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Pioneer transcription factors (PTFs) possess the unique capability to access

closed chromatin regions and initiate cell fate changes, yet the underlying
mechanisms remain elusive. Here, we characterized the single-molecule
dynamics of PTFs targeting chromatin in living cells, revealing a notable
‘confined target search’ mechanism. PTFs such as FOXA1, FOXA2, SOX2,
OCT4 and KLF4 sampled chromatin more frequently than non-PTF MYC,
alternating between fast free diffusion in the nucleus and slower confined
diffusion within mesoscale zones. Super-resolved microscopy showed
closed chromatin organized as mesoscale nucleosome-dense domains,

confining FOXA2 diffusion locally and enriching its binding. We pinpointed
specific histone-interacting disordered regions, distinct from DNA-binding
domains, crucial for confined target search kinetics and pioneer activity

within closed chromatin. Fusion to other factors enhanced pioneer activity.

Kinetic simulations suggested that transient confinement could increase
target association rate by shortening search time and binding repeatedly.
Our findings illuminate how PTFs recognize and exploit closed chromatin
organization to access targets, revealing a pivotal aspect of gene regulation.

Cell fate transitions rely on specific transcription factors (TFs) to
activate new gene expression programs. However, the presence of
nucleosomes and compaction of closed chromatin hinder most TFs
and the transcription machinery from accessing DNA templates?.
Pioneer TFs (PTFs), such as FOXA factors, exhibit remarkable abilities
to access DNA targets even when bound to nucleosomes, facilitating
the opening of closed chromatin and triggering cell fate changes®°.
Despite extensive studies focusing on the structural and functional

aspects of PTFs binding to nucleosomes®™, the precise mechanisms
underlying their initial search for and binding to closed chromatin,
setting PTFs apart from other TFs, remain unclear.

Single-molecule localization microscopy enables the direct
visualization of individual molecules in cells with spatial resolution
surpassing the diffraction limit®”. Live-cell single-molecule tracking
(SMT) has revealed dynamic interactions between TFs'*™° or transcrip-
tion machinery'”® and chromatin, challenging the notion of stable
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protein complexes on chromatin'**°. Understanding TF kinetics in
the genome-wide target search is crucial for deciphering transcrip-
tion regulation”-*2, Eukaryotic TFs primarily use three-dimensional
(3D) diffusion in the nucleus but it is unclear if they use additional
mechanisms for efficient chromatin target search, especially in closed
chromatin where PTFs operate. Prokaryotic TFs use local sampling of
DNA, known as facilitated diffusion, alongside 3D diffusion to enhance
target search efficiency'*?. While facilitated diffusion may occurin the
open chromatin of eukaryotic cells'®?, it falls short in explaining target
searchinclosed chromatin, densely packed with nucleosomes. Despite
studies on PTF kinetics*™%, questions remain about the mechanism of
efficient target binding in closed chromatin.

Inthis study, we combined live-cell fast SMT, fixed-cell multicolor
photoactivated localization microscopy (PALM), computational simu-
lations, kinetic modeling and epigenomic profiling to elucidate the
dynamic process of PTFs searching for targets on chromatinin living
cells. We revealed a notable ‘confined target search’ mechanism that
enables PTFstoaccess targetsin closed chromatin. Inthis mechanism,
the PTF alternates between fast free diffusionin the nucleus and slower
confined diffusion within mesoscale compacted chromatin domainsin
closed chromatin. This behavior, facilitated by the interaction of dis-
ordered non-DNA-binding regions with nucleosomes, enables shorter
search time and repetitive binding trials to nucleosomal targets. Our
findings suggest that the physical organization of chromatininfluences
TF kineticsinliving cells and that TFs exploit local chromatin organiza-
tion to enhance their activities.

Results
Fast stroboscopic photoactivation (spaSMT) reveals frequent
chromatin binding by PTFs
To capture both bound molecules with low mobility and those in fast
diffusionin living cells, we set up fast spaSMT microscopy at millisecond
temporal resolution (Fig. 1a,b). This technique uses highly inclined
and laminated optical (HILO) sheet illumination® to enhance the
signal-to-noise ratio of imaging individual moleculesin the nucleus. The
protein of interest is tagged with HaloTag (Halo for short) and labeled
with photoactivatable Janelia Fluor dyes® (Supplementary Fig. 1a). In
living cells, single fluorophores are then sparsely and stochastically
activated by a405-nmlaser and recorded with stroboscopicillumination
to obtain sharp images. A large population of single-molecule trajec-
toriesare generated and analyzed with the kinetic modeling algorithm
Spot-On*'toinfer chromatin-bound fractions and diffusion constants.
We first used fast spaSMT to investigate anumber of PTFsin com-
parisontonon-PTFs. Theexamined PTFsincluded FOXA1(ref.3), FOXA2
(ref.32) and reprogramming factors OCT4, SOX2 and KLF4, while MYC
wasrecognized asanon-PTF*. Murine OCT4,S0X2, KLF4 and MYC were
expressed in mouse embryonic fibroblasts (MEFs) and human FOXA1,
FOXA2 and MYC were expressed in human bone osteosarcoma U20S
cells. These cells lacked endogenous expression and the Halo-tagged
fusion proteins were exogenously expressed to amoderate level with
the Tet-oninducible system. Additionally, the freely diffusing nuclear
localization signal (NLS) and core histone H2B were assessed in U20S
cells as controls. A substantial number of fast spaSMT trajectories
(10°-10°) were collected per factor and subsequently analyzed by
Spot-On with two-state kinetic modeling (Fig. 1c,d, Supplementary
Fig.1b,Supplementary Video1land Supplementary Table1) or vbSPT*
(Supplementary Table 2). As anticipated, the majority of H2B (81.4%)
and aminor fraction of NLS (7.9%) were found to be bound to chromatin.
While the non-PTFs mMYC and hMYC showed alow chromatin-bound
fraction at 12.5% and 18.7%, respectively, the PTFs exhibited higher
values, with FOXA factors exhibiting the highest (FOXA1, 59.1%; FOXA2,
55.1%) even with varying protein expression levels (Supplementary
Fig.1c). Deletion of the DNA-binding domain (DBD) reduced the bound
fraction to background levels, indicating that these PTFs frequently
bound chromatin to sample for cognate targets.

FOXA2 has pioneering roles in formation of endoderm line-
ages™**», To further elucidate the dynamics of endogenous PTF-chro-
matin interactions, we generated homozygous FOXA2-Halo knock-in
(KI) human embryonic stem cell (hES cell) clones and differentiated
them to anterior primitive streak (APS) and subsequently definitive
endoderm (DE)* (Fig.1e). Throughout this process, FOXA2 was rapidly
induced. Importantly, the introduction of the Halo did not interfere
with FOXA2 expression or DE differentiation (Supplementary Fig.1d-h
and Supplementary Video 2). We next induced the Kl cells to APS and
DE stages, capturing 1.8 x 10° and 3.9 x 10° fast spaSMT trajectories of
FOXA2-Halo, respectively. Theresults consistently revealed a substan-
tial fraction of FOXA2 molecules (55-61%) in the chromatin-bound state
inboth APSand DE cells, as observed in two independent FOXA2-Halo
Kl clones (Fig. 1f and Supplementary Fig. 1i), aligning with the find-
ings from U20S cells. Therefore, these results indicate that the PTF
molecules frequently interact with chromatin.

PTFs exhibit locally confined diffusion on chromatin
Tofurtherinvestigate the chromatin sampling mechanism of PTFs, we
analyzed the directional preference of molecule diffusion®® (Fig. 2a).
Specifically, we used a hidden Markov model (HMM) to classify seg-
ments (displacement between two sequential localizations) of mole-
cule trajectories into bound and free states and measured the angles
between two consecutive free segments. We found that all examined
PTFs exhibited markedly anisotropic diffusion, with a higher prob-
ability to move backward than other directions (peaking around 180°)
(Supplementary Fig. 2a,b). We quantified the degree of anisotropic
diffusion by the ‘fold anisotropy’, fiso0, and found that diffusion of
PTFs showed generally high anisotropy (Fig. 2b). In contrast, nuclear
proteins including non-PTF MYC showed typical isotropic diffusion.
Deletion of the FOXA2 DBD reduced the degree of anisotropic diffu-
sion to background levels, indicating that the observed anisotropic
diffusion was associated with DNA-binding activities.

We next examined the degree of anisotropic diffusionas afunction
of the length of displacements flanking the angle (Fig. 2c,d and Sup-
plementary Fig.2c,d). All PTFs showed clear displacement-dependent
anisotropy, peaking at displacements around 200 nm. This indicated
that PTFs diffused anisotropically only at short displacements but dif-
fusedisotropically at longer displacements, suggestive of transiently
confined diffusion within zones around the 200-nm mesoscale. Dele-
tion of the DBD significantly reduced diffusion anisotropy at this scale
(Fig. 2¢). In contrast, diffusion of NLS and non-PTF MYC showed little
anisotropy at any length of displacement. These results suggest that
the PTF molecules uniquely adopt two alternating modes of target
search in cells: free diffusion in the nucleus (isotropic) and confined
diffusion within mesoscale zones (anisotropic).

