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Few transcription factors have been examined for their direct rolesin
physically connecting enhancers and promoters. Here acute degradation

of YinYang1(YY1) inerythroid cells revealed its requirement for the
maintenance of numerous enhancer-promoter loops, but not compartments
or domains. Despite its reported ability to interact with cohesin, the
formation of YY1-dependent enhancer-promoter loops does notinvolve
stalling of cohesin-mediated loop extrusion. Integrating mitosis-to-G1-phase
dynamics, we observed partial retention of YY1 on mitotic chromatin,
predominantly at gene promoters, followed by rapid rebinding during
mitotic exit, coinciding with enhancer-promoter loop establishment.
YY1degradation during the mitosis-to-G1-phase interval revealed a set

of enhancer-promoter loops that require YY1 for establishment during
Gl-phase entry but not for maintenance in interphase, suggesting that cell
cyclestage influences YYI’'sarchitectural function. Thus, as revealed here for
YY1, chromatin architectural functions of transcription factorscan varyin
theirinterplay with CTCF and cohesin as well as by cell cycle stage.

The spatial organization of mammalian genomes is dynamic during
development"? and throughout the cell cycle®. Elegant studies elu-
cidated how so-called structural loops form when the cohesin com-
plex extrudes chromatin until halted by two convergent CTCF-bound
sites*™*. Degron-based approaches, which prioritize direct over indi-
rect effects, have further informed mechanisms of chromatin loop
formation®. These include acute depletion of RAD21 (refs. 16-23),
WAPL"?, CTCF?%**%5 GAF*®, BRD4 (refs. 27,28), Mediator***’*? and
Pol II** (and drug-induced inhibition of Pol II*>2**"), Critically, these
perturbations, especially when done acutely, caused only limited, if
any, loss of enhancer-promoter (E-P) loops, implying that E-P loops
are mediated by yet-to-be-characterized factors. Several transcrip-
tion factors not directly linked to the CTCF-cohesin machinery have
been implicated in E-P looping, including but not limited to Yin Yang

1(YY1)**° (for comprehensive reviews, see refs. 51,52). A given E-P
loop may rely on multiple factors, as in the case of E-P looping at the
B-globinlocus, which requires the recruitment of architectural factor
LDBI (refs. 53-57) or the cofactor FOG1 by GATAI1 (refs. 56,58). In select
cases, such as LDBI (refs. 56,57,59) and YY1 (ref. 50), gain-of-function
experiments in which these factors were tethered to predetermined
genomic sites and shown to generate chromatin loops suggest direct
actioninaloop formation.

In the case of YY1, vastly different architectural outcomes have
been reported, ranging from a requirement for the majority of E-P
loops to being virtually dispensable for such contacts**°. Upon YY1
degradation for 24 h in mouse embryonic stem cells (mMESCs), YY1-
YY1-boundloops decreased genome wide, and several thousand genes
were dysregulated™. The authors proposed that YY1 formsloops viaits
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ability to homodimerize****. Whether YY1 also acts via blockade of
cohesin-mediated chromatin loop extrusion is unknown. In contrast,
YY1 loss for 3 hiin mESCs failed to trigger major alterations to E-P
loops or nascent transcription'’, supporting a model in which E-P
loops and transcription can be maintained at least temporarily in the
absenceof YY1.

How YY1functions mechanistically and the extent of itsreliance on
otherarchitecturalfactorsarestill unresolved. Co-immunoprecipitation
experiments® ® suggest that YY1looping may involve interaction with
CTCF***and/or cohesin. Another study based on observations in neu-
ronal progenitor cells suggested that YY1-anchored loops form within
encompassing CTCF-bound structural loops™.

Toidentify requirements for de novo E-P loop establishment, pre-
vious studies exploited the dramatic switch from a condensin-driven
randomly looped chromatin state to a cohesin-driven looped state
during the mitosis-to-Gl-phase transition*****"7°, Cis-regulatory ele-
ment (CRE) loops can form before CTCF-cohesin-driven structural
loops®” and even in the absence of CTCF*. Thus, many CRE loops
are established and maintained independently of CTCF and cohesin.

Discrepancies between the effects of 3-hand 24-h YY1degradation
couldreflect differences in cell cycle passage. Acute depletion of archi-
tectural factors, specifically during mitosis and G1 phase (from here on
referred to as G1) entry, has rarely been performed***’°’2, Therefore,
we know little about whether conclusions derived from studies using
asynchronous (that s, largely interphase) cells can be applied to the
mitosis-to-G1 context, and vice versa. Is there a distinction between
‘maintenance’ during interphase versus the ‘establishment’ of loops
following mitosis?

