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EXTRA VIEW

The elusive role of mitotic bookmarking in transcriptional regulation: Insights

from Sox2
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ABSTRACT

The ability of some transcription factors to remain bound to specific genes on condensed mitotic
chromosomes has been suggested to play a role in their rapid transcriptional reactivation upon mitotic
exit. We have recently shown that SOX2 and OCT4 remain associated to mitotic chromosomes, and that
depletion of SOX2 at the mitosis-G1 (M-G1) transition impairs its ability to maintain pluripotency and drive
neuroectodermal commitment. Here we report on the role of SOX2 at the M-G1 transition in regulating
transcriptional activity of embryonic stem cells. Using single cell time-lapse analysis of reporter constructs
for STAT3 and SOX2/0CT4 activity, we show that SOX2/0OCT4 do not lead to more rapid transcriptional
reactivation in G1 than STAT3, a transcription factor that is excluded from mitotic chromosomes. We also
report that only few endogenous target genes show decreased pre-mRNA levels after mitotic exit or in
other cell cycle phases in the absence of SOX2 at the M-G1 transition. This suggests that bookmarked
SOX2 target genes are not differently regulated than non-bookmarked target genes, and we discuss an
alternative hypothesis on how mitotic bookmarking by SOX2 and other sequence-specific transcription
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factors could be involved in transcriptional regulation.

Introduction

The regulation of cellular differentiation is intimately con-
nected to the cell cycle, the M and G1 phases being particularly
critical for cells to choose between alternative fates. M phase is
a privileged window for reprogramming and rewiring of tran-
scriptional programs,”? and components of the cell cycle
machinery are involved in the initial decision of pluripotent
stem cells to commit to neuroectodermal versus mesendoder-
mal fate,” a decision that is made in G1.* Although underlying
mechanisms are not fully understood, it has been speculated
that the arrest of transcriptional activity occurring during mito-
sis may provide newly born daughter cells with an enhanced
flexibility in their choice between restoring the mother cell
gene expression program or redirecting their transcriptional
activity toward a different fate. This would also imply that cells
maintaining their identity over multiple rounds of divisions,
such as stem cells, may require dedicated mechanisms acting in
these windows of lower phenotypic stability to shield them
from the influence of differentiation signals.

The marking of specific loci on condensed chromosomes,
dubbed mitotic bookmarking, was proposed to transmit epige-
netic marks to daughter cells for them to “remember” the gene
expression program of the mother cell. Such marks were
reported across a broad range of transcriptional regulation
mechanisms, consisting in the retention of histone modifica-
tions,” chromatin modifiers,%” general transcription factors® and
sequence-specific transcription factors’'® on specific loci of

mitotic chromosomes. Two seminal studies have shown that the
chromatin writer MLL and reader Brd4 remain bound to spe-
cific genes and allow their rapid transcriptional reactivation
upon mitotic exit.>” This prompted the idea that bookmarked
genes have a kinetic advantage in their transcriptional regulation
in G1, and that bookmarking of key cell fate determinants plays
a role in maintaining cell identity during division. However, and
in contrast to these chromatin modifier/reader, robust evidence
supporting a role in rapid transcriptional reactivation for
sequence-specific bookmarking transcription factors is lacking.
While one study on GATA1 reported that genes bound during
mitosis are enriched in cell fate regulators,” there is no clear evi-
dence that genes bookmarked by GATA1'® or other sequence-
specific transcription factors'®'>'* undergo faster transcriptional
reactivation than non-bookmarked genes. Perhaps more impor-
tantly, these reports did not provide direct evidence of the
involvement of mitotic bookmarking in cell fate regulation.