We found that the level of confinement positively correlated
with the fraction of chromatin-bound molecules (Fig. 2e). The cor-
relation of the two measurements suggested that confined diffusion
actively facilitates frequent chromatin binding. To test this, we selected
state-switching trajectories (containing both free and bound states
in one trajectory) and calculated the anisotropy of consecutive free
segments before or after abound state intrajectories, defined as ‘local
anisotropy’, as opposed to the ‘global anisotropy’ measured from
all free segments (Fig. 2a). Interestingly, PTFs showed a high level
of local anisotropy (that is, confined diffusion) surrounding their
chromatin-binding events (Fig. 2f and Supplementary Fig. 2e). By
visualizingrandomly selected state-switching trajectories, we observed
that PTF molecules tended to diffuse around their previous bound sites
(‘confined’ diffusion), while non-PTF MYC molecules tended to travel
away from their previous bound sites randomly (‘unconfined’ diffu-
sion) (Fig.2g, Supplementary Fig. 2f,g and Supplementary Video 3). We
also noticed that PTFs became unconfined after a few frames (7.5 ms
per frame), indicating that these PTF molecules were only transiently
confinedinthelocal chromatin zone rather than permanently trapped
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Fig.1|PTFs sample chromatin frequently for targets by fast spaSMT.

a, Schematic diagram of SMT study. b, Schematic diagram of fast spaSMT with
stroboscopic illumination and photoactivable fluorophore PA-JF549 or
PA-JF646.c, The probability distribution function of jump length fromall pooled
trajectories of indicated factors at animaging frequency of 133 Hz. d, Bound
fractions (mean + s.d.; dots represent data points) derived from two-state
Spot-On analyses on fast spaSMT trajectories of indicated Halo-tagged factors
exogenously expressed in MEF cells (murine OCT4, SOX2, KLF4 and MYC) or
U20S cells (human FOXA1L, FOXA2, MYC, DBD deletion mutants, H2B and 3xNLS)
with Tet-on system. Colored molecules are PTFs. e, Top, illustration of clustered
regularly interspaced short palindromic repeats (CRISPR)-Cas9-mediated Kl of
HaloTagto the C terminus of the endogenous FOXA2 locus in hES cells. Bottom,
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differentiation of hES cell to APS and DE. TGF, transforming growth factor;
FGF, fibroblast growth factor; BMP, bone morphogenetic protein. FOXA2 is not
expressed in hES cells and is induced to express upon differentiation. f, Bound
fractions (mean + s.d.; dots represent data points) of indicated factors in the
following cell conditions: stable hES cell lines expressing Halo-tagged 3xNLS
or H2B were induced to the DE state; two FOXA2-Halo homozygous Kl clones
were induced to the APS or DE state; U20S cells expressed FOXA2 variants.
Significance was calculated using a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test.*P < 0.05and **P< 0.001.NS,
notsignificant. For ¢,d and f, n =16-58 biologically independent cells for each
sample (Supplementary Table1).

(Fig.2f). These results suggest that confined diffusion of PTFsis closely
associated with frequent chromatin binding.

FOXAZ2’s confined diffusion mapped to histone-interacting
C-terminal domain (CTD)

We nextinvestigated the cause and consequence of chromatin confine-
ment by focusing on FOXA2. FOXA2 is composed of a well-structured
Forkhead DBD and two intrinsically disordered regions (IDRs) known
astheN-terminal domain (NTD) and the CTD (Fig. 3a). Previous studies

demonstrated that the CTDs of murine FOXA1 and FOXA2 directly
interact with purified core histones and are required for nucleosome
binding’. Impairment of this interaction significantly affects mouse
embryonic development, altering gene activation and chromatin
opening®. However, it is unclear how the CTD-histone interaction
mechanistically promotes pioneer activity. We confirmed CTD-histone
interactions by coimmunoprecipitation (co-IP) experiments using
nuclear lysates. FOXA2 interacted with core histone H3 and H4 and
deletion of its CTD abolished this interaction (Fig. 3b). Additionally,
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segment angles with 50% replacement. e, Plots of global anisotropy fis/, versus
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thes.d. of fig0/0 and bound fraction, with the center denoting the mean. The gray
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the 95% confidence interval of the regression. The adjusted R? was calculated
by adjusting the number of data points. f, The fig/0, jocal Values (mean £ s.d.)
were calculated from a variable number of free segments before and after a
binding event (local anisotropy, left) and compared to the fi5,,, values of all free
segments (global anisotropy, right). Top, the representative angle distribution
histograms of FOXA2. g, Representative single-molecule trajectories showing
diffusionin either a confined or an unconfined manner after abinding event.
Localizations and segments are colored as in a. Significance was calculated using
aone-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05and
***P < 0.001. For b-f, n=13-58 biologically independent cells for each sample
(Supplementary Table1).
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Fig.3 | CTDgoxa. is essential for FOXA2 anisotropic diffusion and target
search. a, Predictor of naturally disordered regions (PONDR) scores of the
human FOXA2 protein. b, Co-IP using nuclear lysates of U20S cells expressing
Flag-tagged FOXA2 variants. Representative western blots (left) and
quantification (mean + s.e.m.; dots represent data points) of three replicates
(right) are shown; n = 3 biologically independent samples. ¢, Bound fractions
(mean + s.d.; dots represent data points) derived from two-state Spot-On
analyses of fast spaSMT trajectories for indicated moleculesinindicated cells.
The terms ‘exo’ and ‘endo’ indicate exogenous and endogenous expression
with Kl clones, respectively. d, Space-dependent anisotropy examined by fig0/0

against mean displacement length of selected free segments. Error bars show
the s.e.m. from 50 subsamplings of segment angles with 50% replacement.

e, Left, log-log survival curves of slowSMT trajectories of the indicated
molecules. Inset, corrected RTs and RTns (mean * s.e.m.; dots represent data
points) of endogenously tagged FOXA2 or ACTD in DE cells. f, Comparison

of FOXA2 and ACTD target search kinetics (mean + s.d.; dots represent data
points). Significance was calculated using a one-way ANOVA followed by
Tukey’s multiple comparison test (c,e) or atwo-sided ¢-test (b,f). *P < 0.05 and
***P < 0.001. For c-f, n=16-58 biologically independent cells for each sample
(Supplementary Table1).

CTD alone or deletion of DBD exhibited weak interaction with core
histones compared to full-length FOXA2, indicating that DNA binding
enhances CTD-histone interactions.

Weinvestigated the contribution of FOXA2 domainstoits chroma-
tinassociation dynamics using fast spaSMT. Deletion of the DBD elimi-
nated specific chromatin association, as expected for a TF (Fig. 3¢).
Remarkably, deletion of the CTD significantly decreased the bound

fraction of FOXA2 on chromatin (from 55.1% to0 39.5%) (Fig. 3¢c) and also
reduced confined diffusion (fi50,0, 200nm; from 3.34 t0 2.27) in U20S cells
(Fig.3d). The global and local anisotropy of its diffusion were similarly
reduced (Supplementary Fig. 3a-c). In comparison, deletion of the
NTDdid not decrease but evensslightly increased the chromatin-bound
fraction and diffusion anisotropy, suggesting inhibitory roles of NTD
in chromatin association. Post-translation modification in the NTD
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such as acetylation has been reported to attenuate FoxAl nucleo-
some binding and remodeling binding®. Our focus remained on
the CTD. Therefore, we generated homozygous hES cell clones with
CTD deletion (ACTD-Halo) based on the FOXA2-Halo KI hES cell clone
(Supplementary Fig. 3d). The expression level of ACTD-Halo was the
same as that of full-length FOXA2-Halo in stage-matched DE cells.
Consistent with the results from U20S cells, CTD deletion signifi-
cantly reduced the chromatin-bound fraction (from 58.1% to 37.6%)
(Fig. 3c) and confined diffusion in DE cells (Supplementary Fig. 3e).
Experiments with exogenously expressed FOXA2 and ACTD in hES cells
also produced consistent results (Fig. 3c and Supplementary Fig. 3f).
These results indicate that the CTD has essential roles in frequent
chromatin association and confined diffusion of FOXA2.

We further explored the contribution of CTD to stable target bind-
ing using slowSMT. The slowSMT imaging module, with along exposure
time (500 ms) and low laser power, selectively captures stably bound
molecules while blurring fast-diffusing ones (Supplementary Videos
4and >5). Using two-exponential fitting and photobleaching correction
with H2B (Supplementary Fig. 3g), we derived the residence time of
FOXA2-specific binding (RTs) around 2 min and that of nonspecific
binding (RTns) around 2 s (Fig. 3e). Notably, our results indicated that
FOXA2 has a more extended RTs than other reported TFs, similar to
that of the GAGA factor®®. Importantly, deletion of the CTD did not
reduce RTs and RTns, showing that, while the CTD has essential roles
intarget searching, it has little effect on the stability of target binding.
We observed a slight increase in RTs upon CTD deletion, which could
be attributed to the ACTD favoring open chromatin and exhibiting a
stronger binding affinity for naked DNA compared to nucleosomal
DNA. This finding is distinct from previous observations showing
that IDRs increase the TF binding time on targets®**°. By calculating
the target search kinetics with the 3D diffusion-dominant model™, we
found that deletion of the CTD resulted in a twofold increase in both
free diffusion time (7..) and target search time (7,.,.,) between two
specificbinding events (Fig. 3f, Supplementary Fig. 3h and Supplemen-
tary Table 3), suggesting a less efficient target search. These findings
indicate that, while the DBD of FOXA2 determines the DNA-binding
affinity, its non-DNA-binding and histone-interacting CTD promotes
its confined diffusion, frequent chromatin sampling and efficient
target search.

