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A dynamic mode of mitotic bookmarking
by transcription factors

Sheila S Teves’, Luye An', Anders S Hansen'?, Liangqi Xie'?, Xavier Darzacq"?*,
Robert Tjian"%3*

'Department of Molecular and Cell Biology, University of California, Berkeley,
United States; 2CIRM Center of Excellence, University of California, Berkeley,
Berkeley, United States; *Howard Hughes Medical Institute, University of California,
Berkeley, Berkeley, United States

Abstract During mitosis, transcription is shut off, chromatin condenses, and most transcription
factors (TFs) are reported to be excluded from chromosomes. How do daughter cells re-establish
the original transcription program? Recent discoveries that a select set of TFs remain bound on
mitotic chromosomes suggest a potential mechanism for maintaining transcriptional programs
through the cell cycle termed mitotic bookmarking. Here we report instead that many TFs remain
associated with chromosomes in mouse embryonic stem cells, and that the exclusion previously
described is largely a fixation artifact. In particular, most TFs we tested are significantly enriched on
mitotic chromosomes. Studies with Sox2 reveal that this mitotic interaction is more dynamic than in
interphase and is facilitated by both DNA binding and nuclear import. Furthermore, this dynamic
mode results from lack of transcriptional activation rather than decreased accessibility of
underlying DNA sequences in mitosis. The nature of the cross-linking artifact prompts careful re-
examination of the role of TFs in mitotic bookmarking.

DOI: 10.7554/eLife.22280.001

Introduction

A key component of cell identity is the epigenetic maintenance of cell-type specific transcription pro-
grams. However, this maintenance is challenged during each cell cycle. In mitosis, the global tran-
scriptional machinery is inactivated via a cell cycle-dependent phosphorylation cascade
(Prescott and Bender, 1962; Rhind and Russell, 2012; Taylor, 1960). Interphase chromatin organ-
izes into highly condensed mitotic chromosomes (Koshland and Strunnikov, 1995), and the nuclear
envelope is disassembled (Terasaki et al., 2001). Furthermore, most transcription factors (TFs) have
been shown to be excluded from mitotic chromosomes (Gottesfeld and Forbes, 1997; John and
Workman, 1998; Martinez-Balbas et al., 1995; Rizkallah and Hurt, 2009), leading to the conclu-
sion that mitotic chromosomes may be inaccessible to DNA binding and exclude most TFs. Follow-
ing mitosis, how then do the new daughter cells faithfully re-establish the cell-type specific
transcription program?

Several mechanisms have been proposed to play important roles in re-establishing transcription
following mitosis (Lodhi et al., 2016). These include maintenance of DNA methylation patterns for
heritable silencing and the propagation of histone modifications, although a model to account for
targeted modifications in the absence of TFs has been elusive. Moreover, there are indications that
DNA methylation and histone modifications are not sufficient to maintain transcription profiles
through the cell cycle. For example, DNase | hypersensitive sites on the human hsp70 locus were
shown to be maintained in mitotic chromosomes (Martinez-Balbas et al., 1995) implying the pres-
ence of a ‘bookmarker’ to keep the region accessible to nuclease digestion. Similarly, the transcrip-
tion start sites (TSSs) of certain genes scheduled for reactivation following mitosis were shown to
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elLife digest A kidney cell functions differently from a skin cell despite the fact that all the cells
in one organism share the same DNA. This is because not all of the genes encoded within the DNA
are active in the cells. Instead, cells can turn on just those genes that are specific to how that cell
type works. One way that cells can regulate their genes is by using proteins called transcription
factors that can bind to DNA to turn nearby genes on and off.

When cells divide to form new cells, the DNA is condensed and gene activity is turned off.
However, each dividing cell also has to ‘remember’ the program of genes that specifies its identity.
After division, how do the cells know which genes to turn on and which ones to keep off?

It was thought that the transcription factors attached to the DNA were all detached from it
during cell division. Through studies in mouse embryonic stem cells, Teves et al. now show that this
finding is largely an artifact of the methods used to study the process. In fact, many transcription
factors still bind to and interact with DNA during cell division. This provides an efficient way for the
newly formed cells to quickly reset to the pattern of gene activity appropriate for their cell type.

Having found that many key transcription factors are still bound to DNA during cell division, the
next challenge is to find out what role this binding plays in allowing cells to ‘remember’ their
identity.

DOI: 10.7554/eLife.22280.002

remain sensitive to permanganate oxidation in mitosis, suggesting a conformationally privileged
structure at the TSSs of these genes (Michelotti et al., 1997). It was thus proposed that some
unknown factors must escape the exclusion from mitotic chromosomes and bookmark these regions,
yet none have been shown to remain bound on chromosomes. It was therefore a significant step in
resolving this conundrum when HSF2 was shown to bind at the hsp70i locus during mitosis
(Xing et al., 2005). Since then, and coincident with the advent of live-cell microscopy, a few other
TFs have been discovered to associate with mitotic chromosomes (Caravaca et al., 2013,
Kadauke et al., 2012; Lodhi et al., 2016), beginning a re-emergence of an appreciation for TFs in
propagating transcription programs through mitosis. For instance, GATA1, a major regulator of the
erythroid lineage, has previously been reported to be excluded from mitotic chromosomes by immu-
nofluorescence (Xin et al., 2007). Subsequently, the Blobel group has shown, by live-cell imaging
and chromatin immunoprecipitation analysis, that GATA1 actually remained bound on its target
regions during mitosis (Kadauke et al., 2012). TFs such as GATA1 seem to act as the elusive 'book-
mark’ that maintain chromatin architecture at regulatory regions, and thus have been termed mitotic
bookmarkers. Despite several recent examples of TFs that have been identified as potential mitotic
bookmarkers (Lodhi et al., 2016), these have generally been regarded as special cases while most
of the literature document robust eviction of TFs from chromosomes during mitosis.

Using a combination of in vitro biochemical assays, genome editing, and fixed versus live-cell
imaging, we report that contrary to decades of published literature, most TFs we tested remain
associated with mitotic chromosomes. The widely observed exclusion of TFs from mitotic chromo-
somes is due primarily to a formaldehyde-based cross-linking artifact. Sox2, for example, appears
excluded from chromosomes after chemical fixation, but is highly enriched on mitotic chromosomes
as determined by live-cell imaging. This enrichment of TFs at mitotic chromosomes is facilitated by
both the DNA binding domain of Sox2 and by active nuclear import. Using orthogonal imaging
approaches such as single particle tracking and fluorescence recovery after photobleaching, we
show that Sox2 binds dynamically to mitotic chromosomes, and that this dynamic behavior relates to
the absence of transcriptional activation rather than a global inaccessibility of DNA in condensed
chromosomes. These findings led us to investigate how chemical fixation may alter the localization
of TFs in mitotic cells. We present a model for the mechanistic action of formaldehyde-based cross-
linkers on transcription factor localization, and consider the overarching implications of this cell fixa-
tion artifact on interpreting experiments designed to study many biological processes and particu-
larly transcriptional bookmarking.
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Results

Many transcription factors associate with mitotic chromosomes

We initially hypothesized that Sox2, one of the key pluripotency TFs in embryonic stem cells, may
function as a mitotic bookmarker to maintain the ES cell state. To examine whether Sox2 binds to
mitotic chromosomes, we synchronized cells at various stages of the cell cycle and obtained about
95% pure mitotic population. (Figure 1—figure supplement 1). We then performed biochemical
fractionation to assess the chromatin-bound fraction on the asynchronous (A), mitotic (M), G2- and
S- phase cells (Figure 1—figure supplement 2). We detected Sox2 on chromatin fractions from syn-
chronized populations, including mitotic cells (Figure 1A), providing initial evidence that Sox2 may
associate with mitotic chromosomes. Similarly, TBP fractionated with mitotic chromosomes whereas
Pol Il did not (Figure 1—figure supplement 2). To biochemically assess the strength of this associa-
tion, we performed salt fractionation on asynchronous and mitotic cells (Figure 1—figure supple-
ment 2). Nuclear transcription factors elute from chromatin at the salt concentration that overcomes
their binding strength to DNA. In the asynchronous population, the majority of Sox2 fractionated at
high salt and in the micrococcal nuclease-digested chromatin, suggesting a strong interaction of
Sox2 with chromatin (Figure 1B). In contrast, Oct4 fractionated with much lower salt concentrations
(Figure 1B), consistent with its more dynamic association with chromatin (Chen et al., 2014). Sox2
displayed a similar salt fractionation profile in synchronized mitotic cells, albeit with a somewhat
reduced signal in the digested chromatin (Figure 1B). TBP also showed a strong association with
mitotic chromosomes whereas Pol Il was primarily cytoplasmic (Figure 1—figure supplement 2).
Taken together with the biochemical fractionation assay, these data suggest that Sox2 likely associ-
ates with mitotic chromosomes in a manner that is qualitatively weaker than its association with inter-
phase chromatin.

To visualize Sox2 in mitotic cells, we performed immunofluorescence analysis of Sox2 in standard
formaldehyde-fixed mouse ES cells stably expressing H2B-GFP. In contrast to our biochemical data,
we found that Sox2 is largely excluded from mitotic chromosomes (Figure 1C). However, when we
over-expressed Halo-tagged Sox2 (Halo-Sox2 OE) in mouse ES cells stably expressing H2B-GFP and
imaged mitotic cells under live-cell conditions, we observed that Halo-Sox2 is highly enriched on
mitotic chromosomes (Figure 1D). To resolve the discrepancy between the fixed immunofluores-
cence data versus the over-expressed live-cell imaging, we sought to endogenously knock-in the
HaloTag at the Sox2 locus using the CRISPR/Cas? system such that all endogenous Sox2 molecules
could be visualized. We obtained three independent clones that were homozygously tagged (Halo-
Sox2 Kl), and confirmed that the tagging has no detectable effect on Sox2 function as Halo-Sox2 K
ES cells maintain pluripotency (Figure 1—figure supplement 3). Imaging under live-cell conditions,
we confirmed that Halo-Sox2 Kl is indeed highly enriched on mitotic chromosomes (Figure 1D). Fur-
thermore, using time-lapse microscopy, we detected strong enrichment of Halo-Sox2 Kl to chromo-
somes throughout all stages of mitosis (Figure 1E). To validate that the signal is indeed from the
endogenous Sox2 and not an artifact of the knock-in, we first labeled the Halo-Sox2 Kl in live cells
followed by fixation and standard immunofluorescence using 0-Sox2. The signal for the HaloTag and
0-Sox2 co-localized, confirming that the HaloTag is fused correctly with Sox2 (Figure 1F). Surpris-
ingly, both the HaloTag and the a-Sox2 signals in these fixed cell preparations were found to be
excluded from mitotic chromosomes as marked by H2B-GFP (Figure 1F) in contrast to the live-cell
imaging results. We performed the same fixation experiment on ES cells over-expressing Halo-Sox2
and observed the same chromosome exclusion phenomenon typically reported for TFs (Figure 1F).
We quantified the change in enrichment on mitotic chromosomes by taking the log, ratio of the
mean intensity on chromosomes over the whole cell intensity, using the H2B-GFP as a mask for chro-
mosomes (Figure 1G). Positive values correspond to enrichment on mitotic chromosomes whereas
negative values signify exclusion from chromosomes. With this metric, both Halo-Sox2 OE and Halo-
Sox2 Kl switched from positive enrichment under live-cell imaging conditions to exclusion after fixa-
tion (Figure TH), suggesting that fixation by paraformaldehyde results in the exclusion of Sox2 from
mitotic chromosomes. This result is reminiscent of a previous study showing that HMGB proteins
become excluded from mitotic chromosomes after fixation (Pallier et al., 2003). The authors argue
that formaldehyde may uniquely alter the structure of HMGB proteins and thus result in exclusion,
which may be consistent with Sox2 as it contains an HMG domain. However, because most of the
evidence for TF exclusion derives from fixed cell immunofluorescence analysis, we wondered how
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Figure 1. Transcription factors are not excluded from mitotic chromosomes. (A) Biochemical fractionation of asynchronous (A) mouse ES cells and
synchronized populations at mitosis (M), G2, and S phases was performed to isolate the chromatin-associated fraction. Sox2 and H3 were detected by
Western blot analysis. (B) Salt fractionation of asynchronous (A) and mitotic (M) mouse ES cells. Sox2 and Oct4 were detected by Western blot analysis.
Cyt, Cytoplasmic fraction. Chr, Chromatin fraction. (C) Immunofluorescence with 0-Sox2 of mouse ES cells stably expressing H2B-GFP using confocal
microscopy showing exclusion of Sox2 from mitotic chromosomes (D) Live-cell imaging using confocal microscopy of mouse ES cells stably expressing
H2B-GFP with overexpressed Halo-Sox2 (Halo-Sox2 OE, top) and endogenously tagged Halo-Sox2 (Halo-Sox2 K, bottom) (E) Epi-fluorescence time-
lapse imaging of mouse ES cells stably expressing H2B-GFP and endogenously-tagged Halo-Sox2 Kl (F) Live cells with overexpressed Halo-Sox2 (top)
or endogenously-tagged Halo-Sox2 (bottom) were labeled with JF549 dye and subjected to standard immunofluorescence by fixation with 4% PFA and