Here we used a YY1 degron system in asynchronously growing
populations and in cells traversing mitosis-to-G1 to comprehensively
survey YYI's architectural functions. YY1is required for the mainte-
nance of asubset of CRE loopsininterphase and for the establishment
ofanoverlapping yet distinct set of loops after mitotic exit. We propose
that the cell cycle serves as a critical layer of regulatory control over
when YYland possibly other architectural transcription factors regu-
late chromatin looping and transcription.

Results

Interphase maintenance of a subset of loops requires YY1
Although YY1was proposed to be ageneral E-P looping factor®’,acute
depletion has only been performed in pluripotent cells*°, which may
be more robust to YY1 knockout®*”?, Also, whether the distinctively
short G1 phase™ of pluripotent cells impacts their chromatin struc-
turing mechanisms remains unknown. Therefore, we examined YY1's
role in maintaining chromatin structure in G1E-ER4 cells”, a mouse
erythroblast line dependent on YY1 for long-term growth (Extended
DataFig.1a).

We created a YY1 auxin-inducible degron (YY1-AID) subline for
rapid degradation of the YY1 protein (Fig. 1a). Western blot and chro-
matinimmunoprecipitation followed by sequencing (ChIP-seq) con-
firmed efficient YY1 degradation and removal from chromatin after 4-h
auxintreatment (Fig.1b,c and Extended Data Fig.1b-e). YY1 ChIP-seq
alsorevealeditslocalizationat active enhancers and promoters, as pre-
viously reported®® (Fig. 1d). Even acute degron systems may not entirely

exclude secondary effects. RNA sequencing (RNA-seq) confirmed that
the mature mRNA poolis still largely stable after 4-h auxin treatment,
suggesting that the consequences of YY1depletion described below are
notsecondary to changesin most known architectural factors, includ-
ing CTCF and cohesin, whose transcript levels remained unchanged
(Supplementary Fig. 1a-c). However, prolonged YY1 depletion for
24 h dysregulated 2,663 genes, which may be a consequence of both
primary and secondary effects (Supplementary Fig. 1b).

We investigated chromatin structure via Micro-C**’® of
interphase-predominant, asynchronously growing cells after 4-h YY1
degradation. We called loops with the software cooltools®”” and defined
changes based on >1.5-fold differences in loop strength (observed
over locally-adjusted expected contacts). We expect thisapproach to
capture higher-confidence YY1-dependent loops for further charac-
terization, although smaller looping changes may stillimpact transcrip-
tion”®%, In total, we detected 12,738 loops across —auxin and +auxin
conditions (Extended Data Fig. 2a,b). YY1 depletion in asynchronous
cells weakened 1,990 loops, 22% of —auxin-detected loops (Fig. 1e).
Wealso observed1,591strengthened loops. Whether YY1directly sup-
pressestheseloops or whether theloss of YY1-dependentloops enables
new, perhaps competing contacts, is unclear. While some weakened
and strengthened loops might also be due to secondary effects, this
seemed unlikely inlight of the minimal differences in mRNA levels from
the RNA-seq experiments upon4-h YY1depletion.

Looping changes occurred despite stable genome-wide contact
decay (Extended DataFig. 1f), compartmentalization (Extended Data
Fig. 1g-i) and domain insulation (Extended Data Fig. 1j-m). We also
confirmed thatloop changesineither direction were unbiased toward
weaker loops (Extended Data Fig. 2c,d). Thus, YY1 is required for the
maintenance of asubstantial fraction of chromatin loops inasynchro-
nously growing mouse erythroblasts but has littleimpact on compart-
ments and domains within a4-h time frame.

YY1-dependent CRE loops are often dually anchored by YY1

We broadly categorized loops in the following sequential manner: (1)
‘CRE loops’ if both loop anchors were occupied by H3K27ac-marked
promoters or enhancers within a10 kb window, irrespective of CTCF-
cohesinoccupancy; (2) ‘structural loops’if dually anchored by CTCF-
cohesin co-occupied sites but possessing O or 1 CRE-occupied anchors
and (3) ‘uncategorized loops’ for remaining loops.

Unexpectedly, YY1loss impacted loops across all categories. In
total, 446 of 3,040 CRE loops were weakened, 439 (98.4%) of which
exhibit YY1 binding in at least at one anchor (Fig. 1f). However, 2,142
singly or doubly YY1-anchored loops remained unchanged, suggesting
that YY1is not involved in looping at all sites to which it binds, remi-
niscent of how only a fraction of CTCF pairs form structural loops”®,
or thatthose loop changes fell below threshold levels. Notably, 18% of
structuralloops and 31% of uncategorized loops were weakenedin the
absence of YY1, most of which had 0 or 1anchor bound by YY1 (Fig. 1f,g
and Extended DataFig.2e). Thus, assuming low levels of false-negative
ChlIPsignals, YY1loss canindirectly trigger changes instructuralloops.
Giventhe shortduration of YY1depletion and unaffected progression
through mitosis (see below), the broad changesinloop formation are
notattributable to shifts in cell cycle profiles.