Disordered CTD boosts pioneer activity

The unique kinetics of the PTF-chromatin interaction prompts the
question of its contribution to pioneer activities, including chromatin
binding and chromatin opening. To avoid indirect effects, we expressed
Flag-tagged FOXA2 and ACTD with the Tet-on system for 4 days in U20S
cellsand performed chromatin IP with sequencing (ChIP-seq) and assay
for transposase-accessible chromatin with sequencing (ATAC-seq)
(Fig.4a,b, Supplementary Fig. 4a-fand Supplementary Table 4). U20S
cells were chosen as they did not express any of the FOXA family pro-
teins. FOXA2 functioned as a typical PTF in U20S cells, as 86% of its
binding sites were initially in closed chromatin and 43% of them were
induced to an open state (Fig. 4a). In comparison, its ACTD mutant
showed clear defects in pioneer activity, losing stable binding at 48.7%
of FOXA2 sites (Fig. 4b and Supplementary Fig. 4a) and displaying a
deficiency ininducing chromatin opening, even at ACTD-bound sites
(Fig. 4a and Supplementary Fig. 4f,g). Notably, the impaired binding
upon CTD deletionwas preferentially in closed chromatinrather than
open chromatin (Fig. 4a). These results show that the CTD of FOXA2
greatly enhances its pioneer activity of binding and opening closed
chromatin target sites.

The mammalian FOXA factors, FOXA1, FOXA2 and FOXA3, share
well-conserved DBDs but have less conserved CTDs, with CTDgyu3
being the shortest and sharing the least similarity (Fig. 4c). Using
fast spaSMT and ChIP-seq, we investigated the chromatin binding
of FOXA factors and corresponding ACTD variants in U20S cells

(Supplementary Fig.4h,i). Our results showed that FOXA3 had alower
chromatin-bound fraction (FOXA1, 58.0%; FOXA2, 58.9%; FOXA3,
30.9%) and weaker space-dependent anisotropic diffusion compared
to FOXAland FOXA2 (Fig. 4d,e). Deletion of CTDggys; and CTDgoxy, led
toreduced chromatin-bound fractions, while deletion of CTDyy,; did
not. The ChIP-seq profiles of the three FOXA factors were also distinct
(Supplementary Fig. 4j,k). FOXA1 and FOXA2 bound extensively to
closed chromatin sites, whereas FOXA3 had fewer binding sites and
tended to bind open chromatin or relatively accessible regions (Fig. 4f
and Supplementary Fig. 41). FOXAland FOXA2 bound to closed chro-
matin lacking distinguishing histone marks (Supplementary Fig.4m),
consistent with previous observations'. Hence, FOXA1 and FOXA2
appeared to have stronger pioneer activity than FOXA3 at least in
this cellular context. Like FOXA2, deletion of CTDqy,, led to substan-
tial loss of specific FOXA1 binding preferentially in closed chromatin
(Fig. 4f). Thus, the disordered CTDs differentiated FOXA factorsin their
single-molecule confinement dynamics and the pioneer capability of
bindingtargetsin closed chromatin. These results againemphasize the
enhancingroles of the disordered CTDs in chromatin confinement and
targeting closed chromatin.

Lastly, FOXA2 has apioneeringrole in the formation and differenti-
ationof DE and their derivatives, bothin hES cellin vitro differentiation
models® and in mouse models®. Deletion of the histone-interacting
region of CTD inmouse FOXA2 impaired embryonic developmentand
altered gene activation and the accessible chromatin landscape®. Thus,
we aimed to examine the roles of FOXA2 and its CTD in hES cell differ-
entiationto DE. For this purpose, we generated FOXA2 knockout (KO)
hES cell clonesinadditionto ACTD clones and conducted RNA sequenc-
ing (RNA-seq) analyses on these cells at the hES cell, APS or DE stages
(Supplementary Fig. 4n,0). In examining the gene network transition
from hES cells to APS and DE, we found that KO cells displayed minor
defectsinactivating APS-specific genes and more apparent defectsin
activating DE-specific genes (Fig. 4g) and that CTD was required for
the normal expression of a subset of them, including SOX17, FOXA1
and CXCR4 (groups I and III; Fig. 4h and Supplementary Table 6).
Theseresults highlight theimportance of CTD for normal DE-specific
gene expression.

Interaction of FOXA2 with mesoscale chromatin domains

We next examined the spatial relationship of FOXA2 with chroma-
tin by super-resolution microscopy. Specifically, we used two-color
PALM to simultaneously detect FOXA2 (tagged with Halo and
stained by photoactivatable PA-JF646) and the core histone protein
H2B (tagged with photoconvertible fluorescent protein mEosEM*')
in paraformaldehyde-fixed U20S cells (Fig. 5a and Supplementary
Fig. 5a-c). Cells with a comparable expression level were sorted and
selected forimaging experiments. H2B PALM exhibited a higher locali-
zation density at the nuclear periphery (Fig. 5a and Supplementary
Fig. 5d), where heterochromatin was frequently located, indicating a
high degree of chromatin compaction. To quantitatively analyze the
cluster sizes of different FOXA2 variants, we used SR-Tesseler*?, arobust
and unbiased segmentation algorithm, and found that full-length
FOXA2 formed larger clusters than FOXA2ACTD and FOXA2ADBD
(Supplementary Fig. 5e). Notably, measured by Manders correlation,
FOXA2PALM in the same cells showed significantly colocalized dis-
tribution with H2B PALM, especially at the nuclear periphery (Fig. 5b
and Supplementary Fig. 5f). In contrast, ACTD showed alower degree
of periphery colocalization with H2B and ADBD led to even nuclear
distribution. Therefore, the two-color PALM results agree with the
genomic results of FOXA2 targeting closed chromatin regionsin a
CTD-dependent manner.

We further investigated the super-resolved characteristics of
FOXA2-bound chromatin with PALM. While nucleosomes displayed dis-
crete nanodomains with awidth of afew tens of nanometers (Fig. 5a)*,
we hypothesized that the observed chromatin confinement of FOXA2
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fractions (mean + s.d.; dots represent data points) derived from two-state Spot-
On analyses of fast spaSMT trajectories for indicated molecules in U20S cells.
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for the ACTD samples. g, PCA of indicated RNA-seq samples with differentially
expressed genes. h, Left, RNA-seq heat map of FOXA2 putative targets classified
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genes (n=2biological replicates). Significance was calculated using a one-way
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n=33-58biologically independent cells for each sample (Supplementary Table 1).
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was related to chromatin structure at a larger physical scale, as the
confined diffusion zones had an averaged radius of ~200 nm (Fig. 2¢).
Thus, we used the hidden Markov random field model (HMRF) to
classify chromatin in the nucleus into seven compaction levels and
subsequently into three functional compartments representing dif-
ferent chromatin activities on the basis of previous characterizations**
(Fig. 5c,d and Supplementary Fig. 5g). The resulting chromatin com-
paction landscape featured chains of mesoscale chromatin domain
(CD) regions having high nucleosome density (classes 4-7), broader
perichromatin (PC) regions at the outer rim of the CD having lower
nucleosome density (classes 2 and 3) and interchromatin (IC) regions
depleted of nucleosomes (class 1). By measuring FOXA2 molecule
localizations or cluster centroids in chromatin regions of different
compaction levels, we found that FOXA2 could bind and even prefer-
entially bound the compacted closed chromatin regions (Fig. 5e and
Supplementary Fig. 5h,i). Incomparison, the ACTD showed less density
enrichmentin CDs, consistent with its impaired pioneer activity.

We further subdivided CD regions into single CDs and identified
their centroids with the strongest nucleosome intensity. Each cell at
thefocal plane had -3,000 CDs (Supplementary Fig. 5j) withan average
areaof 4.4 x10*nm?and diameter of 240 nm (Fig. 5f), which was similar
to the physical size of confinement zones (Fig. 2¢). The coincidence
suggested that organization of individual CDs might underlie observed
chromatin confinement of FOXA2, in consideration of the tight cor-
relation among chromatin confinement, chromatin-bound fraction
and successful binding at closed chromatin sites. By quantifying the
distances between the CD centroids and FOXA2 centroids, we showed
that FOXA2 spanned the entire CD entity with a slight preference to
the periphery (Fig. 5g,h). Notably, we observed the confinement tra-
jectories of single FOXA2 molecules within and surrounding the CDs
by combining live-cell PALM and fast spaSMT techniques (Fig. 5i and
Supplementary Fig. 5k). In addition to using model-based chromatin
segmentation, we took a parallel analysis approach by dividing the
nucleusinto nine equal-area regions with increasing H2B density and
obtained consistent conclusions (Supplementary Fig. 51, m). Together,
these results provide super-resolution imaging evidence that FOXA2
targets mesoscale compacted chromatin domains and that the CTD
facilitates this process. Importantly, our findings suggest that the inter-
action of FOXA2 with mesoscale chromatin domains might underlie
the diffusion confinement within a characteristic space and result in
efficient pioneer activity.

Kinetic advantage of confined target search
We next investigated how PTFs might gain kinetic advantages from
confined diffusioninbinding energetically unfavorable and nucleosome-
embedded targets. To simulate the confined target search process,
we conducted coarse-grained computer simulations of chromatin as
achainof monomers, partially containing acognate binding site (CBS)
of the TF***, The simulations assigned amonomer radius of 200 nmto
model the spatial volume of transient chromatin confinement observed
inexperiments (Fig. 6a, Supplementary Fig. 6a, Supplementary Table 7
and Supplementary Video 6). The TF underwent Brownian motionin
the nuclear space between chromatin monomers (free nuclear diffu-
sion); onceitentered amonomer, it diffused inside atalower diffusion
coefficient and was confined with a certain probability to exit (P, < 1)
(confined diffusion). While diffusing inside the chromatin monomers,
the TF could pause briefly at agiven rate to model nonspecific binding
and have chances to contact the CBS within.