detection with o-Sox2. (G) Strategy for quantifying TF chromosome enrichment. (H) Chromosome enrichment levels for overexpressed and
endogenously-tagged Halo-Sox2. n = 40 cells (I). Chromosome enrichment levels for indicated Halo-tagged transcription factors. n = 40 cells. Data are

represented as mean + SEM. Scale bars, 5 um.

DOI: 10.7554/elife.22280.003

The following figure supplements are available for figure 1:

Figure supplement 1. Synchronization of mouse ES cells.

DOI: 10.7554/eLife.22280.004

Figure supplement 2. Biochemical and Salt fractionation strategies.
DOI: 10.7554/eLife.22280.005

Figure supplement 3. Endogenous knock-in of HaloTag to Sox2 locus using CRISPR/Cas9.

DOI: 10.7554/eLife.22280.006

Figure supplement 4. Live versus fixed images of Halo-tagged TFs in mouse ES cells.
DOI: 10.7554/eLife.22280.007

Figure supplement 5. Controls for live versus fixed imaging.

DOI: 10.7554/eLife.22280.008

general this artifact might be. We generated stable cell lines expressing a variety of Halo-tagged
TFs in mouse ES cells, including Oct4, Esrrb, Kif4, Sp1, Foxo1, Foxo3a, Stat3, and Hsf1, and per-
formed the same quantitative analysis of live versus fixed images. In all cases, the level of enrichment

on mitotic chromosomes dramatically decreased after fixation, resulting in an apparent exclusion of
all TFs examined (Figure 11 and Figure 1—figure supplement 4). When imaged under live-cell con-

ditions, however, the majority of these factors exhibited varying levels on mitotic chromosomes,
from highly enriched to uniform levels. This is consistent with a study showing a large number of TFs
associated with mitotic chromosomes in chicken DT40 cells (Ohta et al., 2010). We found two TFs
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that are excluded from mitotic chromosomes under live-cell conditions, Stat3 and Hsf1 (Figure 1I),
both of which are known to require external signals to translocate into the nucleus during interphase.
We have also tested other commonly used fixation methods and have varied the fused tag, and all
the results suggest that chemical fixation somehow evicts TFs from mitotic chromosomes (Figure 1—
figure supplement 5). This surprising finding suggests that a large body of literature spanning sev-
eral decades of studying TFs during mitosis, from their widely accepted exclusion from mitotic chro-
mosomes to the apparent uniqueness of certain select TFs as specialized ‘mitotic bookmarkers’, may
have been founded in large part on a fixation artifact.

Dissection of Sox2 interaction with mitotic chromosomes

Given the varying levels of TFs on mitotic chromosomes, we next investigated the intrinsic TF prop-
erties that might determine the association with mitotic chromosomes. Sox2, for example, is com-
posed primarily of two domains, the N-terminal high mobility group (HMG) DNA binding domain
and the C-terminal trans-activation domain (TAD) (Figure 2A). The HMG domain contains sequence-
specific DNA binding residues as well as nuclear localization signals (NLS), whereas the TAD is inte-
gral to protein-protein interactions with Sox2 partner proteins, including Oct4 and p300 (Cox et al.,
2010). To address which regions are important for mitotic enrichment, we expressed truncations of
Sox2 as HaloTag fusions in ES cells stably expressing H2B-GFP. Halo-Sox2 HMG became highly
enriched on mitotic chromosomes whereas Halo-Sox2 TAD was mostly cytoplasmic (Figure 2B).
When we quantified the chromosome enrichment of the truncations, we observed that the HMG
domain is sufficient to render mitotic chromosome localization (Figure 2B). We next tested whether
sequence-specific binding and/or the NLS within the HMG domain is necessary for mitotic enrich-
ment. We mutated five amino acid residues that have been shown to contact the DNA minor groove
(N48A, N70A, S71A, S74A, Y112A) (Reményi et al., 2003), and fused this to the HaloTag (Halo-
Sox2 DBD5M). Expressed in ES cells, mutations of DNA binding residues resulted in exclusion from
mitotic chromosomes under live-cell imaging conditions (Figure 2B). A separate study has shown
that mutating three distinct residues (M47G, F50G, M51G) also abolished DNA binding (Chen et al.,
2014). Expressing this construct (Halo-Sox2 DBD3M) also showed exclusion from mitotic chromo-
somes (Figure 2B), confirming that DNA binding is necessary for mitotic enrichment. We next tested
what role Sox2 NLS might play on mitotic enrichment. Sox2 contains two NLS, a bipartite signal
located at residues 43-46 (VKRP) and 57-60 (QRRK), and a monopartite signal located at residues
114-117 (PRRK) (Polakova et al., 2014). To abolish the NLS completely, we introduced mutations at
both NLS elements, specifically K44A, R45A, R58A, R59A, R115A, R116A, and K117A. Surprisingly,
mutations to the NLS also resulted in exclusion from mitotic chromosomes (Figure 2B).

Although the Sox2 NLS is in close proximity to the DNA binding residues and as such, mutations
to the NLS may affect DNA binding, some indication for the role of nuclear import in the mitotic
enrichment of TFs has recently been shown. For instance, mutants of HNF1B become enriched on
mitotic chromosomes following cold shock, and that this enrichment is dependent on nuclear import
(Lerner et al., 2016). We therefore wondered if an NLS is sufficient to confer enrichment on mitotic
chromosomes. We expressed a fusion of the HaloTag and the SV-40 NLS in mouse ES cells stably
expressing H2B-GFP. When imaged under live conditions, we discovered that the NLS enriched the
HaloTag protein in mitotic chromosomes (Figure 2C). In contrast, HaloTag protein alone is excluded
from mitotic chromosomes (Figure 2C). There are two potential mechanisms that could enrich an
NLS-containing protein on mitotic chromosomes. The first is that highly positive residues on NLSs,
generally lysines and arginines, interact non-specifically with the negatively charged chromosomes.
In the case of the SV-40 NLS, the sequence is PKKKRKV. The second potential mechanism is that the
nuclear import machinery actively enriches nuclear factors on mitotic chromosomes. To distinguish
between these two possibilities, we expressed the fusion of a plant-specific NLS with the HaloTag in
mouse ES cells stably expressing H2B-GFP. The plant NLS contains positively charged residues
(SVLGKRKFA), but is functional only in plants (Kosugi et al., 2009). When imaged under live-cell
conditions, we observed no enrichment of Halo-Plant NLS on mitotic chromosomes (Figure 2C).
These results suggest that both sequence-specific binding and active nuclear import likely contribute
to the enrichment of TFs on mitotic chromosomes.
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Sox2 interaction with mitotic chromosomes is highly dynamic

We next examined the interaction dynamics of TFs on mitotic chromosomes using Sox2 as a model
through fluorescence recovery after photobleaching (FRAP) (Figure 3A). Quantifying intensities at
the bleach spot over time shows that Halo-Sox2 recovery is faster in mitotic cells than during inter-
phase, but significantly slower than Halo-NLS (Figure 3B). The average time for Halo-Sox2 to reach
90% recovery in interphase is 19.7 s, whereas 90% recovery in mitosis is 4.3 s on average
(Figure 3C). In contrast, Halo-NLS reaches 90% recovery in 0.9 s for both interphase and mitotic cells
(Figure 3C). These results suggest that the interaction of Sox2 with mitotic chromosomes is more
dynamic than its interaction with interphase chromatin. As an orthogonal approach to FRAP, we per-
formed single particle tracking (SPT) with long exposure times (500 ms) to determine residence
times of Halo-Sox2 in mitosis relative to interphase (Videos 1 and 2). The long exposure times allow
for a ‘blurring out’ of fast moving molecules while immobile, ‘stably’ bound molecules appear as
bright diffraction-limited spots as previously reported for Sox2 (Chen et al., 2014). We plotted the
semi-log histogram of Halo-Sox2 dwell times, the amount of time each molecule remains detected,
for interphase and mitotic cells (Figure 3D). A two-component exponential decay model, represent-
ing specific versus non-specific binding events, was fit to the dwell time histograms as previously
reported to extract the residence times of bound molecules (Chen et al., 2014). After correction for
photobleaching, the residence time of specific Halo-Sox2 binding events during mitosis is 54% rela-
tive to interphase (Figure 3D inset). The decreased residence times for specific Sox2 interactions in
mitosis relative to interphase is comparable with the faster FRAP recovery of Sox2 during mitosis.
We next investigated whether there is also a change in the total fraction of molecules that are bound
versus freely diffusing by performing SPT at faster imaging frequencies (223 Hz) (Videos 3 and
4). For each tracked molecule, we measured the displacement of individual molecules between
frames (jump length), and plotted the histogram of jump lengths for interphase and mitotic cells
(Figure 3E). We then fitted a 2-state model to the probability distribution of jump lengths as previ-
ously reported (Mazza et al., 2012) to extract the fraction of molecules that are bound versus freely
diffusing. We performed the same analysis for H2B-Halo and Halo-NLS to distinguish bound (short
jump lengths) and freely diffusing (large jump lengths) states, respectively (Figure 3—figure supple-
ment 1). In interphase, 30.9% of Halo-Sox2 molecules are bound, whereas 18.3% of Halo-Sox2 mole-
cules are bound in mitosis (Figure 3E inset), an almost two-fold decrease in bound population. This
total bound fraction includes both short- and long-lived binding events. Taken together with the
slow tracking SPT analysis, these data suggest that there are fewer Sox2 molecules bound during
mitosis, and that these bound molecules experience a faster off-rate in mitosis.