Fig.1| YY1bindingis necessary for the maintenance of CRE loopsin
asynchronous cells. a, Strategy for engineering a YY1-AID system and acutely
depleting YY1inasynchronous cells. b, YY1 ChIP-seq tracks from —auxin and
+auxin conditions. Rectangles above tracks indicate peak calls (n = 3 biological
replicates). ¢, Heatmaps of YY1 ChIP-seq signal and log,(FC) after 4-h YY1
depletioninasynchronous cells, centered on all YY1 peaks and ordered by —auxin
peak strength (n = 3 biological replicates). d, Venn diagrams of the overlap
between active promoters and YY1 peaks (top) and active enhancers and YY1
peaks (bottom). e, Scatter plot of loop strength in —auxin and +auxin conditions
(n=3biological replicates). f, Table of loop counts, stratified by loop class, loop

change and YY1 occupancy. g, Numbers of changed loops across different loop
classes, expressed as a percentage of the total number of loops called in —auxin.
h, Schematic representation illustrating examples of patterns of factor occupancy
at paired loop anchors (left). Heatmap showing enrichment of different patterns
of factor occupancy in weakened CRE loops versus unchanged CRE loops (right).
*P,q; < 0.05, two-sided Fisher’s exact test, Benjamini-Hochberg multiple testing
correction. i, Contact maps from —auxin and +auxin samples with blue arrows/
boxes indicating examples of weakened loops and the red box indicating a
strengthened loop. Tracks show ChIP-seq from —auxin and +auxin conditions,
with highlighted regions corresponding to loop anchors. FC, fold change.
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Considering the 10 kb window size of loop anchors, the mere
presence of a factor within that window does not necessarily indi-
cate a looping function. We therefore classified binding patterns
that distinguished YY1-dependent CRE loops from unchanged ones.

YY1-YY1 was the only enriched pattern but did not reach statistical
significance, suggesting that other unknown features or cofactors
distinguish YY1-dependent loops from the loops where YY1 is bound
but notservingalooping function (Fig.1h). Loop pileups from merged
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andreplicate contact maps confirmed that YY1-dependent CRE loops
were YY1-centered punctate interactions that diminished upon auxin
treatment (Extended Data Fig. 2f,g and Supplementary Fig. 3). Homo-
typic CTCF-CTCF and RAD21-RAD21 pairings or heterotypic YY1-CTCF
and YY1-RAD21 pairings were uncommonin YY1-dependent CRE loops
(Fig.1h). Theinfrequency of these configurations suggests that CTCF-
cohesin occupancy is nonessential for YY1looping.

CREloops strengthened upon YY1 depletion exhibited heteroge-
neous, promoter-anchored configurations (Extended Data Fig. 2h).
We speculate that loss of YY1-dependent loops may free promoters
to interact with regions normally less preferred. Alternatively, YY1
loss may allow other factors to bind promoters and form new loops.
Insum, YY1binding at loop anchorsis necessary for the maintenance
of numerous CRE loops, especially those bilaterally bound by YY1.

YYldirects loops independently of CTCF and cohesin stalling
Ithasbeensuggestedthat YY1 mayfunctionbystalling cohesin-mediated
loop extrusion in a manner analogous to CTCF***°, Additionally, YY1
may influence looping by modulating CTCF or cohesin binding®¢*5>%,
We performed CTCF and RAD21 ChIP-seq and observed 7,931 YY1~
RAD21 co-occupied sites (of 41,163 YY1 and 39,745 RAD21 peaks) and
5,968 YY1-CTCF co-occupied sites (of 59,032 CTCF peaks) in untreated
cells (Fig. 2a). Reported colocalizations of YY1-CTCF or YY1-cohesin
may be present in certain contexts but are much less common than
CTCF-cohesin overlap.