We recently screened for mitotic chromosome binding of
pluripotency transcription factors and reported that SOX2 and
OCT4 remain bound to mitotic chromosomes of embryonic
stem (ES) cells through their DNA-binding domains."” Using
single molecule imaging, we found that both SOX2 and OCT4
display long-lived DNA binding events compatible with their
association to specific sites on mitotic chromatin. Furthermore,
we showed that SOX2 is enriched on a small number of genes
during mitosis,'” thus qualifying SOX2 as a mitotic bookmark-
ing transcription factor. We then investigated the functional
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relevance of SOX2 mitotic bookmarking by fusing it to a degron
sequence from Cyclin B, allowing its degradation at the M-G1
transition.” This allowed us to show that the absence of SOX2 at
the M-G1 transition results in decreased pluripotency mainte-
nance and abolishes its capacity to enhance neuroectodermal
commitment, thus providing the first experimental link between
mitotic bookmarking of a sequence-specific transcription factor
and regulation of cell fate decisions. However, the molecular
mechanisms by which SOX2 acts at the M-Gl transition to regu-
late cell fate remain unclear. Here we provide additional data on
transcriptional regulation of SOX2 target genes in the presence
or absence of SOX2 at the M-Gl1 transition and discuss how
mitotic bookmarking could regulate gene expression.

Results

We first asked whether SOX2 has the intrinsic property to
mediate particularly fast transcriptional reactivation upon
mitotic exit. In pluripotent stem cells, SOX2 activates
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thousands of target genes by heterodimerizing with OCT4,'”'®
which also binds to mitotic chromosomes. We engineered a
construct containing repeats of a SOX2/OCT4 binding
sequence upstream of a short-lived luciferase reporter to inves-
tigate the kinetics of transcriptional reactivation after mitotic
exit mediated by SOX2. Since in this construct, both the lucifer-
ase protein and encoding mRNA are destabilized, single cell
luminescence kinetics is a good proxy for transcriptional activ-
ity. We compared the transcriptional activity of constructs con-
taining 0, 3 or 6 tandem repeats of SOX2/OCT4 binding sites
(hereafter referred as to 6xSOS) after their transient transfec-
tion in ES cells, and as expected luminescence levels scaled with
the number of SOX2/OCT4 binding sites (Fig. 1A). To verify
that the reporter could be directly transactivated by SOX2 and
OCT4, we generated NIH-3T3 cells (that do not endogenously
express SOX2 or OCT4) for (dox)-inducible expression of
YPet-SOX2 and Halo-OCT4 (see Methods). We transfected the
6xSOS reporter in this cell line and observed an increase in
luminescence after dox induction, indicating that SOX2 and
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Figure 1. (A) Luciferase activity of plasmids containing 0, 3 or 6 repeats of the SOS sequence upstream of a destabilized nuclear luciferase. (B) Activity of the 6xSOS
sequence in NIH-3T3 with or without dox induction of YPet-Sox2 and Halo-Oct4 expression. (C) Luciferase activity driven by the 7xSTAT3 reporter in ES cells with or with-
out addition of LIF in LIF-starved stable 7xSTAT3 ES cells. (D) Averaged single cell luminescence intensities normalized on values of the first frame after division for 6xSOS
and 7xSTAT3 cell lines. N = 56 (6xSOS); N = 45 (7xSTAT3). Error bars: SE. (E) Time series of a dividing ES cell expressing a destabilized nuclear luciferase under the control
of the 6xSOS sequence. Time resolution: 5 minutes. Scale bar: 5.«M. Red: MD* cell line. Blue: MD cell line.