Synthetic TF trajectories were generated by assigning variable
P.... levels to model different levels of confinement, with the lowest
P, representing the strongest confinement. The space-dependent
diffusion anisotropy from synthetic TF trajectories showed strik-
ing resemblance to that from the experimental data of TFs, peaking
around 200 nm (Fig. 6b,c). The pattern of space-dependent anisotropy
remained with a variable virtual frame rate (Supplementary Fig. 6b)

and showed an inverse correlation with P, (Fig. 6d), confirming that
the space-dependent trajectory anisotropy measured diffusion con-
finement. With an increasing level of confinement, the target search
mechanism of TFs gradually switched from being dominated by free
diffusion to being dominated by confined diffusion (Fig. 6e), result-
inginahigher target search efficiency (Fig. 6f) and repetitive trials of
target binding (Fig. 6g), which might be essential for PTF to disturb
local nucleosome compaction and increase the chance of binding a
partially exposed motif on nucleosomes. Usingfigo/0,200nm Values meas-
ured from experiments, we extrapolated the corresponding P,,;. of TFs
and calculated their target search kinetics (Fig. 6d and Supplementary
Table 8). The PTFs FOXA1, FOXA2 and SOX2 showed the strongest diffu-
sion confinement, with apredicted P,,;, of FOXA2at 0.17 and afraction
of confined diffusion at 23% (Fig. 6e). In contrast, the predicted P,,;
values of MYC, NLS and FOXA2 ADBD were close to 1, indicating little
confinement. Compared to FOXA2, its ACTD mutant showed a higher
predicted P, at 0.3, a lower fraction of confined diffusion at 15%, a
lower onrate to CBS and less repetitive binding to the CBS. The changes
in target search kinetics may explain its impaired pioneer activity in
binding targetsin closed chromatin.

We speculated that extremely strong confinement (a very small
P.,;) could trap TFsunproductively within monomers without a CBS for
extended periods, negatively impacting the overall efficiency of target
search throughout the nucleus. Therefore, we calculated the search
time between binding two different CBSs in separate monomers and
found that extremely small or large P,,; valuesindeed resultedinalong
search time (Fig. 6h). Importantly, we identified an optimal P, that
minimized the search time, thereby maximizing efficiency. Notably, the
predicted P, values of FOXA1, FOXA2 and SOX2 fell around the optimal
P.,;.. These results suggest that PTFs may have evolved their protein—-
nucleosome interaction to achieve an optimal degree of confinement
for efficient target searching without becoming overly trapped.

Additionally, we explored an alternative model wherein the
observed confinement could be attributed torepetitive binding to spe-
cifictarget sites thatare clustered. To test this hypothesis, we modified
the chromatin simulation by placing multiple binding sites (5,50 or 100
CBSs) clustered within a single 200-nm-radius chromatin monomer
(Supplementary Fig. 6a). Subsequently, we performed the diffusion
simulation without confinement by setting P,,; to 1and examined the
anisotropy of the diffusion fraction in simulated molecule trajectories
asdescribed earlier. Theresults revealed an absence of spatial confine-
ment of the diffusing molecules (Supplementary Fig. 6¢), despite the
default clustering of bound moleculesin this case. Therefore, itbecame
evident that clustered target sites could not explain the observed
anisotropy of diffusing PTFs.

Modulation of target search by non-DNA-binding regions

Our results establish the essential roles of non-DNA-binding disor-
dered regions in target search dynamics and pioneer activity. Thus,
we speculated that such activity could be used to alter the pioneer
activity of other TFs through protein fusion. Indeed, fusion of CTDgya;
or CTDgoxa, to FOXA3ACTD greatly increased the chromatin-bound
fraction (from 33.2% to 45.8% and 51.7%) and space-dependent ani-
sotropy (fiso, 200nm from 2.37 to 2.94 and 3.23) as measured by fast
spaSMT (Fig. 6i). This finding indicated that CTDgx,,, could increase
the chromatin interaction and confined diffusion of a homologous
DNA-binding protein. To further test whether this strategy can be
applied to TFs from a different family, we used the Tet-on system to
express SOX2 and a fusion protein of SOX2 and CTDg gy, (SOX2-FC) in
U20S cells (Supplementary Fig. 6d). According to fast spaSMT in living
cells, SOX2-FC showed a higher chromatin-bound fraction and higher
diffusion anisotropy than SOX2 (Fig. 6j), indicating that addition of
CTD further enhanced chromatininteraction and chromatin confine-
ment. We further examined the TFs using ChIP-seq and ATAC-seq.
Notably, while SOX2 functioned as a typical PTF, binding targets that
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chromatin classification and analysis. Column 1, segmentation of chromatin
into seven intensity classes based on HMRF model. Column 2, blue and magenta
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Fig. 6| Computer simulations reveal the kinetic advantage of confined target
search. a, Chromatin is modeled as a chain of monomers with or without CBS.
TF undergoes 3D free diffusion outside of the monomers and confined diffusion
within the monomers with certain probabilities to enter (P,,) and exit (P,;,)-
b,c, Space-dependent anisotropy examined by f,5,,0 against mean displacement
length of selected free segments, using simulation-generated trajectories
withvariable P, (b) or experimental data of FOXA2 (c).d, The plot of space-
dependent anisotropy, measured by fi50/0 200nm (Mean * s.e.m.), as a function of
P.... The plot was fitted by a one-power model and the P,,;. of indicated molecules
was extrapolated using experimental figo,0,200nm Values. e-g, Indicated kinetics
calculated using simulated trajectories at various P, levels. The simulated data
were well fitted by the one-power model and the corresponding y-axis values
ofindicated molecules were calculated with extrapolated P, fromd; n =12
independent simulations. h, Time gap between binding two different targets
(two CBSs in different monomers) calculated using the simulated trajectories

atvarious P, levels, overlaid with estimated values of indicated molecules

using the extrapolated P,,;; n =12 independent simulationsinband d-h.

For each round of simulations, there were 5,000 diffusion steps per round (b,d,e)
or 500 iterations of CBS binding per round (f-h). Data are presented as the

mean +s.d.ine-h.ij, Bound fractions (mean + s.d., dots represent data points)
and fig0/0,200nm (Mean + s.e.m.) derived from fast spaSMT trajectories for indicated
molecules in U20S cells. FOXA3AC-A1CTD and FOXA3AC-A2CTD represent

the fusion proteins of FOXA3ACTD with the CTDs of FOXAland FOXA2,
respectively. SOX2-FC represents the fusion protein of SOX2 and the CTD of
FOXA2.k, The heat maps and averaged profiles of ChIP-seq (left) and ATAC-seq
(right) of U20S cells expressing indicated proteins for 4 days. Ctrl, WT U20S

cells (n=2biological replicates). I, The working model of PTF target search.
Significance was calculated using a one-way ANOVA followed by Tukey’s multiple
comparison test (i) or atwo-sided t-test (j). ***P < 0.001. Fori,j, n = 23-36
biologicallyindependent cells for each sample (Supplementary Table1).
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wereoriginally ina closed state and increasing their chromatinacces-
sibility, SOX2-FC exhibited remarkably enhanced pioneer activity. This
was evident in its ability to bind significantly more SOX2 target sites
inclosed chromatinandresultinahigherlevel of chromatin opening
(Fig. 6k and Supplementary Fig. 6e,f). Importantly, the gained bind-
ing sites of SOX2-FC were bona fide SOX2 targets that contained a
SOX2 consensus motif and shared little overlap with FOXA2-binding
sites (Supplementary Fig. 6g). These results highlighted a significant
enhancement of SOX2’s pioneer activity through fusion with FC. Thus,
anon-DNA-binding disordered region could promote TF targeting of
closed chromatin, offering a method to improve pioneer activity by
altering the target searching process.

Discussion

Here, we revealed a previously unrecognized confined target search
mechanism used by PTFs to target compacted closed chromatin
(Fig. 6l1). Unlike the previously identified 3D diffusion-dominant
model, PTFs alternate between nonexhaustive 3D free diffusion in
the nucleus and confined diffusion in mesoscale compacted chroma-
tin domains. This reduces the target search time and enables PTFs to
repetitively probe nucleosomal targets, thereby enhancing pioneer
activity in closed chromatin. Importantly, this process depends on
the non-DNA-binding disordered regions of PTFs, facilitating confined
diffusion through flexible and frequentinteractions with core histones
enriched in closed chromatin. Our findings also provide insights for
identifying new natural PTFs and engineering synthetic ones.

Our results underscore the crucial role of chromatin spatial
organizationin the target search of TFs*®, particularly PTFs. While the
epigenetic determinants guiding PTF binding to nucleosomal targets
remainunclear”, our super-resolutionimaging revealed the presence
of spatially organized mesoscale compacted chromatin domains,
acting as landing pads that attract PTFs through interactions with
their disordered regions. Subsequent transient diffusion confinement
within these chromatin domains further reduces the search space
required to find targets. Additionally, it increases the frequency of
binding attempts by PTFs, potentially alleviating local nucleosome
compaction and transiently exposing buried motifs for stable PTF
binding**%. This mechanism aligns with prior observations includ-
ing slow nuclear mobility of FOXA factors*?, nonspecific chromatin
sampling of FOXA2 (ref. 12), Zelda hubs”” and OCT4 interactions with
histones*, suggesting ashared mechanismamong PTFsinleveraging
chromatin organization for target searchin closed chromatin. Hence,
our study unveils aremarkable mechanism through which PTFs exploit
chromatin spatial architecture to access closed chromatin.