Why is Sox2 interaction with mitotic chromosomes more dynamic than with interphase chromatin?
By examining truncations of Sox2, we have discovered that the HMG domain of Sox2 is important
for mitotic enrichment, but what are the contributions of the TAD on the dynamics of this interac-
tion? To answer this question, we performed FRAP analysis on mouse ES cells expressing Halo-Sox2
HMG in interphase and mitotic cells. Compared to full length Halo-Sox2, the Halo-Sox2 HMG
showed faster FRAP recovery both in interphase and mitosis (Figure 3B-C). Quantification of fluores-
cence intensities over time at the bleach spot shows that Halo-Sox2 HMG in interphase and mitosis
resemble that of Halo-Sox2 in mitosis (Figure 3C). Indeed, the average time for Halo-Sox2 HMG to
reach 90% recovery in both interphase and mitosis is 6.6 s, comparable to Halo-Sox2 in mitosis (4.3
s) (Figure 3C). These results suggest that the TAD plays a significant role in stabilizing Sox2 interac-
tions with interphase chromatin. The TAD region participates in interactions with partner proteins,
including Oct4 and p300, to activate transcription (Cox et al., 2010). Given these results, one possi-
ble model is that the HMG domain of Sox2 allows for initial contact with target DNA sites, and tran-
scriptional activation by the TAD stabilizes Sox2 at the main target sites via protein-protein
interactions with partner factors, perhaps in the assembled pre-initiation complex (PIC). During mito-
sis, transcription is shut off globally, and therefore, the full length Sox2 now interacts with mitotic
chromosomes primarily through its DNA binding domain, rendering the TAD inactive.

Global DNA accessibility is unaltered during mitosis

The lack of transcriptional activation during mitosis may contribute to the more dynamic interaction
of Sox2 with mitotic chromosomes, but another possibility is that the highly condensed nature of
mitotic chromosomes also decreases the ability of Sox2 to access its binding sites. To test if mitotic
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Figure 3. Sox2 interaction with mitotic chromosomes is highly dynamic. (A) FRAP analysis of HaloSox2 Kl and HaloSox2 HMG cells for interphase and
mitosis. (B) Quantification of fluorescence recovery at the bleach spot for the indicated Halo-tagged construct in interphase and mitosis. n = 30 cells.
(C) From (B), the average time to reach 90% recovery for the indicated (color-coded) Halo-tagged construct. (D) Dwell time histogram of the fraction of
endogenously-tagged Halo-Sox2 molecules remaining bound for interphase (gray) and mitotic (red) cells. Representative images are shown. Inset,
quantification of the relative Sox2 residence time as percentage of interphase cells. n = 30 cells. (E) Jump length histogram for three consecutive
images (At = 13.5 ms) of the endogenously-tagged Halo-Sox2 molecules for interphase (gray) and mitotic (red) cells. A 2-state model is used to fit the
histogram (solid line), and the fraction bound is calculated (inset). n = 24 cells. Data are represented as mean = SEM.

DOI: 10.7554/elife.22280.010

The following figure supplement is available for figure 3:

Figure supplement 1. Controls for single particle tracking experiments.
DOI: 10.7554/elife.22280.011

chromosomes have decreased accessibility, we utilized Assay for Transposase-Accessible Chromatin
using sequencing (ATAC-seq) analysis where the integration of sequencing-compatible adapters by
the Tn5 transposase is directly correlated with the accessibility of genomic regions
(Buenrostro et al., 2013). We performed ATAC-seq in asynchronous cells as well as in Nocodazole-
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synchronized mitotic cells in two biological repli-
cates each. Synchronized mitotic cells remain
mitotic throughout the ATAC-seq protocol, and
biological replicates for both asynchronous and
mitotic cells were highly correlated with each
other and were therefore combined in subse-
quent analyses (Figure 4—figure supplement 1).
The length distribution profile of sequenced frag-
ments from asynchronous cell populations and
Video 1. SPT for residence time analysis of Halo-Sox2 ~ synchronized mitotic cells revealed near super-

Kl cells in interphase. Related to Figure 3. Imaging imposable  patterns  in  Tn5  integration
immobile Halo-Sox2 molecules in interphase ES cells at  (Figure 4A), including the 10 bp periodicity pat-
2 Hz. Movie fps = 20. one pixel = 160 nm. terns that mark DNA helical pitch (Figure 4A

DOI: 107554/ eLife.22280.012 inset). These nearly identical integration patterns

and sequencing read counts (Figure 4—figure
supplement 1) suggest that Tn5 transposase may
access mitotic chromosomes as equally well as
interphase chromatin. Indeed, when we mapped the sequenced reads and visualized them on the
genome, we observed nearly identical patterns and intensities of peaks (Figure 4B). We further
parsed the reads computationally based on length, with short reads (under 100 bp) representing
sub-nucleosomal DNA regions, and reads between 180-247 bp representing mono-nucleosome
sized fragments (Figure 4A inset). We then mapped these size classes separately and obtained dis-
tinct genomic profiles (Figure 4C). Similar to the total mapped reads, there is little qualitative differ-
ence in peak patterns and intensities between asynchronous and mitotic cells when we analyze both
the short reads and the mono-nucleosome sized fragments (Figure 4C). To quantitatively assess the
level of concordance between asynchronous and mitotic cells, we called peaks individually for both
samples and combined unique peaks. We then measured the intensities of each called peak for both
asynchronous and mitotic samples and plotted the values as a log-scale scatter plot heatmap
(Figure 4D). This analysis shows a near perfect symmetry along the diagonal, suggesting that
the peak intensities between asynchronous and mitotic cells are concordant. Indeed, linear regres-
sion analysis shows the slope of the fit at 0.965, with an R? value of 0.991 (Figure 4D). Performing
the same analysis on the short reads (Figure 4E) and mono-nucleosome sized fragments (Figure 4F)
also yields symmetrical patterns along the diagonal, with linear fits close to one. These quantitative
analyses indicate that mitotic chromosomes are accessed by the Tn5 transposase in nearly the same
manner as it accesses interphase chromatin, suggesting that the massive condensation of mitotic
chromosomes has little effect on DNA accessibility.

DNA accessibility of Sox2 binding sites is maintained in mitosis
Global analysis of DNA accessibility shows no marked difference between interphase chromatin and
mitotic chromosomes, but what about at specific TF binding sites such as those of Sox2? We exam-

Video 3. SPT for fraction bound measurements of

Video 2. SPT for residence time analysis of Halo-Sox2 Halo-Sox2 Kl cells in interphase. Related to

Kl cells in mitosis. Related to Figure 3. Imaging Figure 3. Imaging fast Halo-Sox2 molecules in
immobile Halo-Sox2 molecules in mitotic ES cells at 2 interphase ES cells at 223 Hz. Movie fps = 20. one
Hz. Movie fps = 20. one pixel = 160 nm. pixel = 160 nm.

DOI: 10.7554/eLife.22280.013 DOI: 10.7554/elife.22280.014
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ined total ATAC-seq reads as well as short and
mono-nucleosome sized fragments on the well-
characterized Oct4 distal enhancer (DE) that con-
tains binding sites for Sox2 (Figure 5A). We
observed a prominent peak in short reads cen-
tered at the DE that is flanked by well-defined
nucleosomes in asynchronous cells. Importantly,
the peak of ATAC-seq reads in between the two

w.e||-p-05|t|.oned nucleosomes is malln.t.alned N Video 4. SPT for fraction bound measurements of
mitosis (Figure 5A). To assess accessibility for all Halo-Sox2 Kl cells in mitosis. Related to

bound Sox2 sites, we collated significantly Figure 3. Imaging fast Halo-Sox2 molecules in mitotic
bound Sox2 regions from published ChiP-seq ES cells at 223 Hz. Movie fps = 20. one pixel = 160 nm.
experiments for Sox2 in mouse ES cells DOl 10.7554/elife.22280.015

(Chen et al., 2008), and analyzed ATAC-seq
data at and surrounding these binding sites in
asynchronous and mitotic samples. The heatmap of ATAC-seq signal on a 4 kb region centered at
the Sox2 peaks shows a prominent region of accessibility at the peak center in asynchronous cells
that is maintained albeit at somewhat reduced levels in mitotic cells (Figure 5B, left). Averaging the
integration density at all Sox2 bound sites shows that mitosis integration density is roughly 60% of
the integration density in asynchronous cells (Figure 5B, right). This significant decrease in integra-
tion density at Sox2 bound regions may reflect the reduced residence time of Sox2 at these sites
during mitosis (Figure 2D), and is consistent with a previous study showing decreased accessibility
at enhancer regions (Hsiung et al., 2015). However, this result may not reflect the ability of Sox2 to
physically access the full repertoire of binding regions during mitosis. To assess whether Sox2 can

sample its binding sites during mitosis, we collated regions of the genome containing the Sox2 bind-
ing motif. We averaged the integration density at single base resolution in an 80 bp region centered
at the Sox2 motif to precisely define the footprint of Sox2 in asynchronous and mitotic cells
(Figure 5C). This footprinting analysis shows nearly identical integration patterns and footprinting
depth for asynchronous and mitotic cells that is absent in matching random genomic sites, suggest-
ing that Sox2 can sample binding sites as equally well in mitotic as in asynchronous cells. This inter-
pretation is consistent with the similar binding dynamics of the Sox2 HMG domain in interphase and
in mitosis (Figure 3B), lending further support for the model that Sox2 scans its binding sites rela-
tively quickly through its DNA binding domain and is stabilized through the TAD when transcription
is activated.

Potential mechanism of chemical fixation artifact

Our surprising discovery of a formaldehyde fixation artifact prompted us to examine a potential
mechanism for the artificial eviction of TFs. To capture this artifact in action, we performed time-
lapse two-color imaging at 2 Hz of mitotic Halo-Sox2 Kl cells stably expressing H2B-GFP as we
added 1% paraformaldehyde (PFA) to the cells (Figure 6A and Video 5). At 2 s before 1% PFA is
added, Halo-Sox2 is highly concentrated on mitotic chromosomes as marked by H2B-GFP. Within 10
s after PFA addition, Halo-Sox2 levels at the chromosomes are visibly reduced, and becomes almost
indistinguishable from the cytoplasmic signal by 60 s after PFA addition (Figure 6A). These results
point to a robust effect of PFA in inducing the apparent eviction of TFs from mitotic chromosomes.
A potential mechanistic model through which PFA could produce such an artifact is as follows (Fig-
ure 7). As PFA molecules cross the cell membrane, they rapidly cross-link to the nearest protein
available. This would result in a steep gradient of cross-linking that moves inward as more and more
PFA molecules cross the membrane. The non-uniform rate and directionality of cross-linking would
likely deplete the cytoplasmic pool of TFs that could associate with chromosomes. Furthermore, the
initial cross-linking of the cytoplasmic pool would result in an effective decrease in ko, of TFs on
mitotic chromosomes. We note that recent studies have shown, using live-cell single molecule track-
ing and FRAP experiments, that most TFs have a residence time of under 20 s and are thus quite
dynamic even during interphase (Chen et al., 2014; EIf et al., 2007; Gebhardt et al., 2013,
Mueller et al., 2008; Swinstead et al., 2016). At least in the case of Sox2, residence time is also
decreased in mitosis. This increase in effective kg of TFs superimposed on this moving gradient of
cross-linking would result in the apparent exclusion of TFs from mitotic chromosomes. This model
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Figure 4. Global accessibility is maintained in mitotic chromosomes. (A) Fragment length distribution of ATAC-seq reads for asynchronous (blue) and
mitotic (red) cells. Inset, magnification of fragment length distribution under 300 bp showing size cut-offs for short reads (under 100 bp) and mono-
nucleosome sized fragments (180-247 bp). (B) Asynchronous and mitotic ATAC-seq profiles for an 800 kb region in chromosome 6. (C) Comparison of
total, short, and mono-nucleosome sized reads for asynchronous and mitotic samples in a 40 kb region in chromosome 6. (D-F) Heatmap scatter plots
of peak intensities for asynchronous vs mitotic samples in total reads (D), short reads (E), and mono-nucleosome sized reads (F). Linear regression fit

and R? values are shown.
DOI: 10.7554/elife.22280.016
The following figure supplement is available for figure 4:

Figure supplement 1. ATAC-seq replicates for asynchronous and mitotic samples.