Notably, on YY1 depletion, CTCF and cohesin binding was pre-
served at all sites (Extended Data Fig. 3a,b), including those directly
overlapping with YY1 (Figs. 1i and 2b,c). Conversely, YY1 occupancy
was also preserved upon CTCF depletion (Extended DataFig. 3e). Given
that YY1 had minimal influence on CTCF and cohesin binding, we also
considered the possibility that YY1 could be directing loops through
other mechanismssuch as recruiting LDB1, another major architectural
factor that connects CREs (in preparation). However, ChIP-seq revealed
that LDB1binding was robust to YY1loss (Extended Data Fig. 3c). Acute
alteration to enhancer activities could be another indirect mechanism
underlyingloop changes. Measuring H3K27ac levels as a surrogate for
enhancer strength, we found that the mark was preserved at allH3K27ac
ChIP-seq peaks upon YY1loss, including those located within loop
anchors (Extended DataFig.3d). Thus, YY1formsloops withoutaltering
CTCF or LDB1localization, enhancer strength or cohesin stalling. The
absence of discernable changes in cohesin peaks at YY1-overlapping
sites excludes amodel in which YY1 acts as an extrusion blocker. YY1
dimerization**°0%¢ remains the most parsimonious model of CRE
looping, yet we cannot discount the possibility that YY1also interacts
with yet-to-be-identified partners in heterotypic contacts.

Extrusionintermediates may promote YY1-mediated looping

It remains possible that cohesin-mediated extrusion facilitates loop
formation by juxtaposing CREs that are subsequently stabilized by
YY1. Alternatively, YY1-bound loop anchors may connect through

the random movement of chromatin. To characterize the CTCF- and
cohesin-dependence of YY1-dependent loops, we integrated loop
changes from multiple degrons—YY1-AID (this study), CTCF-AID*
and SMC3-AID**. Structural loops were almost completely lost upon
CTCF or cohesin depletion, as expected (Fig. 2d,f and Extended Data
Fig. 3f). In contrast, YY1-dependent CRE loops showed only partial
decreasesinloop strength upon CTCF or cohesin loss (Fig. 2e,g). CRE
loopsthatdonotrelyonYYlshowed aslightly greater reductioninloop
strengthin CTCF- or cohesin-depleted cells (Extended Data Fig. 3g-i),
inlinewith theideathat YY1-dependentloops areless likely torely on
structuralloop factors than other CRE loops. Notably, YY1-dependent
CREloop strengths show much greater reliance on YY1than on cohesin
(Extended DataFigs. 3jand 4a,b).

Asevidencedin aggregate peak analysis plots, loop strength upon
cohesin degradation is confounded by a general reduction in signal,
including that surrounding the focal loop anchor sites. To distinguish
focal changes from broader reductions in contacts, we measured
contact frequencies at different radii from the loop center (Fig. 2h).
Structural loops exhibited the strongest reduction of contacts near
the centers of the loop anchors relative to regions more distal to
the loop centers, consistent with cohesin being locally stabilized at
CTCF sites (Fig. 2i). In contrast, in the case of YY1-dependent loops,
reductionin contacts was spread evenly over segments outside of the
loop centers (Fig. 2j). Accordingly, 43% of detected YY1-dependent
CRE loops showed this pattern of broad contact loss but maintained
focal contact in the absence of cohesin (Fig. 2k). Thus, a fraction
of YY1-dependent CRE loops, although not focal cohesin stalling
points, may still be affected by cohesin as part of an extrusion pro-
cess. One qualification is that our conclusions pertain to loop calls
greater than 45 kb in length. Because smaller loops reportedly tend
to be less reliant on cohesin'*?**7*85%¢ the fraction of YY1-dependent,
cohesin-independent loops may be greater. Among the called >45-kb
CRE loops, cohesin-dependent CRE loops were comparable in length
to other CRE loops (Extended Data Fig. 4c¢,d).

Integrating findings from multiple perturbations and ChIP-seq
experiments, we propose amodelin which YY1 directs the specificity
of contacts between loop anchors, whereas cohesin tunes contact
frequency across broad regions without directed action at the YY1
loop anchors (Fig. 21). Without YY1, extrusion intermediates exist but
sustained contacts cannot form, and without cohesin, extrusion inter-
mediates fail to form, resulting in reduced YY1 contact frequencies.

YY1activates transcriptionin a dose-dependent manner

YY1has been reported to function as a transcriptional activator and
repressor®°°, However, its widespread requirement for transcription,
atleast onashort timescale, hasbeen disputed”. We performed total
Pol Il ChIP-seq following 4-h YY1 depletion and measured Pol Il levels
in gene bodies as areflection of active transcription (Extended Data
Fig.5a,b). Surprisingly, 959 of 9,465 active genes were downregulated,
whereas only two were upregulated greater than1.5-fold (Fig. 3a). While

Fig.2|YY1-anchored loops can form independently of CTCF and cohesin.