OCT4 transactivated the reporter (Fig. 1B). To compare tran-
scriptional kinetics of the SOX2/OCT4 reporter with a reporter
driven by STAT3, a transcription factor that does not bind
mitotic chromosomes,'> we generated an ES cell line reporting
for STAT3 activity using a reporter construct containing 7
repeats of a STAT3 binding sequence upstream of the short-
lived luciferase reporter. Since STAT3 is activated by the LIF/
JAK/STAT3 pathway in ES cells," we validated the reporter by
monitoring its activity before and after addition of LIF to previ-
ously LIF-starved ES cells, which resulted in a rapid and sus-
tained increase in luminescence levels (Fig. 1C). We then
generated two ES cell lines by lentiviral transduction of the
6xSOS or 7xSTAT3 reporter and performed time-lapse lumi-
nescence microscopy in the pluripotent state. We measured
single-cell luminescence levels by manual tracking just after
division for at least 30 frames (2.5 h) to assess differences in
post-mitotic transcriptional reactivation of both reporters. We
did not observe any difference in the kinetics of post-mitotic
increase in luminescence signals between the two reporters,
suggesting that SOX2/OCT4 do not lead to particularly rapid
transcriptional reactivation after mitotic exit as compared to
STATS3 (Fig. 1D-E).

To investigate the transcriptional reactivation of SOX2 tar-
get genes after mitosis, we took advantage of the cell lines in
which SOX2 is fused to a mitotic degron (MD), allowing to
degrade SOX2 at the M-GI transition, or a mutant thereof
(MD") that does not lead to mitotic degradation of SOX2.
SNAP-MD-Sox2 and SNAP-MD"-Sox2 cell lines were gener-
ated in the 2TS22C cell line background, allowing dox-induc-
ible loss of endogenous SOX2. Importantly, the two cell lines
express the same amount of SOX2 on average, even though
SOX2 is degraded at the M-Gl1 transition in the SNAP-MD-
Sox2 but not in the SNAP-MD*-Sox2 cell line.'® Therefore, this
allows investigating how degradation of SOX2 at the M-G1
transition affects transcriptional reactivation upon mitotic exit.
Both cell lines were treated with dox to stop expressing endoge-
nous SOX2 and synchronized using a thymidine block for 14 h
followed by a 7 h nocodazole block, as previously reported.*’
Cells were then released from mitotic block and RNA was col-
lected at Oh, 1h, 2h and 4h post-release. We also collected RNA
from non-synchronized cells in parallel to assess for global dys-
regulation of gene expression over the whole cell cycle in both
cell lines. We performed Quantitative RT-PCR on nascent tran-
scripts using primers spanning the exon-intron junctions of
different pluripotency genes and other genes that were book-
marked during mitosis, as well as two control genes that are
not known to be regulated by Sox2 and did not have a Sox2
ChIP-seq peak in either asynchronous or mitotic cells within
20kb of their 5" and 3’ end. Strikingly, most Sox2 target genes
were not differentially transcribed between the two cell lines
after mitotic exit, and the only gene that was bookmarked dur-
ing mitosis and exhibited significantly higher pre-mRNA level
during G1 in the MD" cell line was Nf-Kb1, while other book-
marked genes such as Nanog, Oct4, Rifl, Eefsec and FGFRop
had similar pre-mRNA levels during mitotic exit in both cell
lines (Fig. 2A). Some pluripotency genes that are known targets
of SOX2 but were not bookmarked during mitosis, such as Kif4
and KIf2, were also upregulated more efficiently in G1 in the
presence of SOX2 during mitosis (Fig. 2A). Thus, bookmarked
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genes did not display more dependence on the presence of
SOX2 at the M-GI transition than non-bookmarked genes for
their transcriptional reactivation in Gl. Interestingly, Oct4 was
more markedly downregulated in the asynchronous cell popu-
lation (Fig. 2B) than early after mitotic exit (Fig. 2A), raising
the possibility that SOX2 at the M-GI transition may prime
Oct4 for robust transcription during other phases of the cell
cycle. In summary, the absence of SOX2 at the M-G1 transition
did not result in a differential regulation of bookmarked vs.
non-bookmarked genes, but led to a modest downregulation of
several key pluripotency genes.