DOI: 10.7554/eLife.22280.017
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Figure 5. Accessibility of Sox2 binding sites in mitosis. (A) Comparison of total, short, and mononucleosome sized
reads for asynchronous and mitotic samples at the Pou5f1 gene. The boxed region centered at the distal enhancer
(DE) is shown in greater detail on the right. (B) Heatmaps using the short reads were for asynchronous and mitotic
ATAC-seq samples for all Sox2 bound sites (Chen et al., 2008) GEO Accession number GSE11431. Right, the
average integration density for all Sox2 binding sites is plotted for asynchronous (blue) and mitotic (red) samples.
(C) Aggregate ATAC-seq footprint for Sox2 (left) and for matched random genomic regions (right).

DOI: 10.7554/eLife.22280.018

predicts that the rate of artifact manifestation would increase as a function of PFA concentration. To
test this, we performed time-lapse imaging on Halo-Sox2 Kl cells while adding varying concentra-
tions of PFA, from 0.25% to 4%, and quantified over time the chromosome enrichment of Halo-Sox2
using H2B-GFP as chromosomal mask. At 60 s post PFA addition, chromosome enrichment of Halo-
Sox2 decreased as the concentration of PFA added is increased (Figure 6B), confirming that the fix-
ation artifact is dose-dependent. A second prediction based on the model is that TFs with lower ke
(more stably bound) would be more resistant to PFA-induced mis-localization. One TF that has been
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Figure 6. Mechanism of formaldehyde-based mis-localization of TFs. (A) Time-lapse two color imaging of endogenously tagged Halo-Sox2 mouse ES
cells stably expressing H2B-GFP after adding 1% PFA. (B) Quantification of chromosome enrichment at 60 s after PFA addition with the indicated
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+ SEM. Scal

e bars, 5 um.

DOI: 10.7554/elife.22280.019

shown to be stably bound to its target sites is TBP (Chen et al., 2002). We imaged Halo-TBP

Video 5. Time-lapse imaging with PFA addition.
Related to Figure 6. Mitotic Halo-Sox2 Kl cells were
imaged at 2 Hz. 1% PFA was added after 10 s of
imaging. Movie fps = 20. one pixel = 160 nm.

DOI: 10.7554/¢elife.22280.020

expressing cells before and after fixation and
quantified the level of chromosome enrichment
as before. Compared to the highly dynamic
Halo-NLS, Halo-TBP is resistant to PFA mis-local-
ization (Figure 6C). Furthermore, whereas active
nuclear import is required for chromosome
enrichment, it had no effect on PFA-induced
mis-localization as Halo-Plant NLS also becomes
excluded from mitotic chromosomes after fixa-
tion, in contrast to Halo-only control (Figure 6C).
A corollary of the second prediction based on
the proposed mechanistic model is that if diffu-
sion is reduced while allowing for PFA to equili-
brate throughout the cell, the artifact should be
reduced. We tested this hypothesis by perform-
ing high pressure freezing (HPF) followed by
freeze substitution (FS), a method commonly
used for preparing samples for electron micros-
copy. First, the cells are rapidly chilled to liquid
nitrogen temperatures in sub-millisecond time
scale and under high pressure (2100 bar) to bet-
ter preserve  molecular  structures and
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Live mitotic cell Formaldehyde enters membrane
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Chromosome TF X-linked TF Formaldehyde

Figure 7. Model for formaldehyde-based mis-localization of transcription factors. In live mitotic cells, TFs interact
dynamically with mitotic chromosomes with intrinsic ko, and ke rates, but can also sample the entire cellular
space. During fixation, formaldehyde molecules enter the cell membrane and immediately cross-link with the
nearest protein, resulting in a wave of cross-linking gradient that moves from the cell membrane inward. Such a
gradient would cross-link cytoplasmic TFs first and result in an effective decrease in ko, rates. As the gradient
moves to the center, the result is an apparent exclusion of TFs from mitotic chromosomes.

DOI: 10.7554/eLife.22280.021

localization. The cells are then immersed in PFA dissolved in an organic solvent at low temperatures
over time to allow for a gradual substitution of water molecules with PFA-containing organic solvent.
As temperatures warm, the equilibrated PFA molecules begin to crosslink molecules in the cell. We
performed this experiment on Halo-Sox2 Kl cells labeled with dye immediately before HPF-FS and
imaged the cells after HPF-FS (Figure 6D). Under these conditions, we partially rescued the localiza-
tion of Halo-Sox2 on mitotic chromosomes, suggesting that the HPF-FS method can somewhat
counteract the PFA-induced artifact. Taken together, these results point to a robust artifact caused
by formaldehyde based cross-linking, and support a model whereby highly dynamic TFs are more
susceptible to PFA-induced mis-localization.

Discussion

We initiated our studies by testing whether Sox2 acts as a mitotic bookmarker to maintain the ES
cell state. Indeed, we have found that Sox2 is dynamically enriched on mitotic chromosomes and
that this interaction is mediated by both the DNA binding domain and the NLS. Furthermore, mitotic
chromosomes remain highly accessible, ensuring that TFs such as Sox2 can efficiently and directly
sample its binding sites. With these results alone, we might have concluded that Sox2 is one of the
few privileged TFs that act as mitotic bookmarkers.
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In the process of tracking the behavior of Sox2 during mitosis, however, we unexpectedly discov-
ered that most TFs we sampled continue to associate with mitotic chromosomes in varying levels, in
direct contrast to the established literature documenting the eviction of most transcription factors
from mitotic chromosomes. Surprisingly, we have found that the previously reported exclusion of
TFs from mitotic chromosomes is caused by a chemical crosslinking-based artifact. By combining the
dynamic properties of TFs with the chemical properties of formaldehyde, we have described a
potential mechanistic model for how the artifact might be produced. Formaldehyde molecules rap-
idly cross-link to the nearest protein as they cross the cell membrane, resulting in a cross-linking gra-
dient that moves from the cell membrane inward. In mitotic cells, TFs have intrinsic ko, and ko rates
with respect to mitotic chromosomes, but with the breakdown of the nuclear envelope, can also
sample the entire cellular space. The advancing gradient of cross-linking would result in depletion of
cytoplasmic TF molecules as they are cross-linked first, reducing the effective ko, rates. As the cross-
linking gradient moves inward, this effect, combined with the mitotic-specific increase in ko, would
result in an apparent exclusion of TFs from mitotic chromosomes (Figure 7). We have presented evi-
dence that support specific predictions based on this model. In particular, the rate of artifact mani-
festation is correlated with PFA concentration. Furthermore, highly dynamic TFs are more
susceptible to PFA-induced mis-localization compared to stably bound factors. Indeed, some indica-
tions of this latter point exist in the literature. For example, factors such as CTCF, the cohesin com-
plex, and DNA topoisomerases, all of which exhibit stable binding, have been shown by fixed
immunofluorescence to remain bound on mitotic chromosomes (Burke et al., 2005;
Christensen et al.,, 2002; Losada and Hirano, 2001; Nakahashi et al., 2013). The existence of a
formaldehyde based artifact, and the potential mode of its action, have several implications. The
most direct implication is that it questions decades of research built upon the model that most TFs
are evicted and excluded from mitotic chromosomes. Although TFs display varying levels on mitotic
chromosomes, from highly enriched to uniform levels, the majority of TFs tested do not exhibit the
reported exclusion from mitotic chromosomes, suggesting as yet unknown functions for most TFs
during mitosis. The reported TF exclusion has also been implicated in studies of cellular differentia-
tion and nuclear reprogramming (Egli et al., 2008), which, in light of our findings reported here,
may benefit from reconsideration. A far-reaching implication of the formaldehyde artifact is that
many molecular biology techniques aimed at studying dynamics that are dependent on formalde-
hyde-based fixation may have to be revisited. Chromatin immunoprecipitation (ChlIP) studies reliant
on formaldehyde cross-linking may underestimate the total binding space of any given TF. Further-
more, studies designed to measure the dynamics of TFs through time-course cross-linked chromatin
immunoprecipitation experiments (Lickwar et al., 2012) may be susceptible to formaldehyde-based
artifacts. Indeed, previous examples of this limitation in ChIP have been documented
(Schmiedeberg et al., 2009). As technological advances in live-cell and single molecule techniques
increase, we can begin to study dynamic processes more accurately.

The visual compaction of chromatin into condensed mitotic chromosomes has led to the general
perception that the underlying DNA in mitotic chromosomes is largely inaccessible. However, several
experiments point to the idea that DNA remains accessible to some extent in the highly condensed
mitotic chromosomes. For example, TFs of the RNA Polymerase | machinery have been shown to
rapidly exchange on and off ribosomal DNA clusters during mitosis through FRAP analysis
(Chen et al., 2005). Diffusion of EGFP molecules is delayed but not hindered through mitotic chro-
mosomes as measured by pair correlation function, suggesting that molecules can freely cross chro-
mosomes during mitosis (Hinde et al., 2011). More recently, the Blobel group has performed
DNase | hypersensitivity assay coupled with sequencing in mitotic and asynchronous mouse erythro-
blast cells and has shown that, although there is a global decrease in DNase-seq signals during mito-
sis, overall patterns of DNase | HS patterns are preserved (Hsiung et al., 2015). Our ATAC-seq
analysis shows that the levels of integration globally are quantitatively similar for asynchronous and
mitotic cells. Taken together, these studies suggest that DNA in mitotic chromosomes is as accessi-
ble as in interphase chromatin.

The altered dynamic behavior of Sox2 binding with mitotic chromosomes relative to interphase
chromatin implies that TF interactions with target DNA sites are likely cell cycle-dependent. During
interphase, Sox2 target search and binding is dominated by three factors: 3D diffusion, protein-DNA
contacts, and protein-protein interactions. Our fast-tracking SPT experiments have revealed that, at
any given time during interphase, roughly 70% of Sox2 molecules are undergoing diffusion while
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30% are bound. Previous studies have shown that bound molecules of Sox2 can be classified further
as engaged in fast, non-specific interactions, or stable, site-specific binding (Chen et al., 2014).
Here, we have confirmed that the interphase long-lived stable binding events are highly dependent
on the TAD-mediated protein-protein interactions that occur during transcriptional activation
(Chen et al., 2014). During mitosis when the nuclear envelope is disassembled and DNA becomes
highly condensed, we have observed an increase in the fraction of freely diffusing Sox2 molecules to
an average of 82%. Although this greater proportion of freely diffusing molecules could be attrib-
uted to an effective increase in total explorable space during mitosis, this effect would have resulted
in a cytoplasmic rather than chromosome accumulation of Sox2 during mitosis. Live-cell imaging
clearly shows that Sox2 molecules are concentrated at mitotic chromosomes, and that only a small
proportion of molecules explore the whole cytoplasmic region. Thus, the majority of Sox2 molecules
that are observed on mitotic chromosomes are actually sampling cognate binding sites dynamically.
Interestingly, the 18% of Sox2 molecules that are bound on mitotic chromosomes exhibit decreased
residence times relative to bound Sox2 molecules in interphase. Indeed, Sox2 dynamics in mitosis
mimics the behavior of interphase Sox2 without its transcriptional activation domain, suggesting that
Sox2 protein-protein interactions dependent on transcriptional activation are severely abrogated in
mitosis. Therefore, in contrast to interphase cells, Sox2 behavior during mitosis appears to be domi-
nated by two main factors, 3D diffusion and protein-DNA contacts. Similarly, FoxA1, another TF that
has been described as a mitotic bookmarker, has also been shown to bind to mitotic chromosomes
in a more dynamic manner than to interphase chromatin (Caravaca et al., 2013). Such cell cycle
dependent behavior, as dictated by the changes in global transcriptional status, may be common for
many TFs.