a, Venn diagram of CTCF, RAD21 and YY1 ChIP-seq peaks from asynchronous,
untreated YY1-AID cells. b, Heatmap showing CTCF ChIP-seq peak signal before
and after YY1depletion (n =2 biological replicates). The signal is centered on
CTCF peaks, which overlap with YY1. ¢, Heatmap showing RAD21 ChIP-seq peak
signal before and after YY1 depletion (n = 2 biological replicates). The signal is
centered on RAD21 peaks, which overlap with YY1.d, Box plot of loop strengths
of YY1l-independent structural loops after YY1, CTCF or SMC3 degradation
(two-sided Mann-Whitney Utest; n = 5 biological replicates for YY1-AID, n = 2 for
CTCF-AID and SMC3-AID; n = 4,895 loops). e, Box plot of loop strengths of YY1-
dependent CRE loops after YY1, CTCF or SMC3 degradation (two-sided Mann-
Whitney Utest; n = 5 biological replicates for YY1-AID, n = 2 for CTCF-AID and
SMC3-AID; n=440loops).f, Pileup plots of YY1-independent structural loops,
based on observed/expected signal from 10k resolution YY1-AID, CTCF-AID and

SMC3-AID contact maps. g, Pileup plots of YY1-dependent CRE loops, based on
observed/expected signal from 1k resolution YY1-AID (left) and 10k resolution
YY1-AID, CTCF-AID and SMC3-AID contact maps (right). h, Schematic
representation of the approach to quantifying observed contacts within and
surrounding loops. i, log,(FC) of observed contacts within and surrounding
YY1-independent structural loops (two-sided Mann-Whitney Utest; n = 4,895
loops).j, log,(FC) of observed contacts within and surrounding YY1-dependent
CRE loops (two-sided Mann-Whitney Utest; n = 440 loops). k, Table of the
percentages of YY1-dependent loops with loop strength and/or observed contact
frequency dependent on cohesin. 1, Model of YY1-dependent CRE looping (left),
how focal contacts are lost without YY1 (middle) and how the loss of extrusion
intermediates can weaken some YY1-dependent CRE loops while some YY1-
bound CREs canstill connect through random movement of chromatin (right).
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Polll ChIP-seqrevealed YY1's positive influence on Pol Il binding, YY1
might additionally affect other variables that affect transcriptional
output, such as Polll elongation speed or cotranscriptional processes.
We considered these additional layers of regulation by performing
TT-seq’, anapproach to measure nascent transcription viametabolic
labeling of RNA. Spike-in normalized TT-seq also revealed that YY1
serves predominantly as a transcriptional activator (Supplementary

Fig.2).Thus, YY1isnecessary for the short-term maintenance of active
transcription and may do so by promoting E-P contacts or recruit-
ing transcriptional machinery to gene promoters. In contrast, YY1
is either mostly dispensable for direct silencing of transcription® or
may be required for initial gene repression but dispensable there-
after due to epigenetic factors that maintain gene silencing®*. Late
(24 h) upregulation of genes (Supplementary Fig. 1b) may also simply
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Mann-Whitney Utest). d, Bar plot showing the number of CRE loops associated
with each category of transcription change. e, Scatter plot showing transcription
changes versus E-P loop changes after YY1depletion.

reflect that derepression occurs more gradually than the loss of active
transcription.

Most active gene promoters (8,664 of 9,465) exhibited detectable
YY1binding, including 891 0f 959 downregulated genes (Fig. 3b). Genes
that were downregulated tended to harbor stronger YY1 peaks (Fig.3c),
and the degree of YY1 dependence correlated with YY1 peak strength
(Extended DataFig. 5c). Hence, the necessity of YY1 for maintenance of
transcriptionis partly informed by its binding intensity at promoters.

Transcription and looping can be uncoupled
In addition to exerting promoter-proximal effects, YY1 may acti-
vate genes by promoting CRE loops. We observed that 76 of 718
YY1-dependent CRE loops overlapped with downregulated genes
(Fig. 3d). When focusing on E-P loops within the CRE loop class, loop
loss and transcriptional reduction were uncorrelated (Fig. 3e). One
complicating aspect is that genes can loop to multiple CREs, and vice
versa (Extended DataFig. 5d,e). We observed that 40% of genes associ-
atedwithaYY1l-dependentloop also overlapped with YY1-independent
CRE loops. Gene activity could appear decoupled from looping if
YYl-independent loops, including smaller ones we may miss on
Micro-C, compensate for the loss of individual YY1-dependent loops.

Another possibility is that some genes may be predominantly
regulated through promoter-proximal effects, which would mask the
effects of distal regulation when considering allgenes. When focusing
onasmallsubset of genes without promoter-bound YY1, downregula-
tion was slightly more pronounced for genes looped to a YY1-bound
distal enhancer (Extended Data Fig. 5f), although the effect size was
stilluncorrelated with E-P looping changes (Extended Data Fig. 5g).