Our findings highlight the essential role of disordered regions
in pioneer function. The nucleosomal binding capability of PTFs is
generally thought to be encoded within the well-structured DBD and
the fine structural features of PTF-nucleosome interactions have been
characterized**’. As the ternary complex of TF-bound nucleosome is
relatively unstable, a TF with strong DNA affinity could likely stabi-
lize its binding to a partially dissociated nucleosome. Consistently,
our results revealed that FOXA2 remained bound to targets in living
cells for a relatively long period of time. This observation is consist-
ent with the extended RT of Drosophila GAGA factor, whichis also a
PTF*. However, the DBD alone may not guarantee pioneer activity,
as TFs from the same family with highly similar DBDs do not always
function as PTFs; in line with this notion, FOXA1, FOXA2 and FOXA3
showed distinct levels of capacity to bind closed chromatinin the same
cellular context. TFs commonly contain IDRs that mediate multiva-
lent interactions and facilitate a wide variety of biological activities,
including their binding dynamics*®°°~*, The potential contribution
of diverse disordered regions to pioneer activity has only recently
begun to be unraveled®***%**%, In this study, we found that the IDR
of FOXA2 had a surprisingly important role in the dynamic process
of target search, particularly for closed targets. While it promoted

target associationrate, its deletion did not seem to affect dissociation
rate. This is different from the IDR of GAGA factor®®, suggesting that
itis unlikely all PTFs use exactly the same mechanism. Moreover, the
structured DBD and the disordered non-DBD regions could function
asmodules, contributing to stable target binding and target searchin
closed chromatin, respectively, although one indeed influences the
other. Given that PTFs are often mutated in both DBD and non-DBD
regions across various cancer types, comprehending the fundamental
properties of PTFs holds notable value in human cancer research.
Our study encourages further exploration of the diverse disordered
regions within other PTFs.
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Methods

Cell culture and stable cell line

U20S cells, HEK293T cells and MEF cells were cultured inthe complete
DMEM (Gibco, C11995500BT) supplemented with 10% FBS (VisTech,
SE100-011) and 1% penicillin-streptomycin (Hyclone, SV30010). The
stable celllines of U20S cells with the Tet-oninducible system were con-
structed with the PiggyBac Transposon system (System Biosciences)
containinga puromycin selectiongene. Briefly, the Tet-on plasmid and
supertransposase plasmid were cotransfected into U20S cells using
lipofectamine 3000 (Thermo Fisher, L3000075) according to the
manufacturer’s instructions. Then, 48 h after transfection, 1 pg ml™
puromycin (Selleck, S7417) were added to the medium to select for
positively integrated cells.

The lentivirus Tet-on inducible lentiviral system was packaged
in HEK293T cells with standard protocol of calcium phosphate trans-
fection, collected at 36 h after transfection and filtered through
0.45-um pore size filters (Pall, 4614). To image infected MEF cells,
2 x10* early-passage MEF cells were first seeded on a four-well Cellvis
chamber (Cellvis, C4-1.5H-N) for 24 h before viral infection and then
infected withviral supernatant of OCT4-Halo, SOX2-Halo, KLF4-Halo or
MYC-Halo, rtTA viral supernatants and 8 pg ml™ polybrene (MacGene,
MCO032). The viral-containing medium was replaced with fresh medium
12 h after infection and doxycycline was added at 24 h after infection.
MEF cells were stained and imaged 48 h after infection. All plasmids
areavailable uponrequest.

hES cell culture, differentiation and genome editing

H7 hES cells (WiCell, WAe007-A) were cultured on plates precoated
with 1% (v/v) Geltrex (Thermo Fisher, A1413302) with complete Essen-
tial 8 medium (Thermo Fisher, A1517001). Accutase (Thermo Fisher,
A1110501) was used for cell dispersion and ROCK inhibitor thiazovivin
(Tocris, 3845) at afinal concentration of 1 uMwas added to the culture
medium for the first day after replating cells. hES cells were differenti-
ated to APS and DE with a2-day protocol using a pluripotent stem cell
DE inductionkit (Thermo Fisher, A3062601) or homemade medium®.
Cells were stained with surface marker APC-CXCR4 (BD 555976) atal:5
dilution for 30 min on ice and examined by flow cytometry to assess
differentiation rate.

For genome editing, single guide RNAs (sgRNAs) were designed
using CRISPOR (http://crispor.tefor.net/crispor.py) and clonedintoa
plasmid expressing Cas9 and Venus fluorescent protein. Sequences
for genome-editing sgRNAs are listed in Supplementary Table 9. hES
cells were transfected using Fugene 6 (Promega, E2691) following
the manufacturer instructions. For KI, a Cas9-sgRNA plasmid and a
donor plasmid were cotransfected; for KO or domain deletion, two
Cas9-sgRNA plasmids were cotransfected. Then, 48 h after transfec-
tion, Venus-positive cells were sorted by fluorescence-activated cell
sorting (FACS), plated at low density and cultured for about 10 days to
generate discrete cell clones. Individual cell clones were picked out and
genotyped by PCRtoidentify desired homozygous clones. The desired
clones were further verified by Sanger sequencing and western blots.

Microscopy setup

AlISMT and PALM experiments were performed on a custom-built Nikon
Ti2 microscope as before™. Itis equipped with two electron-multiplying
charge-coupled device (EM-CCD) cameras (Andor, iXon Ultra 897), a
%100 (1.49 numerical aperture) oil-immersion total internal reflection
fluorescence (TIRF) objective (Nikon apochromat CFI Apo TIRF x100
oil), aperfect focusing system (Applied Scientific Instrumentation) and
astable-top chamber for maintaining 37 °C and 5% CO, (Tokai Hit). The
HILOillumination was achieved by aNikon TIRF module, multiple lasers
(405 nm, maximum 140 mW, OBIS, Coherent; 560 nm, maximum1W,
MPB; 642 nm, maximum 1.5 W, MPB) controlled by the acousto-optic
tunable filter (AOTF) system (AA Opto-Electronic, AOTFnC-VIS-TN),
a multiband dichroic mirror (405, 488, 561 and 633 nm quad-band,

Semrock) and emission filters (TMR/PA-JF549, Semrock 593/40-nm
bandpassfilter;JF646/PA-JF646: Semrock 676/37-nm bandpass filter).

Celllabeling for SMT, PALM and confocal imaging

U20S and MEF cells were plated on Mat-Tek dishes (Mat-Tek, P35G-
1.5-14-C) or eight-well Cellvis chambers (Cellvis, C8-1.5H-N) with no.
1.5 high-performance cover glass and protein expression was induced
with 1 pg ml™ doxycycline (Selleck, S4163) for 1 day. For hES cells and
their differentiation, a glass-bottom culture dish was first coated
with Geltrex (Thermo Fisher, no. A1413301) overnight. To label Halo
fusion proteininliving cells, Halo ligand-conjugated fluorescent dyes
at the indicated final concentration were added to culture medium
(fast spaSMT, 25 nM PA-JF646 or 2.5 nM PA-JF549; slowSMT, 25 pM
JF646; PALM, 25 nM PA-JF646; confocal imaging, 200 nM TMR) before
incubating for 30 min. The medium was then removed and two rounds
ofincubation with fresh medium for 30 min were performed to remove
free dyes. Right before live-cell imaging of SMT, the medium was
changed to phenol red-free medium. For two-color PALM and confo-
cal imaging of fixed cells, after Halo staining, cells were crosslinked
with prewarmed 4% PFA for 10 min at37 °C, permeabilized with 0.1% v/v
Triton X-100 in PBS for 10 min at room temperature and then washed
with PBS. The medium used in each step was prewarmed and caution
was taken to avoid cells detaching from the glass bottom.

Acquisition of SMT data

The 133-Hz fast spaSMT experimental settings were as follows: in one
frame of cameraexposure time (7 ms), 1 ms of 642-nm excitation (100%
AOTF) was delivered at the beginning of the frame; 405-nm photoac-
tivation pulses were delivered during the camera integration time
(-447 ps) to minimize background and their intensity was optimized
to achieve a mean density of 1-2 molecules per frame per nucleus. In
additionto7 ms (-133 Hz), the camera exposure times were set at 13 ms
(-74 Hz) to obtain additional data for analyzing the space dependency
of anisotropy. A total of 20,000 frames were recorded per cell per
experiment. Foreachsample, we performed two or threeindependent
replicates and recorded data of multiple cellsin each replicate.

The slowSMT experiments used along exposure time (500 ms) and
continuousillumination with low laser intensity to capture the position
of slow-moving molecules. Under this mode, fast-moving molecules
willbe blurred into the background noise. Caution was taken to ensure
that cells did not have gross movement during the process of imaging
to minimize tracking error. Generally, each cell was captured for 1,500
frames with 500-ms exposure time. For each sample, we performed
two or three independent replicates and recorded data of multiple
cellsineachreplicate.

Acquisition of simultaneous two-color PALM data
A405-nmlaser was used during the cameraintegration time (-447 ps)
to photoconvert mEosEM and photoactivate PA-JF646 at sparse den-
sity. The 560-nm and 642-nm lasers were used to illuminate cells for
continuous 30 ms and two colors were detected simultaneously with
two EM-CCD cameras at an exposure time of 30 ms. A total of 30,000
frames of images were taken for each cell and at least 12 cells were
recorded for each sample. In the combined live-cell PALM and fast
spaSMT experiments, PALM data were collected with an exposure
time of 30 ms; fast spaSMT data were collected immediately with an
exposure time of 7.5 ms.