Discussion

Here we analyzed the transcriptional reactivation of SOX2 tar-
get genes after mitotic exit and show that a SOX2/OCT4
reporter is not more rapidly reactivated than a reporter for
STATS3, which does not bind to mitotic chromosomes. We also
showed that genes bookmarked by SOX2 during mitosis are
not subject to particularly rapid transcriptional reactivation
after mitotic exit. Therefore, and similarly to GATAI1 and
FOXAL, there is no evidence that SOX2 mediates fast transcrip-
tional reactivation of bookmarked genes in early G1. Conse-
quently, it remains unclear whether gene bookmarking during
mitosis by sequence-specific transcription factors is function-
ally relevant or simply the consequence of local mitotic chro-
matin architecture. Furthermore, since the residence time of
most transcription factors on specific DNA-binding sites,
including SOX2 and OCT4, is in the second range,15 2122 H60k-
marked genes are only transiently bound during mitosis.
Finally there is no evidence that bookmarking transcription
factors functionally contribute in modulating the local mitotic
chromatin environment. Thus, this questions the idea that
bookmarked genes have a competitive advantage against non-
bookmarked genes for their reactivation in G1 once chromatin
starts decondensing. Interestingly, the Zaret laboratory
reported that FOXA1 target genes were more rapidly reacti-
vated than non-target genes upon mitotic exit, irrespectively of
their bookmarking status.'” While the scope of the present
work does not allow thoroughly addressing this question for
SOX2, we did not find strong evidence for particularly rapid
transcriptional reactivation of SOX2 targets. One limitation of
our study is the modest increase in pre-mRNA levels we
observed after mitotic exit. We also performed experiments in
which nocodazole treatment was extended to 18 h, but this did
not result in lower pre-mRNA amounts in synchronized cells
or stronger increase in gene expression after mitotic exit (data
not shown). This suggests that the detection of pre-mRNA in
mitotically-synchronized cells resulted either from a fraction of
cells reaching G1 phase in the presence of nocodazole, or carry-
over of unprocessed pre-mRNAs from cells still in the G2
phase. Nevertheless, based on earlier studies in the field,'*'*"?
and on the present work, the heavy focus made on the identifi-
cation and characterization of specific sites bound during mito-
sis did not reveal clear functional insights. Interestingly, mitotic
bookmarking transcription factors are mostly identified by
their co-localization with mitotic chromosomes as assessed by
microscopy, which is arguably observable because of the large
fraction of non-specifically bound molecules.'™'> While most
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Figure 2. (A) pre-mRNA levels of selected genes at 0, 1, 3 and 6 h post-nocodazole release. (B) pre-mRNA levels of the same genes in unsynchronized cells. Error bars: SE.

*p<.05. Scale bar: 5pem.

of such transcription factors have been confirmed by ChIP-seq
to be also retained on specific loci, there is no evidence that
those that are apparently largely evicted from mitotic chromo-
somes do not remain bound to specific sites. Furthermore,
whether either of these two parameters is associated with the
function of transcription factors in gene regulation during G1
phase or the regulation of cell fate decisions remains to be
elucidated.

Interestingly, we found that several SOX2 target genes were
dependent on the presence of SOX2 during the M-Gl1 transi-
tion for their full transcriptional activity in G1 as late as 4 h
after nocodazole block release, and that Oct4 transcription was
significantly downregulated in asynchronous cells in the
absence of SOX2 at the M-G1 transition. This suggests the pos-
sibility that SOX2 needs to reach some of its target sites in early
GI1 to ensure their robust transcription, irrespectively of when
each target is maximally transcribed. How could mitotic book-
marking shorten the search time of SOX2 or other mitotically-
bound transcription factors for their targets ? Since mitotic
chromosomes occupy a relatively small volume of the mitotic
cell,” the sequestration of transcription factor molecules in this
compartment substantially increases their local concentration.
This may reduce their search time for target sites upon mitotic
chromosome decondensation, potentially providing them with