Conversely, there have been varying reports of the influence of
transcription and Pol Il occupancy on CRE loops?>**3%*-%% Therefore,
itis also possible that YY1loss-induced reduction of Pol Il occupancy
(Extended DataFig. 5h) affects CRE loop stability.

In sum, at a timescale of 4 h and within a single cell cycle, loss of
CRE loops may be uncoupled from transcriptional changes, with the

important caveat that individual genes may possess different sensitivi-
ties to distal regulation” %,

Select promoters exhibit mitotic retention of YY1

While YY1 maintainsafraction of chromatinloops and the activity ofa
subset of genes, many YY1-bound loops and genes remain unaffected
by acute YY1loss in asynchronous cells. This raises the question of
whether YY1 binding may be more critical when chromatin structure
and transcription are built from the ground up, such as during the
mitosis-to-Gl transition®®*****”, During mitosis, YY1is mostly removed
from chromatin®'%, It remains untested whether partial YY1retention
on mitotic chromatin, as observed by imaging”, localizes to specific
genomicsites. Because YY1retention and recruitment dynamics may
affect chromatinloop establishment, we performed YY1 ChIP-seqon
synchronized, fluorescence-activated cell sorting (FACS)-purified pop-
ulations (Methods) at the following five stages during the mitosis-to-G1
interval: prometaphase, anaphase/telophase, early G1, mid Gl1and late
G1(Fig. 4a and Extended Data Fig. 6a,b).

YY1 chromatin occupancy increased as cells transitioned from
prometaphase to G1 but at markedly different rates for individual
sites (Fig. 4b,c). We detected 681 YY1 peaks in mitotic chromatin
(Fig. 4d). Prometaphase YY1 retention was validated at eight sites
via input-normalized ChIP-qPCR. YY1 binding was lower in mitotic
chromatin but correlated with interphase signal strength (Extended
Data Fig. 6¢). We conducted in silico simulations to exclude inter-
phase contamination as the source of prometaphase signal (Extended
Data Fig. 6d,e). Mitotic chromatin accessibility, based on published
DNase-seq'”", was similar in retained versus nonretained YY1 sites
(Fig. 4e).

Intotal, 5,713 peaks were detected as early as anaphase/telophase,
and most sites were re-occupied by early G1 (Fig. 4d). Stratifying sites
by the time of YY1 detection, we observed that retained and rapidly
recruited sites were more likely to have strong YY1 motifs (Fig. 4f,g).
Notably, YY1retention was strongly biased toward promoter regions,
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although promoters had comparable accessibility regardless of YY1
dynamics (Fig. 4h,i).

In sum, YY1is largely displaced from mitotic chromosomes and
rebinds rapidly as cells enter G1. This transition enables investigation
of how dynamics of YY1loop formation relate to YY1 re-occupancy.

YY1retention and early binding occur at CRE loop anchors
Because CRE loops appear as early as anaphase/telophase, they are
likely established by retained or rapidly recruited factors other than
the cohesin machinery, which accumulates later in G1 (ref. 67). How-
ever, the influence of transcription factor retention and recruitment
kinetics on CRE loop formation has not yet been explored, other than
for CTCF*. To investigate this, we intersected YY1 ChIP-seq with our
previously published, stage-matched Hi-C maps®’.

Retained and earlybound YY1sites frequently resided in CRE loop
anchors (Fig. 4j). CREloop anchors displayed the strongest gainsin YY1
occupancy at anaphase/telophase or early Gl, irrespective of when
the loop was detected (Fig. 4k). From a ‘loop-centric’ view, anaphase/
telophase-detected CRE loops, relative to later-forming ones, were
most likely tobe occupied by YY1, and 69.6% exhibited binding at both
loop anchors (Fig. 41,m). Only 0.2% of CRE loops exhibited YY1-RAD21
cobindingat both anchors during the mitosis-to-Gl transition (Fig. 4n).

Insum, we observed concordant YY1re-occupancy and loop detec-
tion at certain loci, consistent with a role for YY1 in the formation
of these loops. However, YY1 occupancy frequently precedes loop
detection, implicating an additional limiting step in loop formation.
Discrepancies between when YY1 binding and looping are detected
could alsobe due todifferencesin ChIP-seq versus Micro-C sensitivity.
Alternatively, some YY1-flanked loops may not require YY1 for their
establishment. This question is addressed below with a mitotic YY1
degradation approach.