We have shown that TF enrichment on mitotic chromosomes is facilitated by a functional NLS,
which was surprising given the nuclear envelope breakdown in mitosis. How might the active nuclear
import mechanism function to enrich TFs on mitotic chromosomes? During interphase, the canonical
nuclear import mechanism employs three main proteins, importins o and B, and the small regulatory
GTPase Ran (Freitas and Cunha, 2009). Importin o recognizes the NLS-containing protein and binds
to importin B to form a cargo complex. Upon import, nuclear Ran-GTP binds to importin B and indu-
ces cargo dissociation and the release of the NLS-containing protein. To maintain the directionality
of the import mechanism, Ran-GTP must be present at higher concentrations in the nucleus while
Ran-GDP must be predominantly cytoplasmic (Harel and Forbes, 2004). This compartmentalization
is established by the chromatin associated Ran GTP-exchange factor, RCC1, and by the Ran
GTPase-activating protein (Ran-GAP), which is localized to the cytoplasmic periphery of the nuclear
envelope. Despite nuclear envelope breakdown during mitosis, RCC1 remains localized at mitotic
chromosomes, thereby maintaining the Ran-GTP gradient in mitosis (Moore et al., 2002). This Ran-
GTP gradient has recently been shown to be vital in accurate formation of the spindle assembly dur-
ing mitosis through the re-purposing of the canonical import proteins (Forbes et al., 2015). One
possible mechanism for mediating the NLS-dependent enrichment of TFs on mitotic chromosomes is
that the maintained Ran-GTP gradient allows importins to retain their ability to transport NLS-con-
taining proteins to mitotic chromosomes. Indeed, the accumulation of NLS containing proteins on
chromosomes was hypothesized and modeled previously (Caudron et al., 2005) and a drug-depen-
dent block of nuclear import resulted in exclusion of a TF mutant from mitotic chromosomes
(Lerner et al., 2016). This postulated active shuttling of nuclear proteins to the chromosomes serves
two potential functions. First, such a mechanism would facilitate the accumulation of high local con-
centrations of nuclear factors near the chromosomes to ensure an efficient re-establishment of the
nuclear environment immediately following mitosis when the nuclear envelope reforms. Secondly,
the increased local concentration of TFs on mitotic chromosomes may contribute to maintaining the
accessibility of DNA regulatory regions, the original definition of mitotic bookmarking, even under
the highly condensed state of mitotic chromosomes by facilitating increased TF-chromosome inter-
actions. This model is supported by the near perfect concordance of ATAC-seq profiles for asynchro-
nous and mitotic samples, indicating that mitotic chromosomes are as accessible to TFs as
interphase chromatin. Therefore, most TFs can and do interact with mitotic chromosomes and thus
function as general mitotic bookmarkers.
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Materials and methods

Cell culture

For all experiments, we used the mouse ES cell line JM8.N4 (RRID: CVCL_J962) obtained from the
KOMP repository (https://www.komp.org/pdf.php?clonelD=8669) and tested negative for myco-
plasma. ES cells were cultured on gelatin-coated plates in ESC media Knockout D-MEM
(Invitrogen, Waltham, MA) with 15% FBS, 0.1 mM MEMnon-essential amino acids, 2 mM GlutaMAX,
0.1 mM 2-mercaptoethanol (Sigma) and 1000 units/ml of ESGRO (Chem- icon). ES cells are fed daily
and passaged every two days by trypsinization. Mitotic cells were synchronized by adding 100 ng/
mL of Nocodazole for 6 hr followed by shake-off. Synchronization for other cell cycle stages were
performed using the following regime. Cells were incubated in 2 mM Thymidine for 6 hr followed by
6 hr of fresh media. This cycle was repeated twice and cells synchronized in S phase were collected.
The double thymidine block was followed by incubation with 100 ng/mL of Nocodazole for 6 hr.
Mitotic cells were collected by shake-off, and remaining adherent cells were collected as G2-phase
cells. To generate HaloTag-fused TFs, coding sequence of each TF were cloned into a Piggybac vec-
tor containing 3X-Flag-Halo-TEV construct upstream of a multiple cloning site. Stably expressing
cell-lines were generated by transfecting the Halo-TF Piggybac construct together with the Super
Piggybac transposase using Lipofectamine 3000. After 24 hr, stable integration of construct was
selected with 1 mg/mL of G418. A similar method was used to generate stable expression of H2B-
GFP under puromycin selection at 5 ug/mL.

Cas9 nuclease plasmid construction

The design of the guide RNA was performed using the CRISPR Design Tool (http://crispr.mit.edu)
(Hsu et al., 2013). The following oligonucleotide pair (5° CACCGCTGTGGGGGCCGCGCTCG and
5" AAACCGAGCGCGGCCCCCACAGC) was cloned into a modified pX330 vector. The modification
involves the inclusion of the Venus coding sequence upstream of the gRNA, driven under the PGK
promoter. Venus expression can then be used to sort transfection positive cells. The final vector
encoded the gRNA, Venus, and the Cas9 nuclease.

Design and construction of donor repair vectors

The left homology arm (LHA), HaloTag, and right homology arm (RHA) DNA sequence was con-
structed using overlapping PCR. LHA and RHA were amplified from genomic DNA using the follow-
ing primer pairs. LHA: 5" GCGCGGTACCGCCAATATTCCGTAGCATGG and 5 CTTTTGCCTTGTTC
TCAGCGCTAGCCATGCGGGCGCTGGGCGGGCG. RHA: 5 GAAAGTCCCTGTGTGCGAACCAAG
TGGTACGCGTTATAACATGATGGAGACGGAG and 5 GATATCTAGACCTCGGACTTGACCACA-
GAG. We introduced silent mutations within the Cas9 nuclease binding region of the right homology
arm. The HaloTag was amplified using the following primers to create overlap with LHA and RHA: 5
CGCCCGCCCAGCGCCCGCATGGCTAGCGCTGAGAACAAGGCAAAAG and 5 CTCCGTCTCCA
TCATGTTATAACGCGTACCACTTGGTTCGCACACAGGGACTTTC. The final 3-way overlapping PCR
was performed with all 3 PCR products as a template and using the following primer pair: 5
GCGCGGTACCGCCAATATTCCGTAGCATGG and 5 GATATCTAGACCTCGGACTTGACCACA-
GAG. The final PCR product was cloned into the pUC19 vector.

Transfection, clone selection, and screening

Mouse ES cells were transfected with of nuclease (0.5 pg) and donor (1 pg) vectors using Lipofect-
amine 3000. After 24 hr, cells were trypsinized into single-cell suspension and sorted for Venus
expression. Sorted cells were grown on gelatin-coated plates under dilute conditions to obtain indi-
vidual clones. After one week, individual clones were isolated and were used for direct cell lysis PCR
using Viagen DirectPCR solution (cat #302 C) and the following primers: 5 ACCACGTCCGCTTCA
TGGAT and 5" GCCGTAAGGCATCATTGGAC. PCR positive clones were further grown on gelatin-
coated plates and cell lysates were obtained for Western blot analysis using a-Sox2 (Millipore Cat#
AB5603 RRID:AB_2286686). Three independent homozygous knock-in clones were obtained and fur-
ther verified by immunofluorescence using a-Sox2. Halo-Sox2 Kl C3 (clone 3) was further tested by
teratoma assay and was performed by Applied Stem Cell.
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Live cell imaging and fixed sample immunofluorescence

For all live-cell imaging experiments including FRAP, cells were grown on gelatin-coated glass bot-
tom microwell dishes (MatTek #P35G-1.5-14-C) and labeled with the Halo-ligand dye JF549 at 100
nM concentration for 30 min. Cells were washed 3x with fresh media for 5 min each to remove
unbound ligand. Live-cell imaging was performed using a Zeiss LSM 710 confocal microscope
equipped with temperature and CO; control. For fixed imaging, labeled cells were fixed with 4%
PFA for 10 min and were washed with 1x PBS prior to imaging. Standard immunofluorescence was
performed on labeled cells using 4% PFA. Quantification of chromosome enrichment was performed
using Fiji. Epi-fluorescence time lapse imaging was performed on Nikon Biostation IM-Q equipped
with a 40x/0.8 NA objective, temperature, humidity and CO, control, and an external mercury illumi-
nator. Images were collected every 2 min for 12 hr.

FRAP

FRAP was performed on Zeiss LSM 710 confocal microscope with a 40x/1.3 NA oil-immersion objec-
tive and a 561 nm laser. Bleaching was performed using 100% laser power and images were col-
lected at 1 Hz for the indicated time. FRAP data analysis was performed as previously described
(Mueller et al., 2008). For each cell line, we collected 10 cells for technical replicates in one experi-
ment, which was repeated for a total of three biological replicates (30 cells total).

Single-molecule microscopy

For all single molecule tracking experiments, indicated cells were grown on gelatin-coated glass bot-
tom microwell dishes (MatTek #P35G-1.5-14-C). For experiments imaging at slow frame rates, cells
were labeled with JF549 at 10 pM for 30 min and washed as before. Cells were imaged in ESC
media without phenol-red. A total of 600 frames were collected for imaging experiments and were
repeated 3x for biological replicates, with each experiment consisting of 10 cells for technical repli-
cates each. Data are represented as mean over experimental replicates (30 cells total) = SEM. For
experiments imaging at fast frame rates, cells were labeled with JF646 at 25 nM as before. Cells
were imaged in ESC media without phenol-red. A total of 20,000 frames were collected for fast-
tracking imaging experiments and were repeated 3x for biological replicates, with each experiment
consisting of eight cells of technical replicates. Data are represented as mean over experimental rep-
licates (24 cells total) + standard error of means.

Single particle tracking

Single particle tracking experiments were performed at either a slow frame rate (2 Hz; dye: JF549)
to measure residence times or at a high frame-rate (225 Hz; dye: PA-JF646) to measure the displace-
ment distribution and the fraction bound. Imaging experiments were conducted on a custom-built
Nikon Tl microscope equipped with a 100x/NA 1.49 oil-immersion TIRF objective (Nikon apochromat
CFl Apo SR TIRF 100x Qil), EM-CCD camera (Andor iXon Ultra 897), a perfect focusing system
(Nikon) and a motorized mirror to achieve HiLo-illumination (Tokunaga et al., 2008). To image PA-
JF646 dyes (Grimm et al., 2015; 2016), a multi-band dichroic (405 nm/488 nm/561 nm/633 nm
BrightLine quad-band bandpass filter, Semrock) was used to reflect a 633 nm laser (1 W, Coherent,
Genesis) and 405 nm laser (140 mW, Coherent, Obis) into the objective, and emission light was fil-
tered using a bandpass emission filter (FFO1 676/37 Semrock). To image JF549 (Grimm et al.,
2015), the same multi-band dichroic (405 nm/488 nm/561 nm/633 nm quad-band bandpass filter,
Semrock) was used to reflect a 561 nm laser (1 W, Coherent, Genesis) into the objective and emis-
sion light was filtered using a bandpass emission filter (Semrock 593/40 nm). The laser intensity was
controlled using an acousto-optic transmission filter. For JF549 experiment at 2 Hz, a low constant
laser intensity was used to minimize photobleaching. For experiments at 225 Hz, stroboscopic pulses
of 1 ms 633 nm laser per frame were used at maximal laser intensity to minimize motion-blurring.