a competitive advantage over transcription factors that do not
remain bound to mitotic chromosomes. So then why does
SOX2 not lead to more rapid transcriptional reactivation of tar-
get genes? It could be that SOX2 is generally not rate-limiting
for the speed of target gene reactivation, but its timely target
occupation may enhance the robustness of SOX2 control over
their activity after mitotic exit, the kinetics of their transcrip-
tional reactivation depending on other activators. Since G1 is
particularly short in ES cells and is a privileged time window
for cell fate decisions, mitotic bookmarking by central pluripo-
tency transcription factors may be particularly important to
control the stability of gene regulatory networks through cell
divisions. In the future, it will be important to determine how
mitotic chromosome binding by other transcription factors
such as OCT4 and ESRRB collectively contribute to maintain
the pluripotency network.

Methods

The culture conditions of ES cells, generation of cell lines
expressing SNAP-MD-Sox2 and SNAP-MD*-Sox2 in the
2TS22C background, and luminescence microscopy are
described in our previous study."



Generation of SOX2/0CT4 and STAT3 sensor constructs
and stable cell lines

To generate the SOX2/OCT4 sensor, top and bottom oligos
encoding 3 repeats of the CITTTGTTATGCAAAT SOX2/0OCT4
consensus sequences spaced by 42 nucleotides were phosphory-
lated using T4 Polynucleotide kinase (NEB), annealed, and ligated
into the Nhel site upstream of TATA box and of the coding
sequence for destabilized nuclear firefly luciferase in a previously
described lentiviral vector backbone.** E. Coli transformants were
then screened for insertion number and orientation, and two con-
structs with either 1 or 2 insertions in the same orientation (thus
containing 3 or 6 repeats) were selected for further experiments.
The STAT3 sensor construct was kindly provided by Dr. Ka Yi
Hui and Prof. Ueli Schibler, Geneva University, and contains 7
repeats of the CTTCCCGGAA sequence spaced by 84 nucleotides.
The 6xSOS and 7xSTAT3 E14 cell lines were generated by lentivi-
ral transduction with the corresponding vectors described above
and as previously described."> To generate a NTH-3T3 cell line
expressing Halo-Oct4 and YPet-Sox2 upon dox induction (hereaf-
ter referred as to 3T3-hOS), NIH-3T3 were transduced with three
lentiviral vectors encoding rtTA3G, TRE3G-Halo-Oct4 and
TRE3G-YPet-Sox2. The construction of these vectors and lentivi-
ral transduction of NIH-3T3 is described in reference.'”

Transfections and luminescence assays

All transfections were performed using the Xtreme Gene 9
reagent (Roche) according to the manufacturers instructions.
To assay the activity of the 6xSOS reporter in ES cells, E14 ES
cells were plated in a white gelatinated 96-well plate and trans-
fected the next day with a lentivector containing either 0, 3 or 6
repeats of the SOX2/OCT4 consensus sequence upstream of
the short-lived luciferase, or a plasmid driving the expression
of eGFP under the control of the PGK promoter (negative con-
trol). 48 h after transfection, a luciferase assay was performed
using the Steady-Glo® Luciferase Assay System (Promega) on a
luminescence plate reader (Infinite F200 Pro, Tecan). To assay
the activity of the 6xSOS reporter in NIH-3T3 cells, 3T3hOS
cells were plated in 8 wells of a white 96-well plate and trans-
fected the next day with the lentivector containing 6 repeats of
the SOX2/OCT4 consensus sequence. 24 h later, 4 of the wells
were treated with 0.5,1g/ml of dox, and cells from all wells were
lysed and assayed for luciferase activity in a luminescence plate
reader. To assay the activity of the 7xSTAT3 reporter, 7xSTAT3
ES cells were plated on 6 gelatinated 3.5cm dishes in medium
devoid of LIF and 2i. The next day, luciferin was added to the
cells at the final concentration of 100uM and luminescence
recordings were started using a Lumicycle apparatus. 2 h later,
2ul of home-made LIF were added to the cell culture medium
of 3 of the dishes.