YY1-bound loops can form rapidly after mitotic exit

To study the establishment dynamics of YY1-dependent CRE loops, we
firstselectedloops thathad already beenidentified as YY1-dependentin
asynchronous cells. Asin previously reported Hi-C studies®**’, k-means
clustering of all CRE loops revealed fast-forming loops at anaphase/
telophase, transient loops that peaked at anaphase/telophase and
gradually formingloops (Fig.40). YY1-dependent CRE loops were more
likely to form faster (Fig. 4p).

Both fast loops and gradual loops continued to gain YY1 bind-
ing into G1, although fast loops reached maximum loop strength in
anaphase/telophase (Fig. 4q). Loops requiring YY1duringinterphase
gained YY1binding at their anchors regardless of loop dynamics but
exhibited varying levels of YY1 (Fig. 4q). Gradual-forming loops had
lower levels of YY1beginning at anaphase/telophase and into G1. Thus,
we hypothesize that threshold levels of YY1 at anaphase/telophase,
rather thanfinallevelsininterphase, may enable loop establishment. To
determinea causal role for YY1re-occupancyinloop establishmentand
transcription, we proceeded to deplete YY1 during the mitosis-to-G1
transition.

Some CRE loops require YY1 exclusively during G1 entry

Depletion of YY1in asynchronous cells may have missed YY1-dependent
features that could be maintained by other factors. Also, re-organization
of YY1-dependent structures may require progression through mitosis,
as has been shown for other architectural reconfigurations>>14,
Therefore, we depleted YY1 during mitosis and into mid Gl to inves-
tigate its requirement for the establishment of chromatin loops dur-
ing mitotic exit. Following synchronization and YY1 depletion, cells
were FACS-purified and studied by Micro-C (Fig. 5a). YY1 chromatin
occupancy was undetectable by ChIP-qPCR confirming its depletion
(Extended Data Fig. 7a). FACS-based assessment of cell populations
confirmed that Gl entry proceeded normally upon acute depletion
of YY1 (Extended Data Fig. 7b). Additionally, Micro-C contact decay

curves, as well as the formation of compartments and domains, were
the samein control and YY1-depleted cells (Extended Data Fig. 7c-i).

Atmid G1(2 hafter mitoticrelease), atotal of 14,155 chromatinloops
were called. Two thousand six hundred and ninety chromatin loops
failed to establish normally, and 2,487 chromatin loops were strength-
ened when compared to controls (Fig. 5b). Stratifying by loop class, we
observedthat 30% of CRE loops failed to achieve their normal strength
(Fig. 5c and Supplementary Fig. 4). Thus, depletion of YY1 during the
mitosis-to-Gl transition revealed agreater absolute number and fraction
of weakened CRE loops thanin asynchronous cells. However, absolute
loop counts should be interpreted with caution given that synchronized
mid G1 cells represent different biological states than asynchronous
cell populations. There were also additional strengthened loops across
loop classes (Fig. 5¢c). We speculate that a transient absence of compet-
ing loops or competing factors may make the mitosis-to-G1 transition
distinctively conducive to the formation of new loops.

Early YY1 recruitment enables the establishment of CRE loops

Afteridentifyingloops dependent on YY1for establishment, we revis-
ited the relationship between the kinetics of YY1 re-occupancy and
looping during the mitosis-to-Gl transition. YY1-dependent loops
with YY1 present on both anchors emerged at anaphase/telophase,
consistent with the anaphase/telophase YY1re-occupancy (Fig. 5d-f).

We again used two approaches to measure looping—loop strength
to capture focal contact and observed contact frequency to reflect
broader changes in interactions. Observed contacts progressively
increased after mitotic exit (Fig. 5g). However, loop strength stabi-
lized at anaphase/telophase (Fig. 5h). This pattern of preserved loop
strength (observed over locally-adjusted expected contacts) but
changed observed contacts (not adjusted for the local background)
echoeswhat was observedinthe cohesin degron. Anaphase/telophase
may represent a cohesin-depleted state inwhich YY1-dependentloops
canform, whereas Glisacohesin-replete state when extrusionbroadly
increases long-range interactions.

We observed a weak positive correlation between YY1 ChlP-seq
peak strength and YY1-YY1 loop reformation (Fig. 5i). Loop strength
increased with YY1 binding until a certain threshold, at which it pla-
teauedregardless of further increasing peak strength. This could indi-
cate thatinhibitory features—such as extrusion-induced constraints on
chromatin mobility'®, emergence of domain boundaries or formation
of interfering loops—prevent additional gains in loop strength in G1.
Alternatively, YY1 peak strength may only affect loop strength up toa
point at which other (co-)factors become rate-limiting.