Single-molecule localization and trajectory linking

Both fast spaSMT movies and slowSMT movies were analyzed with
custom-made MATLAB scripts (https://gitlab.com/tjian-darzacq-lab/
SPT_LocAndTrack) implementing a multiple-target tracking (MTT)
algorithm® to generate single-molecule trajectories. The settings
used in the MATLAB scripts for fast spaSMT were as follows: localiza-
tion error, 107%%; deflation loops, O; blinking (frames), 0; maximum
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competitors, 3; maximum D (um?s™), 20. The settings used in the
MATLAB scripts for slowSMT were as follows: localization error,107%%;
deflation loops, O; blinking (frames), 1, maximum competitors, 3;
maximumD (um?s™),0.7.

Estimation of bound fraction and diffusion coefficient from
fast spaSMT data

Fraction of bound molecules and diffusion coefficient of unbound
molecules were determined by fitting the two-state Spot-On kinetic
model* (version 1.05; GitLab tag 6a3e885c) with the spaSMT trajec-
tories obtained with a 7.5-ms exposure time. The parameters used
in the fitting were as follows: dZ = 0.7 um; GapsAllowed =1; Time
Points = 8; JumpsToConsider = 4; Model Fit = 2; NumberOfStates = 2;
FitLocError = O; LocError = 0.040 pm; D_Free_2State =[0.5, 25];
D_Bound_2State =[0.0001, 0.04].

RT inference and survival analysis of slowSMT data
Thetrajectory lengths of stably bound molecules from slowSMT experi-
ments were plotted as a survival curve (1 - cumulative distribution
function). We adopted the method from a previous study** to calculate
the RT of TFs on targets.

Calculation of target search kinetics

To investigate how FOXA2 explores the nucleus, we adopted the
method described by Nguyen et al."® to derive various target search-
ing parameters.

Angular analysis of fast spaSMT data

We used the Matlab scripts from a previous study (https://gitlab.
com/anders.sejr.hansen/anisotropy)*® with some changes to analyze
the distribution of the molecule trajectories obtained from our fast
spaSMT experiments. Briefly, we merged trajectories from different
cells obtained from the fast spaSMT datasets (133 Hz and 74 Hz). In
the merging step, we also performed a quality control step to further
ensure that the downstream analysis was not subject to the wrong
connection of two different molecules observed in consecutive frames
during reconnection steps in the MTT algorithm. ‘ClosestDist’ was
set to 2 so that, if any two detected localizations in the same frame
were within 2 um, their trajectories would be discarded from down-
stream analysis. The merged trajectories were HMM-classified to
label each segment of a trajectory as either ‘bound’ or ‘free’ and the
boundsegments of each trajectory were removed. The angles formed
by two consecutive ‘free’ segments witha minimum length of 100 nm
(‘GlobalMinJumpThres’ set to 0.1, equivalent to 100 nm) were calcu-
lated. The angles from all free segments were pooled and the fold of
the angles ranging from 180 + 30° versus 0 + 30°, 150 (that is, global
anisotropy) were calculated to measure the anisotropic behavior of
the molecules.

Inaddition to analyzing angles fromall free segments, we analyzed
the angles composed of free segments right before or after one bound
segment (that is, local anisotropy). Specifically, after classifying the
segments of each trajectory into bound or free states by the HMM
model as above, we selected adefined number of the consecutive free
segments either before or after abound segment. Then, we discarded
any free segments lessthan100 nmto calculate angles between the two
adjacent free segments and pooled all angles to calculate the figo/0, iocar-

Processing and rendering PALM data

Rawimaging data with single-molecule signals were analyzed using the
Image] plug-in ThunderStorm*®to detect single-molecule localizations.
Low-quality single-molecule signals (point spread function too smallor
too large or with high uncertainty) were filtered out. Single-molecule
localization data consisting of x and y localization lists were used to
render PALM images by assigning pixel size as 10 nm and pixel value
equal to the number of localizations within the pixel area.

Two-color PALM data processing and model-based chromatin
segmentation

Two-color PALM raw data were analyzed by ThunderStorm to gener-
ate molecule localizations and merge reappearing localizations in
subsequent frames. The resulted localization data were further ana-
lyzed by aself-written MATLAB script. Sample drift was determined by
calculating the spatial cross-correlation function between sequential
subsets of localizations and corrected. Data with major sample drift
were discarded to ensure high data quality. We generated rendered
super-resolution images with pixel size at 10 nm and pixel value as
the number of molecular localizations within the pixel. Manders cor-
relation coefficients were calculated by the ImageJ Colocalization
Threshold plug-in using H2B PALM and FOXA2 PALM images as input
and adefault threshold.

AVoronoi diagram was created by the SR-Tesseler analysis*?, after
which clusters were identified by setting the density factor to 2.5.
Clusters were filtered by minimumarea and minimum number of locs
(minarea, 20; minno.locs, 50). The following information was directly
exported: area, number of detections, circularity and diameter.

Chromatin compaction levels were determined by the intensity
of rendered H2B super-resolution images with 10-nm pixel size. The
nuclear border was determined by Gaussian smoothing and threshold
binarization. The resulting images were further analyzed by a hidden
Markov random field model to segment images to seven classes** on
the basis of H2B intensity.

After the chromatin compaction segmentation into seven classes,
localization densities of different FOXA2 variants in each chromatin
class were calculated and divided by densities of localizations fol-
lowing a random distribution; the relative density enrichments were
presented as heat maps. The seven chromatin intensity classes were
further dividedinto three biologically relevant regions: IC (class 1), PC
(classes 2 and 3) and CD (classes 4-7), as described in the literature**.
The CD region was composed of chains of individual CDs. Their cen-
troids were found by the regional maximum algorithm and the borders
of individual CDs were determined by the intensity valley calculated
fromintensity gradients. The centroids of FOXA2 variant clusters were
also determined by the regional maximum algorithm; only centroids
located within an individual CD were selected out and their distance
to the corresponding CD centroid was measured.

As a parallel method, the cell nucleus was also divided into nine
equal-area parts from low to high density on the basis of the intensity
of H2B and FOXA2 variants, respectively, and the localization number
and percentage of H2B and FOXA2 variants within each H2B region,
as well as the overlapped areas between H2B and FOXA2 at different
densities, were calculated. Heat maps were plotted with x and y axes
representing the index of nine density regions of the FOXA2 variants
and H2B from low to high, respectively.

In combined live-cell PALM and fast spaSMT experiments, 1,000
frames of images with a 30-ms exposure time were used to render a
PALM image and fast spaSMT data were collected immediately after
PALM and overlaid.

Simulation of chromatin and the TF target search

We used a previously developed chromatin model*** that treats chro-
matin as a coarse-grained, self-avoiding polymer confined within the
nucleus. Briefly, we modeled the chromatin as a series of n monomers
with aradius of 200 nm, with positions (R, ..., R,). A small portion of
randomly chosen monomers had CBSs placedin their middle (for con-
fined target search model) or filled with the defined number of CBSs
randomly (for clustering target sites model). The chromatin chain first
reached equilibrium with the defined spring potential and Lennard-
Jonesforces; then, each monomer position was fixed (Supplementary
Fig. 6a). Allmonomers were confined within a sphere with radius R to
simulate the cell nucleus and each rigid monomer was reflectedin the
normal direction of the tangent plane of the sphere boundary.
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For the simulation of confined target search model, the simulated
TF interacted with the modeled chromatin in three ways. First, the TF
underwent free Brownian motion when notinteracting withmonomers.
Second, whenthe TF touched the boundary of monomer (for adistance
between the TF and the center of monomer smaller than &), it had
a certain probability (P.,.,) of entering the monomer. Upon entering
the monomer, the TF diffused inside the monomer and exited it with
certain probability (P.,;) once hitting the boundary of the monomer.
When diffusinginside the monomer, the TF could transiently bind with
aPoissonianonrate k,,and then be released with a Poissonian off rate
k. to mimic nonspecific binding. If the monomer contained a CBS in
itsmiddle, the TF would bind to the CBS wheniits distance to the center
of'the CBS (same as the center of monomer) was smaller than g.c. The
RT of CBS binding followed a Poisson distribution with a mean time
Tcps =12.5s. The value of RT did not affect the simulation results because
we only focused on the target search (that is, diffusion) rather than
target binding section of the final trajectory. After finishing binding to
the CBS, the TF continued diffusing inside the monomer. Of note, we
used Euler’s scheme to generate the Brownian motion of the protein.

Inthe simulation of the clustering target sites model, the TF under-
went free Brownian motion when not interacting with CBSs. The TF
boundtothe CBS whenits distance to the center of the CBS was smaller
than gq;. The RT of CBS binding followed a Poisson distribution witha
mean time of 7.5 (12.5 s). After completing the binding on CBS, the TF
continued to diffuse inside the nucleus.

Each round of simulation generated a long Brownian trajectory
with a time gap of 0.1 ms. The protein was placed at the release radius
(®mono) Of arandomly chosen monomer and started diffusing. Each
round of simulation stopped when the total number of steps reached
5,000 or after 500 iterations of CBS binding, depending on the down-
stream analysis. To simulate the localization error of real imaging
conditions, white Gaussian noise with ans.d. of 30 nm and zero mean
was added to each trajectory point. The generated trajectories were
then projected into two dimensions (discarding the z position) and
split into short trajectories with the desired time gap (for example,
7.5 ms) tomimic the exposure time used in fast spaSMT. We performed
12simulations for each condition. The generated trajectories were then
pooled and analyzed using the same pipeline as previously described
(see Methods, ‘Angular analysis of fast spaSMT data’). More detailed
parameters used in the simulation arelisted in Supplementary Table 7.