ES cell synchronization and quantitative RT-PCR

To synchronize ES cells in M-phase, we used a previously
described approach based on dual synchronization at the G1-S
transition and at the beginning of M-phase.” Briefly, ES cells
were plated at 300,000 cells per gelatinated 3.5cm dish in com-
plete cell culture medium supplemented with 1ug/ml of dox.
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Table 1. QPCR primers spanning intron-exon junctions of selected genes.

Sequence (5 to 3') Target sequence

CCAATGCCGTGAAGTTGGAG Oct4_F
TCCCAATTCCCTTCACTGCT Oct4_R
GGGTCTGCTACTGAGATGCT Nanog_F
TTACTGGGTTCTTCGGGGAC Nanog_R
TGGCACCTTGGATTGAGAGT STAT3_F
CCTGACTCAATGCTAAACCCC STAT3_R
AGCCTATCTTGCCGTCCTTT KIf2_F
CTGCACCCTGTAGCCTGGTA KIf2_R
GAAGGGAGAAGACACTGCGT KIf4_F
CCACCCCATCTGCAGAAATC KIf4_R
CCGGACAAACTTCCAGAGTC Tcf7_F
CGGTTCTAGCGCCTTCTTC Tcf7_R
TAACATATGCGGGCGGGC Sall4_F
CACACAGACGTCACACACC Sall4_R
TGGTCAACGAATCGGAGAAT Tcf711_F
CAGAGGCTGACCCTAGGAAT Tcf711_R
CGGGGTACAGAGATGGTCAT Tbx3_F
AGAGTCAGACAAAAGAGATGTGA Tbx3_R
TCCAAGTGTTGTCCCCAAAT Zfp42_F
GGAATAAAGGGACTGGCAGA Zfp42_R
GCTCTCCTGCTAGCTACTCC Gbx2_F
AACACACCAAGGACCCTCAA Gbx2_R
CGCACCTGAGAACTCACACA KIf13_F
GGTCCCAAGCAGTCCCTAGT KIf13_R
TCTCGGCTGTACACGGTTTT Rif1_F
TGAGGCAGTGCGAAGTCATT Rif1_R
CCGCATCTCCAGGGTAAG NFKB1_F
CTTGGGGCTCTCCCCTAGT NFKB1_R
CTCATCCGGACCATCATTG Eefsec_F
CAGGCCTAGGCTGTCAGG Eefsec_R
ACTCAGAGCGGCTGTGTTTT FGFRop_F
TACGGCATGAACAAGGTCTG FGFRop_R
GCTGTCAGGAAGAAGCACAA Septin15_F
GGTCTAACTGATTAAGCAGCCTGT Septin15_R
AACTGACGAGTTGCGGGTA Cct7_F
ACTGTAGACACTCCGCATGG Cct7_R
TTGTCGCAAAACCTATGTGACC Rps9_F
GCCGCCTTACGGATCTTGG Rps9_R

The next day, the medium was supplemented with 1.25mM
thymidine, and 14 h later, cells were washed and further main-
tained in medium containing 50ng/ml of nocodazole and 1ug/
ml of dox. 7 h after nocodazole addition, cells were washed and
further maintained in complete medium and 1pxg/ml of dox.
Cell cultures were then flash-frozen in liquid nitrogen at Oh, 1h,
2h and 4h post-nocodazole block release, and RNA was
extracted using an a GenElute™ Mammalian Total RNA Mini-
prep Kit Q-PCR (Sigma-Aldrich). Reverse transcription was
performed using random hexamers primer using superscript II
(Life Technologies). QPCR was performed on a 7900HT Fast
Real-Time PCR System (Thermofisher) with SYBR green
reagent (Roche). The house-keeping gene Rps9 was used for
data normalization. Primers used for RT-QPCR are listed in
Table 1.
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