Single particle tracking: Residence time measurements

When imaging single molecules at long exposure times (500 ms, 2 Hz) fast-moving molecules
motion-blur into the background and mostly bound molecules appear as single diffraction limited
spots (Chen et al., 2014). Thus, bound Sox2 molecules were identified using
SLIMfast (Normanno et al., 2015) (Source code 1), a custom-written MATLAB implementation of
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the MTT algorithm (Sergé et al., 2008) using the following algorithm settings: Localization error:
107¢; deflation loops: 1; Blinking (frames); 1; maximum number of competitors: 3; maximal expected
diffusion constant (um?/s): 0.1. The length of each bound trajectory, corresponding to the time
before unbinding or photobleaching, was determined and used to generate a survival curve (fraction
still bound) as a function of time. The survival curve was then fitted to a two-exponential function:

P(l) — Fe*knﬁ‘,mp,mf + (1 _ F)e*korf,mp.vl

as previously described for Sox2 (Chen et al., 2014), where kyg emp s cOrresponds to the empirical off
rate for non-specific binding and k,z ; corresponds to the empirical off rate for specific binding. The
measured empirical off rate is the sum of the photobleaching rate and the actual off rate for unbind-
ing of Sox2 from chromatin:

kaﬁ’,cmp,s = kphotobleach + kaﬁ’,,s

The photobleaching rate was measured using an ES cell line stably expressing H2b-Halo. Since
H2b-Halo displays minimal unbinding (e.g. no FRAP recovery), any apparent unbinding was inter-
preted as photobleaching. Thus, to determine kphorwbicach the SPT experiment was repeated using
identical settings and the apparent off-rate of H2b-Halo determined using two-exponential fitting,
where kpnoropieacn cOrresponds to the slow component. Finally, the Sox2 residence time is then simply
given by the inverse of the photobleaching-corrected off rate: 1, :ﬁ
Single particle tracking: Fraction bound measurements
As with the experiments at 2 Hz, single molecules were localized and tracked using SLIMfast, a cus-
tom-written MATLAB implementation of the MTT algorithm (Sergé et al., 2008), using the following
algorithm settings: Localization error: 10742%; deflation loops: 0; Blinking (frames); 1; maximum num-
ber of competitors: 3; maximal expected diffusion constant (umz/s): 20. To determine the fraction
bound from the single particle tracking measurements at 225 Hz, the displacements (‘jump lengths’)
at several At (4.5 ms, 9.0 ms, ..., 31.5 ms) where fit to a steady-state model consisting of a free
Sox2 population (with diffusion constant Degeg) and a bound Sox2 population (with diffusion con-
stant Dgounp) using a modeling approach similar to what has been previously described by
Mazza et al. (2012), but with some modifications. The combined displacement histograms at several
AT (4.5 ms, 9.0 ms, ..., 31.5 ms) were fitted to:

2 2

r [ . A— r T
P r AT —F —34(030UNL)M+"2) J,-Z A‘C 1-F —64<DFREEM+U2)
(r,At) = Fpounp 2DsovnnAt+ %) corr(AT)( 5OUND) 2(DpreeAt+0?)

where:

| g2 2 @rinae @niAz
Zeorr(AT) = — / 1= (=1)"|erfe| 22— | terfe| —= | 1z

Az J ; VD rrepAT VA4DrreeAT

and:

Az=0.700 ym + 0.157165~/2/D +0.20811 pm

using custom-written least-squares fitting software (MATLAB). The above model contains three fitted
parameters (Dgounp: Drree and Feounp)- The localization error, o, was roughly 35 nm. Zcogr(AT) cor-
rects for free molecules moving out of the axial detection slice (out-of-focus; axial detection slice
experimentally measured to be ~0.7 um). The Zcorr(AT) expression assumes absorbing boundaries,
which overestimates the fraction of molecules moving out of focus (Kues and Kubitscheck, 2002).
To correct of this, Monte Carlo simulations were performed to determine a corrected Az, which is
shown above. Full details on modeling displacements will be published elsewhere (Hansen et al.)
and is available upon request.
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ATAC-seq

ATAC-seq was performed on 50,000 asynchronous and mitotic cells as previously described
(Buenrostro et al., 2013) with the following modifications. For both asynchronous and mitotic sam-
ples, Nocodazole was added to cells at 100 ng/mL concentration and incubated at 37 C for 6 hr,
and mitotic cells were collected by careful shake off. After PBS wash, cells were immediately resus-
pended in the transposase reaction mix (25 puL 2x TD buffer, 2.5 uL transposase, and 22.5 pL nucle-
ase-free water). Transposition and DNA purification was performed as described (Buenrostro et al.,
2013). For PCR amplification, we determined the linear range to be between 10-16 cycles and per-
formed amplification for library preparation using 12 cycles for all subsequent samples. We per-
formed two replicates, and each sample and replicate was sequenced using one lane of lllumina Hi-
Seq 2500 for 50 bp paired-end reads.

ATAC-seq data analysis

Sequenced paired mates were mapped on mm10 genome build using Bowtie2 with the following
parameters: —no-unal —local —very-sensitive-local —no-discordant —no-mixed —contain —overlap —-dove-
tail -phred33 -I 10 —X 2000. Raw mapped reads were visualized using Integrative Genomics Viewer
(IGV). From the length distribution of sequenced reads, two size classes were used: short reads
(under 100 bp) and mono-nucleosome sized reads (180-247 bp). Fragment sizes corresponding to
these size classes were mapped separately using the same parameters as above. Peak calling was
performed using the Homer suite package for asynchronous and mitotic samples, and using either
total reads, or each size class. Peaks for asynchronous and mitotic samples were merged for the cor-
responding size classes. Peak intensity scatter heatmap was plotted using the MATLAB package
Heatscatter with the number of bins set at 100. Sox2 binding sites were collated from published
ChlIP-seq data sets (Chen et al., 2008) with GEO Accession number GSE11431. ATAC-seq read den-
sities from the short reads size class were calculated in a 4 kb region centered at each peak in 25 bp
bins were calculated using a Homer suite package (Heinz et al., 2010), and visualized using Java
TreeView (Saldanha, 2004). Sox2 motif and associated position weight matrix were obtained from
JASPAR core 2014 database, and genomic locations containing Sox2 motif was generated using
PWMTools with a cut-off p-value of 107, The short read size class was used to calculate the read
density at single base resolution for footprinting analysis. Footprinting was performed similarly for
matched random genomic regions. Sequencing data are deposited into GEO under the accession
number GSE85184.

Time lapse imaging—quantification of PFA movies

Halo-Sox2 Kl cells stably expressing H2B-GFP were grown on gelatin-coated chambered coverglass
(Lab-Tek #155411), labeled with JF-549 at 100 nM, and washed as described above. Time lapse
imaging was performed with Zeiss LSM 710 confocal microscope as described above, with images
collected at 2 Hz for 2.5 min. PFA at varying concentrations were added 10 s after the start of image
collection. Quantification of chromosome enrichment was performed using an in-house Matlab code
(Source code 2). Briefly, for each frame, the H2B-GFP was thresholded to generate a mask for chro-
mosomes. The mask was applied to the JF549 channel to calculate the mean intensity at the chromo-
somes, which was normalized to the total cell intensity. The normalized chromosome intensity at 60
s post PFA-addition was obtained for each experiment and plotted as mean + SEM.

Acknowledgements

We thank Gina M Dailey for technical assistance with cloning and Astou Tangara for microscope
assembly and maintenance. We thank the following persons and shared facilities: Kartoosh Heydari
and the flow cytometry core facility; Shana L McDevit and the QB3 Vincent J Coates Genomics
Sequencing Laboratory; Kent L McDonald and the Electron Microscope Lab. This work was per-
formed in part at the CRL Molecular Imaging Center, supported by the Gordon and Betty Moore
Foundation. This work used the Vincent J Coates Genomics Sequencing Laboratory at UC Berkeley,
supported by NIH S10 Instrumentation Grants STO0RR029668 and S10RR027303. This investigation
has been aided by a grant from the Jane Coffin Childs Memorial Fund for Medical Research (SST).

Teves et al. eLife 2016;5:€22280. DOI: 10.7554/eLife.22280 20 of 24


http://dx.doi.org/10.7554/eLife.22280

e LI FE Research article

Cell Biology | Genes and Chromosomes

This work was supported by NIH grant UO1-EB021236 (XD), by the California Institute for Regenera-
tive Medicine grant LA1-08013 (XD and RT), and by the Howard Hughes Medical Institute (RT).

Additional information

Competing interests

RT: President of the Howard Hughes Medical Institute (2009-present), one of the three founding fun-
ders of eLife, and a member of elife’s Board of Directors. The other authors declare that no compet-
ing interests exist.

Funding

Funder Author
Howard Hughes Medical Insti- Robert Tjian
tute

Jane Coffin Childs Memorial Sheila S Teves

Fund for Medical Research

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

SST, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; LA, Acquisition of data, Analysis and interpretation of data; ASH, Analysis and
interpretation of data, Drafting or revising the article; LX, Drafting or revising the article, Contrib-
uted unpublished essential data or reagents; XD, RT, Conception and design, Drafting or revising
the article

Author ORCIDs
Sheila S Teves, () http://orcid.org/0000-0002-1220-2414
Robert Tjian, () http://orcid.org/0000-0003-0539-8217

Additional files

Supplementary files
 Source code 1. Slimfast.
DOI: 10.7554/elLife.22280.022

¢ Source code 2. Mitotic chromosome enrichment.
DOI: 10.7554/elife.22280.023

Major datasets
The following dataset was generated:

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information
2016 Global accessibility of mitotic https://www.ncbi.nlm. Publicly available at
Teves SS, Tjian R chromosomes nih.gov/geo/query/acc.  the NCBI Gene
cgi?acc=GSE85184 Expression Omnibus
(accession no:
GSE85184)

The following previously published dataset was used:

Teves et al. eLife 2016;5:€22280. DOI: 10.7554/eLife.22280 21 of 24


http://orcid.org/0000-0002-1220-2414
http://orcid.org/0000-0003-0539-8217
http://dx.doi.org/10.7554/eLife.22280.022
http://dx.doi.org/10.7554/eLife.22280.023
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85184
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85184
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85184
http://dx.doi.org/10.7554/eLife.22280

LI FE Research article Cell Biology | Genes and Chromosomes

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information
Wei C 2008 Mapping of transcription factor https://www.ncbi.nlm. Publicly available at
binding sites in mouse embryonic  nih.gov/geo/query/acc.  the NCBI Gene
stem cells cgi?acc=GSE11431 Expression Omnibus
(accession no:
GSE11431)
References

Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. 2013. Transposition of native chromatin for fast
and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome position. Nature
Methods 10:1213-1218. doi: 10.1038/nmeth.2688, PMID: 24097267

Burke LJ, Zhang R, Bartkuhn M, Tiwari VK, Tavoosidana G, Kurukuti S, Weth C, Leers J, Galjart N, Ohlsson R,
Renkawitz R. 2005. CTCF binding and higher order chromatin structure of the H19 locus are maintained in
mitotic chromatin. The EMBO Journal 24:3291-3300. doi: 10.1038/sj.emboj.7600793, PMID: 16107875

Caravaca JM, Donahue G, Becker JS, He X, Vinson C, Zaret KS. 2013. Bookmarking by specific and nonspecific
binding of FoxA1 pioneer factor to mitotic chromosomes. Genes & Development 27:251-260. doi: 10.1101/
gad.206458.112, PMID: 23355396