Co-IP

Stable U20S celllineswereinduced with 1 pg ml™ doxycycline for48 h,
collected and gently lysed with ice-cold NP-40 lysis buffer (10 mM
HEPES pH7.5,10 mMKCI, 0.2 mMEDTA,1 mM DTT and 0.5% NP-40) on
icefor20 min. The pelleted nuclei were further extracted with high-salt
buffer (500 mM NaCl) by incubation on ice for 60 min. The nuclear
lysate wasimmunoprecipitated with preactivated Flag-Magnetic Dyna-
beads (Thermo Fisher, 88847) at 4 °C overnight, followed by one wash
with balance lysis buffer (25 mM HEPES pH 7.5,0.2 mM EDTA and 0.5%
NP-40), three washes with high-salt wash buffer (25 mMHEPES pH 7.5,
500 mM NacCl, 0.2 mM EDTA and 0.5% NP-40), one wash with low-salt
washbuffer (25 mMHEPES pH7.5,150 mMNaCl, 0.2 mM EDTA and 0.5%
NP-40) and boiling in SDS-PAGE loading buffer at 100 °C for 10 min.
The antibodies used are listed in Supplementary Table 10.

ChIP-seq and ATAC-seq
ChlIP-seq followed the standard protocols®°. ChIP-seq experiments
were performed in two replicates. Primary antibodies for ChIP-seqare
listed in Supplementary Table 10.
OmniATAC-seqwas performedaccordingtoapreviously described
protocol®. ATAC-seq experiments were performed in two replicates.
For ChIP-seq and ATAC-seq, raw reads were quality-checked
with FastQC (version 0.10.1) and trimmed by the trim_galore func-
tion (version 0.6.10) with paired mode and default parameters.

Reads were aligned to human genome (hg38) using Bowtie 2 (ver-
sion 2.4.4). The resulting SAM files were converted to BAM files with
SAMtools (version 0.1.18). The BAM files of the two replicates of one
treatment were peak-called individually using MACS2 (version 2.2.7.1)
with default parameters and the resulting narrowPeak files were used
to call peaks with the IDR (version 2.0.4.2) method. The bamCoverage
functionin deepTools (version 2.4.1) was used to convert BAM files to
bigWig files for visualization and normalized by reads per kilobase
per million mapped reads (RPKM). A high correlation above 0.8 was
observed between replicates for all samples. The R package inter-
vene (version 0.6.5) was used to determine overlaps among two or
more peak sets. The function computeMatrix in the deepTools suite
(version2.4.1) was used with reference-point mode to calculate scores
foreachgenomic region. Motif analysis of differential peaks fromeach
group was performed using HOMER (version 4.11). Genome-wide chro-
matin state predictions for each biological condition were performed
using ChromHMM (version 1.24) software with default parameters.
To compare the ChIP-seq intensity from FOXA2 and FOXA2 ACTD,
ChIP-seq libraries were normalized to input-calibrated ChIP-qPCR of
12sites that comprised varying signal intensities, using alinear regres-
sion model (Supplementary Fig. 4b and Supplementary Table 5) as
described previously®.

RNA-seq

Poly(A) RNA-seq was performed for undifferentiated hES cells or for
hES cells differentiated to APS and DE. The purified total RNA was
added to ERCC RNA spike-in mix 2 (Thermo Fisher, 4456740). mRNA
purification, RNA fragmentation, first-strand and second-strand com-
plementary DNA (cDNA) synthesis were performed according to the
TruSeq RNA sample preparation v2 kit (Illumina, RS-122-2001) but
using Superscript lll for reverse transcription instead of Superscript
11(50 °Cfor 50-minincubation time). cDNA was purified with AMPure
XP beads (Beckman, A63882) and subjected to a Solexa rapid library
protocol. PCRreactions were cleaned up once with AMPure XP beads.
Library quality and fragment size were assessed by qPCR and Frag-
mentAnalyzer and sequenced onthe lllumina HiSeq4000 sequencing
platform (single-end reads, 50 bp long). RNA-seq experiments were
performed intwo replicates.

Analysis of RNA-seq data

Reads were quality-checked with FastQC and aligned to the transcrip-
tome ofthe humangenome (hg38) by STAR version2.7.1awith the follow-
ing parameters: --outSJfilterReads Unique --outFilterMultimapNmax
1--outFilterIntronMotifs RemoveNoncanonical --outSAMstrandField
intronMotif. The gene expression level was calculated using HTSeq
version 2.0.2 based on the gencode hg38 annotation (GENCODE ver-
sion 32) with the following parameters: htseq-count --stranded=no
-f bam --dditional-attr=gene_name -m union. All subsequent analyses
were performedinR.

Differential gene expression analysis was performed on three cell
stages (hES cell, APS and DE) with two replicates using DESeq2 version
1.30.1. Stage-specific genes were selected with log,(fold change) >1
and false discovery rate (FDR) < 0.05. FDR was calculated by the Wald
test implemented by DESeq2 with Benjamini-Hochberg adjust-
ment. Principal component analysis (PCA) of differentially expressed
genes was performed using DESeq2. Putative FOXA2 target genes
were identified as genes having +5-kb FOXA2-binding sites flanking
the gene body at the DE stage using clusterProfiler version 3.18.1. DE
stage-specific genes were further sorted on the basis of gene expres-
sion changes after FOXA2 KO and their dependency on CTD deletion
using DESeq2-normalized RNA-seq read counts. Genes with the fold
change > 1.5 after FOXA2 deletion were classified as ‘repressed’ by
FOXA2, while genes with fold change < 0.66 were classified as ‘acti-
vated’ by FOXA2. Within these FOXA2-dependent genes (repressed
or activated), their dependency on CTD was further assessed to
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identify the ‘CTD-dependent’ genes. Therefore, these genes were clas-
sified into five groups: 1 (CTD-dependent gene repression with fold
change(KO/wild type (WT)) > 1.5 and fold change(ACTD/WT) > 1.5), Il
(CTD-independent gene repression with fold change(KO/WT) >1.5and
2/3 < fold change(ACTD/WT) < 1.5), lll (CTD-dependent gene activation
with fold change(KO/WT) <2/3 and fold change(ACTD/WT) < 2/3), IV
(CTD-independent gene activation with fold change(KO/WT) <2/3
and fold change(ACTD/WT) > 2/3) and IV (unchanged with 2/3 < fold
change(KO/WT) < 1.5). Gene Ontology (GO) term enrichment analysis
was performed using clusterProfiler and GO terms witha Pvalue < 0.05
were considered significantly enriched. All volcano plots and bubble
charts were plotted using ggplot2 and the heat map was generated
using pheatmap.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldataneeded toreproduce theresults are available in the maintext or
Supplementary Information. Imaging data are available from Zenodo
(https://doi.org/10.5281/zenod0.10427790). Genomic data were depos-
ited to the National Center for Biotechnology Information’s Gene
Expression Omnibus (accession number GSE203650). Source data are
provided with this paper.

Code availability
The analysis code was deposited to GitHub (https://github.com/
denglabpku/).
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Software and code

Policy information about availability of computer code

Data collection  Nikon NiS-elements (V5.20.00) for collecting single molecule imaging data

Data analysis The imaging data were analyzed using self-written MATLAB scripts that incorporated published scripts as follows: MTT for localizing and
tracking trajectories, Spot-On (v1.05) for kinetic modeling to resolve the bound fraction, Anisotropy for calculating diffusion anisotropy,
ThunderStorm (v1.2) for PALM localization, SR-Tesseler (v1.0) for PALM clustering analysis. The analysis code of MTT, Anisotropy can be found
at Github (https://github.com/denglabpku/).

The genomic data were analyzed using FastQC(v 0.10.1) for quality control of raw reads of ChIP-seq, ATAC-seq and RNA-seq;
TrimGalore(v0.6.10) remove reads of low quality and sequencing adaptors; bowtie2 (v2.4.4) for reads alignment to reference genome
(human: hg38); samtools (v.0.1.18) for converting SAM files to BAM files; MACS2(2.2.7.1) for peak calling of individual samples; IDR(2.0.4.2)
for peak calling of two replicates; intervene (v0.6.5) for venn plot; deepTools suite (v.2.4.1) for converting BAM files to bigwig files, and
plotting heatmap; HOMER (v4.11) for motif analysis; ChromHMM (v1.24) for genome-wide chromatin state predictions; STAR (v2.7.1a) for
reads alignment to reference genome (human: hg38); HTSeq (v2.0.2) for gene expression matrix calculation; DESeq2(v1.30.1) for differentially
expressed gene analysis; ggplot2(v3.3.5) for charts plotting including scatter plot, bubble plot and bar plot; clusterProfiler(v3.18.1): for
identifying ChIP-seq peaks's putative target genes, and GO enrichment analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main text or the supplementary materials. Imaging data are available at Zenodo (accession number 10427790). Genomic data have been
deposited in NCBI’s Gene Expression Omnibus (accession number: GSE 203650). ChIP-seq/ATAC-seq/RNA-seq reads were aligned to human genome hg38.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender NA

Reporting on race, ethnicity, or NA
other socially relevant

groupings

Population characteristics NA
Recruitment NA
Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size was chosen large enough to get robust analysis results. We imaged 841 cells in total for fast spaSMT (around 10 million
trajectories in total), 124 cells for slowSMT (around a half million trajectories in total), and 40 cells for PALM. We do not use any statistical
method to determine sample size.

Data exclusions  In the live-cell imaging data, only cells with large movements have been exclude. No other data exclusions.

