed background timeseries were then subtracted
from the bioluminescence/fluorescence timeseries corresponding to each cell at each available time point.
This produced pre-processed timeseries of HES1 in both bioluminescence and fluorescence experiments.

To identify statistically significant HES1 oscillatory expression, we used a statistical method developed by
Phillips et al. (Phillips et al., 2017). Timeseries of bioluminescent or fluorescent HES1 were first detrended to
account for long-term trends. We used a squared covariance detrending approach with lengthscale 7.5h,
consistent with previous guidelines (Phillips et al., 2017). The detrended timeseries were then analyzed us-
ing Gaussian processes (GP). Briefly, the GP approach uses experimental timeseries to assess whether the
signal is better described by a non-oscillatory fluctuating or oscillatory covariance model. The approach
contains an internal calibration of white noise detector followed by a stringent 5% false discovery rate sta-
tistical test to determine oscillatory timeseries. For the bioluminescence data we used the variance of back-
ground timeseries to measure detection noise. For the fluorescence data this is not sufficient, as nuclear
signal also contains auto-fluorescence, and here we used a modified approach which infers the variance
of noise from the fluorescent data by optimizing the relationship between the LLR and signal-to-noise ratio
as previously described (Manning et al., 2019). GP fitting producing null parameter estimates were
excluded. As an additional quality control, we only report as oscillatory timeseries with a minimum of 2
peaks per track. These additional exclusions affected less than 15% of data per experiment. The code
for the analysis of bioluminescence and fluorescence time-series is available on Zenodo:https://doi.org/
10.5281/zenodo.5510278

Fluorescence correlation spectroscopy

Primary HES]mSearlet-/mSearlet-l NSCs were plated in 35-mm glass bottom dishes (22K-32K cells per square
centimetre) and transfected with pRRL-UbC-mVENUS:HES1 plasmid. FCS experiments were performed 2 d
after transfection using a Zeiss LSM880 Inverted Airyscan with a Fluar 40x/1.30 Oil M27 objective while the
cells were kept at 37°C and 5% CO2. The fluorescent signals were collected on the same track where
mVENUS fluorescence was excited with a 488nm laser and emission was collected between 508-552nm,
and mSCARLET-I fluorescence was excited with 561nm laser and emission was collected between 606-
677nm. Data from mVENUS/mSCARLET-I doublepositive cells or mSCARLET-I single positive cells were
collected using 3x8sec or 1x15sec runs with 0.05-0.1% 488nm laser power and 0.05% 561nm laser power,
which were optimized to reduce bleaching. Traces with large spikes/drops in the count rate and
bleaching >20% were excluded. Also measurements from high mVENUS expressing cells with saturated
levels (15% of cells) were omitted as they cannot be deemed accurate. Results were comparable between
the long acquisition sequences and triplicate short sequences. FCS auto-correlations were then analyzed
individually with the PyCorrFit software (Muller et al., 2014). Autocorrelation curves were fitted to one-
component diffusion model with triplet state and the Levenberg-Marquardt minimization algorithm was
applied with a number of neighboring data points j=3. The structural parameter (SP) was fixed at 4. The
autocorrelation curves with the best model fitting were used and a counts per particle cut-off of 0.05KHz
and 0.1KHz for the mVENUS and mSCARLET-I particle estimation respectively was applied.

Fluorescence-activated cell sorting (FACS)

WT E13.5 LGE NSCs were transfected with UbC-mVENUS or UbC-mVENUS:HES1 plasmid as previously
described. Cells were collected for sorting at either 2d after transfection while kept in proliferative condi-
tions or 4d after transfection and after kept in quiescent conditions for 3d. Samples were sequentially gated
based on forward scatter (FSC) vs side scatter (SSC) followed by depletion of doublets based on FSC vs
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Trigger Pulse Width. mVENUS expression was detected based on *488/530/40 (mVENUS) vs *488/710/60
(autofluorescence) plotting. Samples not transfected with the plasmids but cultured in the same conditions
(i.e., proliferative or quiescent) were used as negative controls to inform the gating strategy for determining
mVENUS negative and positive cells. Positive mVENUS cells were further sub-divided into low and high ex-
pressors based on the mVENUS expression distribution profile, with higher level expressing cells clustering
more tightly together. The same mVENUS fluorescence intensity cut-off, separating the low from the high
expressors, was applied to all sorts. Overall, from each sample, we sorted 3 populations corresponding to
mVENUS negative expression, mVENUS low and mVENUS high. Cells were sorted on a BD Influx and data
were analysed with FlowJo 10.8.0 (RRID:SCR_008520)

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in GraphPad Prism 8.4.1 (RRID:SCR_002798). Data were tested for
normality with a Shapiro-Wilk test to inform the choice of a parametric or non-parametric statistical test.
The lower and upper hinges of the boxplots correspond to the first and third quartiles. No outliers were
removed. The statistical tests, sample sizes, number of biological replicates, and p-values are reported
in each figure legend.
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