Caudron M, Bunt G, Bastiaens P, Karsenti E. 2005. Spatial coordination of spindle assembly by chromosome-
mediated signaling gradients. Science 309:1373-1376. doi: 10.1126/science. 1115964, PMID: 16123300

Chen D, Dundr M, Wang C, Leung A, Lamond A, Misteli T, Huang S. 2005. Condensed mitotic chromatin is
accessible to transcription factors and chromatin structural proteins. Journal of Cell Biology 168:41-54. doi: 10.
1083/jcb.200407182, PMID: 15623580

Chen J, Zhang Z, Li L, Chen BC, Revyakin A, Hajj B, Legant W, Dahan M, Lionnet T, Betzig E, Tjian R, Liu Z. 2014.
Single-molecule dynamics of enhanceosome assembly in embryonic stem cells. Cell 156:1274-1285. doi: 10.
1016/j.cell.2014.01.062, PMID: 24630727

Chen X, Xu H, Yuan P, Fang F, Huss M, Vega VB, Wong E, Orlov YL, Zhang W, Jiang J, Loh YH, Yeo HC, Yeo ZX,
Narang V, Govindarajan KR, Leong B, Shahab A, Ruan Y, Bourque G, Sung WK, et al. 2008. Integration of
external signaling pathways with the core transcriptional network in embryonic stem cells. Cell 133:1106-1117.
doi: 10.1016/j.cell.2008.04.043, PMID: 18555785

Christensen MO, Larsen MK, Barthelmes HU, Hock R, Andersen CL, Kjeldsen E, Knudsen BR, Westergaard O,
Boege F, Mielke C. 2002. Dynamics of human DNA topoisomerases llalpha and llbeta in living cells. Journal of
Cell Biology 157:31-44. doi: 10.1083/jcb.200112023, PMID: 11927602

Cox JL, Mallanna SK, Luo X, Rizzino A. 2010. Sox2 uses multiple domains to associate with proteins present in
Sox2-protein complexes. PLoS One 5:€15486. doi: 10.1371/journal.pone.0015486, PMID: 21103394

Chen D, Hinkley CS, Henry RW, Huang S. 2002. TBP dynamics in living human cells: constitutive association of
TBP with mitotic chromosomes. Molecular Biology of the Cell 13:276-284. doi: 10.1091/mbc.01-10-0523,
PMID: 11809839

Egli D, Birkhoff G, Eggan K. 2008. Mediators of reprogramming: transcription factors and transitions through
mitosis. Nature Reviews Molecular Cell Biology 9:505-516. doi: 10.1038/nrm2439, PMID: 18568039

Elf J, Li GW, Xie XS. 2007. Probing transcription factor dynamics at the single-molecule level in a living cell.
Science 316:1191-1194. doi: 10.1126/science. 1141967, PMID: 17525339

Forbes DJ, Travesa A, Nord MS, Bernis C. 2015. Nuclear transport factors: global regulation of mitosis. Current
Opinion in Cell Biology 35:78-90. doi: 10.1016/j.ceb.2015.04.012, PMID: 25982429

Freitas N, Cunha C. 2009. Mechanisms and signals for the nuclear import of proteins. Current Genomics 10:550—
557. doi: 10.2174/138920209789503941, PMID: 20514217

Gebhardt JC, Suter DM, Roy R, Zhao ZW, Chapman AR, Basu S, Maniatis T, Xie XS. 2013. Single-molecule
imaging of transcription factor binding to DNA in live mammalian cells. Nature Methods 10:421-426. doi: 10.
1038/nmeth.2411, PMID: 23524394

Gottesfeld JM, Forbes DJ. 1997. Mitotic repression of the transcriptional machinery. Trends in Biochemical
Sciences 22:197-202. doi: 10.1016/50968-0004(97)01045-1, PMID: 9204705

Grimm JB, English BP, Chen J, Slaughter JP, Zhang Z, Revyakin A, Patel R, Macklin JJ, Normanno D, Singer RH,
Lionnet T, Lavis LD. 2015. A general method to improve fluorophores for live-cell and single-molecule
microscopy. Nature Methods 12:244-250. doi: 10.1038/nmeth.3256, PMID: 25599551

Grimm JB, Klein T, Kopek BG, Shtengel G, Hess HF, Sauer M, Lavis LD. 2016. Synthesis of a far-red
photoactivatable silicon-containing rhodamine for super-resolution microscopy. Angewandte Chemie
International Edition 55:1723-1727. doi: 10.1002/anie.201509649, PMID: 26661345

Harel A, Forbes DJ. 2004. Importin beta: conducting a much larger cellular symphony. Molecular Cell 16:319-
330. doi: 10.1016/j.molcel.2004.10.026, PMID: 15525506

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh H, Glass CK. 2010. Simple
combinations of lineage-determining transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Molecular Cell 38:576-589. doi: 10.1016/j.molcel.2010.05.004,

PMID: 20513432

Teves et al. eLife 2016;5:€22280. DOI: 10.7554/eLife.22280 22 of 24


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11431
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11431
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11431
http://dx.doi.org/10.1038/nmeth.2688
http://www.ncbi.nlm.nih.gov/pubmed/24097267
http://dx.doi.org/10.1038/sj.emboj.7600793
http://www.ncbi.nlm.nih.gov/pubmed/16107875
http://dx.doi.org/10.1101/gad.206458.112
http://dx.doi.org/10.1101/gad.206458.112
http://www.ncbi.nlm.nih.gov/pubmed/23355396
http://dx.doi.org/10.1126/science.1115964
http://www.ncbi.nlm.nih.gov/pubmed/16123300
http://dx.doi.org/10.1083/jcb.200407182
http://dx.doi.org/10.1083/jcb.200407182
http://www.ncbi.nlm.nih.gov/pubmed/15623580
http://dx.doi.org/10.1016/j.cell.2014.01.062
http://dx.doi.org/10.1016/j.cell.2014.01.062
http://www.ncbi.nlm.nih.gov/pubmed/24630727
http://dx.doi.org/10.1016/j.cell.2008.04.043
http://www.ncbi.nlm.nih.gov/pubmed/18555785
http://dx.doi.org/10.1083/jcb.200112023
http://www.ncbi.nlm.nih.gov/pubmed/11927602
http://dx.doi.org/10.1371/journal.pone.0015486
http://www.ncbi.nlm.nih.gov/pubmed/21103394
http://dx.doi.org/10.1091/mbc.01-10-0523
http://www.ncbi.nlm.nih.gov/pubmed/11809839
http://dx.doi.org/10.1038/nrm2439
http://www.ncbi.nlm.nih.gov/pubmed/18568039
http://dx.doi.org/10.1126/science.1141967
http://www.ncbi.nlm.nih.gov/pubmed/17525339
http://dx.doi.org/10.1016/j.ceb.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/25982429
http://dx.doi.org/10.2174/138920209789503941
http://www.ncbi.nlm.nih.gov/pubmed/20514217
http://dx.doi.org/10.1038/nmeth.2411
http://dx.doi.org/10.1038/nmeth.2411
http://www.ncbi.nlm.nih.gov/pubmed/23524394
http://dx.doi.org/10.1016/S0968-0004(97)01045-1
http://www.ncbi.nlm.nih.gov/pubmed/9204705
http://dx.doi.org/10.1038/nmeth.3256
http://www.ncbi.nlm.nih.gov/pubmed/25599551
http://dx.doi.org/10.1002/anie.201509649
http://www.ncbi.nlm.nih.gov/pubmed/26661345
http://dx.doi.org/10.1016/j.molcel.2004.10.026
http://www.ncbi.nlm.nih.gov/pubmed/15525506
http://dx.doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
http://dx.doi.org/10.7554/eLife.22280

LI FE Research article Cell Biology | Genes and Chromosomes

Hinde E, Cardarelli F, Digman MA, Kershner A, Kimble J, Gratton E. 2011. The impact of mitotic versus
interphase chromatin architecture on the molecular flow of EGFP by pair correlation analysis. Biophysical
Journal 100:1829-1836. doi: 10.1016/j.bpj.2011.02.024, PMID: 21463597

Hsiung CC, Morrissey CS, Udugama M, Frank CL, Keller CA, Baek S, Giardine B, Crawford GE, Sung MH,
Hardison RC, Blobel GA. 2015. Genome accessibility is widely preserved and locally modulated during mitosis.
Genome Research 25:213-225. doi: 10.1101/gr.180646.114, PMID: 25373146

Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, Agarwala V, Li Y, Fine EJ, Wu X, Shalem O, Cradick TJ,
Marraffini LA, Bao G, Zhang F. 2013. DNA targeting specificity of RNA-guided Cas9 nucleases. Nature
Biotechnology 31:827-832. doi: 10.1038/nbt.2647, PMID: 23873081

John S, Workman JL. 1998. Bookmarking genes for activation in condensed mitotic chromosomes. BioEssays 20:
275-279. doi: 10.1002/(SICI)1521-1878(199804)20:4<275::AID-BIES1>3.0.CO;2-P, PMID: 9619097

Kadauke S, Udugama M, Pawlicki JM, Achtman JC, Jain DP, Cheng Y, Hardison RC, Blobel GA. 2012. Tissue-
specific mitotic bookmarking by hematopoietic transcription factor GATA1. Cell 150:725-737. doi: 10.1016/].
cell.2012.06.038, PMID: 22901805

Koshland D, Strunnikov A. 1995. Mitotic chromosome condensation. Annual Review of Cell and Developmental
Biology 12:305-333. doi: 10.1146/annurev.cellbio.12.1.305

Kosugi S, Hasebe M, Matsumura N, Takashima H, Miyamoto-Sato E, Tomita M, Yanagawa H. 2009. Six classes of
nuclear localization signals specific to different binding grooves of importin alpha. Journal of Biological
Chemistry 284:478-485. doi: 10.1074/jbc.M807017200, PMID: 19001369

Kues T, Kubitscheck U. 2002. Single molecule motion perpendicular to the focal Plane of a microscope:
application to splicing factor dynamics within the cell nucleus. Single Molecules 3:218-224. doi: 10.1002/1438-
5171(200208)3:4<218::AID-SIMO218>3.0.CO;2-C

Lerner J, Bagattin A, Verdeguer F, Makinistoglu MP, Garbay S, Felix T, Heidet L, Pontoglio M. 2016. Human
mutations affect the epigenetic/bookmarking function of HNF1B. Nucleic Acids Research 44:8097-8111.
doi: 10.1093/nar/gkw467, PMID: 27229139

Lickwar CR, Mueller F, Hanlon SE, McNally JG, Lieb JD. 2012. Genome-wide protein-DNA binding dynamics
suggest a molecular clutch for transcription factor function. Nature 484:251-255. doi: 10.1038/nature 10985,
PMID: 22498630

Lodhi N, Ji Y, Tulin A. 2016. Mitotic bookmarking: maintaining post-mitotic reprogramming of transcription
reactivation. Current Molecular Biology Reports 2:10-15. doi: 10.1007/s40610-016-0029-3, PMID: 27042400

Losada A, Hirano T. 2001. Shaping the metaphase chromosome: coordination of cohesion and condensation.
BioEssays 23:924-935. doi: 10.1002/bies.1133, PMID: 11598959

Martinez-Balbas MA, Dey A, Rabindran SK, Ozato K, Wu C. 1995. Displacement of sequence-specific
transcription factors from mitotic chromatin. Cell 83:29-38. doi: 10.1016/0092-8674(95)90231-7, PMID: 7553
870

Mazza D, Abernathy A, Golob N, Morisaki T, McNally JG. 2012. A benchmark for chromatin binding
measurements in live cells. Nucleic Acids Research 40. doi: 10.1093/nar/gks701, PMID: 22844090