Replication In fast spaSMT experiments, we conducted two or three independent replicates for each sample and recorded data from multiple cells in each
replicate. The final results were generated from hundreds of thousands to millions of molecule trajectories. In PALM experiments, we
recorded data from at least twelve cells for each sample. Genomic experiments were performed in two replicates. We confirmed that our
claims and figure results are reproducible.

Randomization  To calculate the relative density of molecules in PALM experiments, we employed a randomization approach by randomizing the spatial
distribution of molecules. We then divided the actual density by the randomized density to obtain the relative density. For confocal imaging,
we randomly select cells when recording. For fast spaSMT and slowSMT experiments, cells were selected randomly, and the trajectories were
pooled together to fit the model. For western-blot, Co-IP, and genomic experiments, since millions of cells were collected, no randomization is
required.

Blinding Blinding was not applicable to this study. We did not work with human subjects.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

>
n/a | Involved in the study n/a | Involved in the study %
] Antibodies [1IIX] chip-seq )
iS}
[] Eukaryotic cell lines [] Flow cytometry o
o
|Z| |:| Palaeontology and archaeology |:| MRI-based neuroimaging 6_"
XI|[ ] Animals and other organisms O
XI|[ ] Clinical data ~
IXI|[ ] Dual use research of concern _8
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X[ ] Plants S
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Antibodies =
)
Antibodies used anti-FOXA2 antibody (1:500, R&D, AF2400-SP), anti-SOX17(1:1000, R&D, AF1924-SP), anti-Halo(1:1000, Promega, G9211), anti- S
TBP(1:1000, Abcam, ab51841), anti-H3(1:2000, Beyotime, AH433), anti-H4(1:500, Beyotime, AH458), anti-Flag(1:1000, Sigma,
A01868-40/ Sigma, F1804), Goat Anti-Rabbit IgG (H&L)-HRP Conjugated secondary antibody(1:10000, EASYBIO, BE0101), Goat Anti-
Mouse IgG (H&L)-HRP Conjugated secondary antibody (1:10000, EASYBIO, BE0102), Rabbit Anti-Goat IgG (H&L)-HRP Conjugated
secondary antibody(1:10000, EASYBIO, BEQ103). This list is also included in Supplementary Table 10.
Validation anti-FOXA2 antibody (R&D, AF2400-SP):

Validation for FOXA2 band in HepG2 human hepatocellular carcinoma cell line, Jurkat human acute T cell leukemia cell line, and K562
human chronic myelogenous leukemia cell line.
https://www.rndsystems.com/cn/products/human-hnf-3beta-foxa2-antibody _af2400

anti-SOX17(R&D, AF1924-SP):

Validation for SOX17 band in lysates of BGO1V human embryonic stem cells untreated (-) or endoderm differentiated (+).
https://www.rndsystems.com/cn/products/human-sox17-antibody_af1924

anti-Halo(Promega, G9211)
Validation of HaloTag® fusion protein
https://www.promega.com.cn/resources/msds/msdss/g9000/g9211/

anti-TBP(Abcam, ab51841)

Validation for TBP band in HeLa Whole Cell Lysate and HepG2 (Human hepatocellular liver carcinoma cell line) Whole Cell Lysate
https://www.abcam.com/products/primary-antibodies/tata-binding-protein-tbp-antibody-nuclear-loading-control-and-chip-grade-
ab63766.html#lb

anti-H3(Beyotime, AH433)
https://www.beyotime.com/product/AH433.html

anti-H4(Beyotime, AH458)
https://beyotime.com/msds/AH458.pdf

anti-Flag(Sigma, A01868-40)

Validation of Flag-tag in Hela cell lysates containing DYKDDDDK fusion protein
https://www.thermofisher.cn/cn/zh/antibody/product/DYKDDDDK-Tag-Antibody-clone-114F12C8-Monoclonal/A01868-40
anti-Flag(Sigma,F1804)

Validation of Flag-tag in Hela cell lysates containing DYKDDDDK fusion protein
https://www.sigmaaldrich.cn/CN/zh/product/sigma/f1804

HRP-conjugated secondary antibodies(EASYBIO, BE0101)
http://bioeasytech.com/product/2901.html?goods_id=5786

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) H7 hESCs (WiCell, WAe007-A) , HEK293T (CRL-1573™) from ATCC, Hela(CCL-2™) from ATCC, U-20S (HTB-96™)from ATCC
Authentication Authenticated by STR profilling at Peking University
Mycoplasma contamination Tested negative for Mycoplasma contamination.

Commonly misidentified lines  none
(See ICLAC register)
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Plants

Seed stocks
Novel plant genotypes

Authentication

ChlIP-seq

NA

NA

NA

Data deposition

Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

We have deposited the raw as well as processed ATAC, RNA and ChIP sequencing files to the GEO repository with accession

May remain private before publication.  #: GSE203650

Files in database submission GSM6181133 WT_ES

Genome browser session
(e.g. UCSC)

Methodology
Replicates

Sequencing depth

GSM6181134 WT_APS
GSM6181135 WT_DE

GSM6181136 KO1_APS

GSM6181137 KO1_DE

GSM6181138 KO21_APS

GSM6181139 KO21_DE

GSM6181140 dC11_APS

GSM6181141 dC11 DE

GSM6181142 dCAN10_APS

GSM6181143 dCAN10_DE

GSM7996338 U20S_Input

GSM7996341 U20S_FOXA2FL_day4 biol repl
GSM7996342 U20S_FOXA2FL_day4 biol rep2
GSM7996345 U20S_FOXA2dCTD_day4 biol repl
GSM7996346 U20S_FOXA2dCTD_day4 biol rep2
GSM7996347 U20S_FOXA1LFL day4 bio repl
GSM7996348 U20S_FOXAILFL day4 bio rep2
GSM7996349 U20S_FOXA3FL_day4 biol repl
GSM7996350 U20S_FOXA3FL_day4 biol rep2
GSM7996351 U20S_FOXA1dCTD_day4 biol repl
GSM7996352 U20S_FOXA1dCTD_day4 biol rep2
GSM7996353 U20S_FOXA3dCTD_day4 biol repl
GSM7996354 U20S_FOXA3dCTD_day4 biol rep2
GSM7996355 U20S_SOX2FL_day4_bio repl
GSM7996356 U20S_SOX2FL_day4_bio rep2
GSM7996357 U20S_SOX2FLFOXA2CTD_day4 bio repl
GSM7996358 U20S_SOX2FLFOXA2CTD_day4 bio rep2
GSM7996359 ATAC_U20S_WT biol repl

GSM7996360 ATAC_U20S_WT _biol rep2

GSM7996363 ATAC_U20S_FOXA2FL day4 biol repl
GSM7996364 ATAC_U20S_FOXA2FL_day4 biol rep2
GSM7996367 ATAC_U20S_FOXA2dCTD_day4_biol repl
GSM7996368 ATAC_U20S_FOXA2dCTD_day4_biol rep2
GSM7996369 ATAC_U20S_SOX2FL day4 biol repl
GSM7996370 ATAC_U20S_SOX2FL day4 biol rep2
GSM7996371 ATAC_U20S_SOX2FLFOXA2CTD_day4_biol repl
GSM7996372 ATAC_U20S_SOX2FLFOXA2CTD_day4_biol rep2
GSM7996373 ATAC_U20S_WT SOX2_CellLine_biol repl
GSM7996374 ATAC_U20S_WT SOX2_CellLine_biol rep2

No longer applicable.

Two biological duplicates for each sample.

ATAC-seq: Sequenced to 45-60M total reads, paired-end mode, 150bp read lengths. Over 90% of uniquely mapped read.
ChlIP-seq: sequenced to 30-40 total reads, paired end mode, 150bp read lengths, Over 90% of uniquely mapped reads.
RNA-seq: Sequenced to 25-30M total reads, single-end mode, 150bp read lengths. Over 90% of uniquely mapped reads.
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Antibodies See Supplementary Table 10.

Peak calling parameters  IDR(version 2.0.4.2) call peak was used for performing peak calling with the following option: idr --input-file-type narrowPeak --rank
p.value -soft-idr-threshold 0.05.

Data quality FastQC was used to quality check the raw sequencing data using standard metrics and default thresholds

Software For ChIP-seq, raw reads were quality-checked with FastQC (version 0.10.1) and trimmed by trim_galore function (v0.6.10), with --
paired mode and the default parameters. Reads were aligned to human genome (hg38) using bowtie2 (v2.4.4). The resulted sam files
were converted to bam files with samtools (v.0.1.18). The bam files of the two replicates of one treatment were called peaks
individually using MACS2(v2.2.7.1) with the default parameters, and the resulted narrowPeak files were used to call peaks by the
IDR(2.0.4.2) method. The bamCoverage function in deeptools(v2.4.1) was used to convert bam files to bigwig files for visualization,
and normalized by RPKM. A high correlation above 0.8 was observed between replicates for all samples. The R package intervene
(v0.6.5) was used to determine overlaps among two or more peak sets. The function computeMatrix in the deepTools suite (v.2.4.1)
was used with reference-point mode to calculate scores for each genomic region. Motif analysis of differential peaks from each
group were performed by software HOMER (v4.11). Genome-wide chromatin state predictions for each biological condition were
performed using ChromHMM (v1.24) software with default parameters. To compare the ChIP-seq intensity from FOXA2 and FOXA2
ACTD, ChlIP-seq libraries were normalized to input-calibrated ChIP-qPCR of 12 sites that comprised varying signal intensities, using a
linear regression model.
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