Michelotti EF, Sanford S, Levens D. 1997. Marking of active genes on mitotic chromosomes. Nature 388:895-
899. doi: 10.1038/42282, PMID: 9278053

Moore W, Zhang C, Clarke PR. 2002. Targeting of RCC1 to chromosomes is required for proper mitotic spindle
assembly in human cells. Current Biology 12:1442-1447. doi: 10.1016/50960-9822(02)01076-X, PMID: 1219482
8

Mueller F, Wach P, McNally JG. 2008. Evidence for a common mode of transcription factor interaction with
chromatin as revealed by improved quantitative fluorescence recovery after photobleaching. Biophysical
Journal 94:3323-3339. doi: 10.1529/biophysj.107.123182, PMID: 18199661

Nakahashi H, Kwon KR, Resch W, Vian L, Dose M, Stavreva D, Hakim O, Pruett N, Nelson S, Yamane A, Qian J,
Dubois W, Welsh S, Phair RD, Pugh BF, Lobanenkov V, Hager GL, Casellas R. 2013. A genome-wide map of
CTCF multivalency redefines the CTCF code. Cell Reports 3:1678-1689. doi: 10.1016/j.celrep.2013.04.024,
PMID: 23707059

Normanno D, Boudaréne L, Dugast-Darzacq C, Chen J, Richter C, Proux F, Bénichou O, Voituriez R, Darzacq X,
Dahan M. 2015. Probing the target search of DNA-binding proteins in mammalian cells using TetR as model
searcher. Nature Communications 6:7357. doi: 10.1038/ncomms8357, PMID: 26151127

Ohta S, Bukowski-Wills JC, Sanchez-Pulido L, Alves FL, Wood L, Chen ZA, Platani M, Fischer L, Hudson DF,
Ponting CP, Fukagawa T, Earnshaw WC, Rappsilber J. 2010. The protein composition of mitotic chromosomes
determined using multiclassifier combinatorial proteomics. Cell 142:810-821. doi: 10.1016/j.cell.2010.07.047,
PMID: 20813266

Pallier C, Scaffidi P, Chopineau-Proust S, Agresti A, Nordmann P, Bianchi ME, Marechal V. 2003. Association of
chromatin proteins high mobility group box (HMGB) 1 and HMGB2 with mitotic chromosomes. Molecular
Biology of the Cell 14:3414-3426. doi: 10.1091/mbc.E02-09-0581, PMID: 12925773

Polakova I, Duskova M, Smahel M. 2014. Antitumor DNA vaccination against the Sox2 transcription factor.
International Journal of Oncology 45:139-146. doi: 10.3892/ij0.2014.2402, PMID: 24789529

Prescott DM, Bender MA. 1962. Synthesis of RNA and protein during mitosis in mammalian tissue culture cells.
Experimental Cell Research 26:260-268. doi: 10.1016/0014-4827(62)90176-3, PMID: 14488623

Reményi A, Lins K, Nissen LJ, Reinbold R, Schdler HR, Wilmanns M. 2003. Crystal structure of a POU/HMG/DNA

ternary complex suggests differential assembly of Oct4 and Sox2 on two enhancers. Genes & Development 17:
2048-2059. doi: 10.1101/gad.269303, PMID: 12923055

Teves et al. eLife 2016;5:€22280. DOI: 10.7554/eLife.22280 23 of 24


http://dx.doi.org/10.1016/j.bpj.2011.02.024
http://www.ncbi.nlm.nih.gov/pubmed/21463597
http://dx.doi.org/10.1101/gr.180646.114
http://www.ncbi.nlm.nih.gov/pubmed/25373146
http://dx.doi.org/10.1038/nbt.2647
http://www.ncbi.nlm.nih.gov/pubmed/23873081
http://dx.doi.org/10.1002/(SICI)1521-1878(199804)20:4%3C275::AID-BIES1%3E3.0.CO;2-P
http://www.ncbi.nlm.nih.gov/pubmed/9619097
http://dx.doi.org/10.1016/j.cell.2012.06.038
http://dx.doi.org/10.1016/j.cell.2012.06.038
http://www.ncbi.nlm.nih.gov/pubmed/22901805
http://dx.doi.org/10.1146/annurev.cellbio.12.1.305
http://dx.doi.org/10.1074/jbc.M807017200
http://www.ncbi.nlm.nih.gov/pubmed/19001369
http://dx.doi.org/10.1002/1438-5171(200208)3:4%3C218::AID-SIMO218%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1438-5171(200208)3:4%3C218::AID-SIMO218%3E3.0.CO;2-C
http://dx.doi.org/10.1093/nar/gkw467
http://www.ncbi.nlm.nih.gov/pubmed/27229139
http://dx.doi.org/10.1038/nature10985
http://www.ncbi.nlm.nih.gov/pubmed/22498630
http://dx.doi.org/10.1007/s40610-016-0029-3
http://www.ncbi.nlm.nih.gov/pubmed/27042400
http://dx.doi.org/10.1002/bies.1133
http://www.ncbi.nlm.nih.gov/pubmed/11598959
http://dx.doi.org/10.1016/0092-8674(95)90231-7
http://www.ncbi.nlm.nih.gov/pubmed/7553870
http://www.ncbi.nlm.nih.gov/pubmed/7553870
http://dx.doi.org/10.1093/nar/gks701
http://www.ncbi.nlm.nih.gov/pubmed/22844090
http://dx.doi.org/10.1038/42282
http://www.ncbi.nlm.nih.gov/pubmed/9278053
http://dx.doi.org/10.1016/S0960-9822(02)01076-X
http://www.ncbi.nlm.nih.gov/pubmed/12194828
http://www.ncbi.nlm.nih.gov/pubmed/12194828
http://dx.doi.org/10.1529/biophysj.107.123182
http://www.ncbi.nlm.nih.gov/pubmed/18199661
http://dx.doi.org/10.1016/j.celrep.2013.04.024
http://www.ncbi.nlm.nih.gov/pubmed/23707059
http://dx.doi.org/10.1038/ncomms8357
http://www.ncbi.nlm.nih.gov/pubmed/26151127
http://dx.doi.org/10.1016/j.cell.2010.07.047
http://www.ncbi.nlm.nih.gov/pubmed/20813266
http://dx.doi.org/10.1091/mbc.E02-09-0581
http://www.ncbi.nlm.nih.gov/pubmed/12925773
http://dx.doi.org/10.3892/ijo.2014.2402
http://www.ncbi.nlm.nih.gov/pubmed/24789529
http://dx.doi.org/10.1016/0014-4827(62)90176-3
http://www.ncbi.nlm.nih.gov/pubmed/14488623
http://dx.doi.org/10.1101/gad.269303
http://www.ncbi.nlm.nih.gov/pubmed/12923055
http://dx.doi.org/10.7554/eLife.22280

e LI FE Research article

Cell Biology | Genes and Chromosomes

Rhind N, Russell P. 2012. Signaling pathways that regulate cell division. Cold Spring Harbor Perspectives in
Biology 4:a005942. doi: 10.1101/cshperspect.a005942, PMID: 23028116

Rizkallah R, Hurt MM. 2009. Regulation of the transcription factor YY1 in mitosis through phosphorylation of its
DNA-binding domain. Molecular Biology of the Cell 20:4766-4776. doi: 10.1091/mbc.E09-04-0264, PMID: 197
93915

Saldanha AJ. 2004. Java Treeview—extensible visualization of microarray data. Bioinformatics 20:3246-3248.
doi: 10.1093/bioinformatics/bth349, PMID: 15180930

Schmiedeberg L, Skene P, Deaton A, Bird A. 2009. A temporal threshold for formaldehyde crosslinking and
fixation. PLoS One 4:e4636. doi: 10.1371/journal.pone.0004636, PMID: 19247482

Sergé A, Bertaux N, Rigneault H, Marguet D. 2008. Dynamic multiple-target tracing to probe spatiotemporal
cartography of cell membranes. Nature Methods 5:687-694. doi: 10.1038/nmeth.1233, PMID: 18604216

Swinstead EE, Miranda TB, Paakinaho V, Baek S, Goldstein |, Hawkins M, Karpova TS, Ball D, Mazza D, Lavis LD,
Grimm JB, Morisaki T, Grgntved L, Presman DM, Hager GL. 2016. Steroid receptors reprogram FoxA1
occupancy through dynamic chromatin transitions. Cell 165:593-605. doi: 10.1016/].cell.2016.02.067,
PMID: 27062924

Taylor JH. 1960. Nucleic acid synthesis in relation to the cell division cycle. Annals of the New York Academy of
Sciences 90:409-421. doi: 10.1111/].1749-6632.1960.tb23259.x, PMID: 13775619

Terasaki M, Campagnola P, Rolls MM, Stein PA, Ellenberg J, Hinkle B, Slepchenko B. 2001. A new model for
nuclear envelope breakdown. Molecular Biology of the Cell 12:503-510. doi: 10.1091/mbc.12.2.503,
PMID: 11179431

Tokunaga M, Imamoto N, Sakata-Sogawa K. 2008. Highly inclined thin illumination enables clear single-molecule
imaging in cells. Nature Methods 5:159-161. doi: 10.1038/nmeth1171, PMID: 18176568

Xin L, Zhou GL, Song W, Wu XS, Wei GH, Hao DL, Lv X, Liu DP, Liang CC. 2007. Exploring cellular memory
molecules marking competent and active transcriptions. BMC Molecular Biology 8:31. doi: 10.1186/1471-2199-
8-31, PMID: 17493269

Xing H, Wilkerson DC, Mayhew CN, Lubert EJ, Skaggs HS, Goodson ML, Hong Y, Park-Sarge OK, Sarge KD.
2005. Mechanism of hsp70i gene bookmarking. Science 307:421-423. doi: 10.1126/science.1106478,
PMID: 15662014

Teves et al. eLife 2016;5:€22280. DOI: 10.7554/eLife.22280 24 of 24


http://dx.doi.org/10.1101/cshperspect.a005942
http://www.ncbi.nlm.nih.gov/pubmed/23028116
http://dx.doi.org/10.1091/mbc.E09-04-0264
http://www.ncbi.nlm.nih.gov/pubmed/19793915
http://www.ncbi.nlm.nih.gov/pubmed/19793915
http://dx.doi.org/10.1093/bioinformatics/bth349
http://www.ncbi.nlm.nih.gov/pubmed/15180930
http://dx.doi.org/10.1371/journal.pone.0004636
http://www.ncbi.nlm.nih.gov/pubmed/19247482
http://dx.doi.org/10.1038/nmeth.1233
http://www.ncbi.nlm.nih.gov/pubmed/18604216
http://dx.doi.org/10.1016/j.cell.2016.02.067
http://www.ncbi.nlm.nih.gov/pubmed/27062924
http://dx.doi.org/10.1111/j.1749-6632.1960.tb23259.x
http://www.ncbi.nlm.nih.gov/pubmed/13775619
http://dx.doi.org/10.1091/mbc.12.2.503
http://www.ncbi.nlm.nih.gov/pubmed/11179431
http://dx.doi.org/10.1038/nmeth1171
http://www.ncbi.nlm.nih.gov/pubmed/18176568
http://dx.doi.org/10.1186/1471-2199-8-31
http://dx.doi.org/10.1186/1471-2199-8-31
http://www.ncbi.nlm.nih.gov/pubmed/17493269
http://dx.doi.org/10.1126/science.1106478
http://www.ncbi.nlm.nih.gov/pubmed/15662014
http://dx.doi.org/10.7554/eLife.22280