Uncoupling of gene re-activation from CRE looping

Conflicting evidence exists regarding an immediate causal relation-
ship between transcription and chromatin looping'®*'””. We wondered
whether astronger correlation emerges when cells re-initiate looping
and transcription after mitosis. Alternatively, the nonspecific hyper-
activity of the genome'*®immediately following mitosis may supplant
distal regulation.

To identify genes dependent on YY1 for re-activation, we
performed Pol Il ChIP-seq on early, mid and late G1 samples after
mitosis-to-G1 depletion of YY1. The number of downregulated genes
(Fig. 6a) and the degree of downregulation of YY1-dependent genes
(Fig. 6b) increased with G1 progression. Genes bound by YY1 in pro-
metaphase and anaphase/telophase exhibited more rapid and exten-
sive downregulation (Fig. 6¢). This trend suggests that transcriptional
re-activation after mitosisisinitially robust, but rapid YY1re-occupancy
at promoters is required to maintain active transcriptionin late G1.

We next examined whether the reduction in transcription was
associated with lost E-P loops during mid G1. Most E-P loops associ-
ated with downregulated genes were unchanged in the absence of YY1
(Fig. 6d,e). Thus, even in the context of genere-activation after mitosis,
E-Plooping may be uncoupled from transcription. Proposed models
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of nonlinear effects’®*° or time-buffered effects' of chromatin looping

on transcription may also apply when cells traverse mitosis.

Cell cycle stages modulate requirements for CRE looping
Aprevious HiChIP study reported massive changesin E-Plooping after
24-hYY1depletion®. Generally, loop perturbations may be accentuated
by passage through multiple cell cycles in this time frame. However,
systematic comparisons between looping changesininterphase deple-
tion versus mitotic depletion in the same cell line are limited®*”°. To
examine theimpact ofasingle mitotic resetting onloop perturbation,
we compared loops dependent on YY1in asynchronous cells to those
dependent on YY1 for establishment in the mitosis-to-G1 transition.
Some YY1-YY1loops that required YY1 selectively for their establish-
ment following mitosis were maintained without YY1inasynchronous
cells (Fig. 7a-c). These differences were partly attributable to loops
that were presentinsynchronized Gl cells but weaker inasynchronous
cells (Fig. 7d and Extended Data Fig. 7j,k).

Certaingenesalsorelied on YY1 for re-activation after mitosis yet
could maintain transcriptional outputinthe absence of YY1inasynchro-
nous cells (Fig. 7e,f). Genes that were solely dependent on YY1 during
re-activation were significantly enriched in CRE loops exclusively reliant
onYY1forestablishment after mitosis (Fig. 7g). Thus, the requirements
for YY1binding candiffer for loop establishment following mitosis and
loop maintenance in interphase. Moreover, YY1-dependent looping
potentially regulates transcriptioninacell cycle stage-specific manner.
Assays of asynchronous cells may miss YY1-dependent loops that are
strong, and perhaps functionally significant, at specific timepoints but
concealed when averaging across populations.

Discussion
Effects of acute transcription factor depletion on CRE looping have
been underexplored, especially in the context of loop establishment

during the mitosis-to-Gl transition. Through acute YY1 depletion—in
asynchronous cells and synchronized cells exiting mitosis—we have
identified animmediate requirement for YY1in chromatin looping
and transcription. Moreover, our results argue against a CTCF-like
mechanisminwhich YY1 functions as acohesinloop extrusion blocker.
However, depending on context, the process of loop extrusion may
facilitate encounters between YY1-bound CREs.

YY1 loss-induced loop changes occurred even in the absence of
differences in H3K27ac and LDBI1 ChIP-seq chromatin occupancy
peaks, suggesting that YYI’s activity cannot simply be attributed to
perturbation of enhancer activity. We speculate that the dimerization
of YY1 (refs.43,48,50,60,61) may contribute to its looping mechanism.
However, cases in which YY1 binding at loop anchors is uncoupled
fromlooping suggest that YY1is dispensable for asubset of loops and,
conversely, insufficient to formloops onits own.

Chromatinlooping and transcription appeared to be uncorrelated
inthemajority of cases with the following caveats: (1) short-range loops,
whichtendtobeindependent of cohesin, are missed due to resolution
limits; (2) YY1-dependent promoters frequently engage in additional,
YYl-independentloops, linking them to enhancer elements that may
compensate for the lost enhancer contacts and (3) looping and tran-
scription may not be directly coupled on a chronological scale. For
example, during gene activation in G1, additional postlooping events
may be limiting. In the case of YY1 depletion in asynchronously grow-
ing cells, loops may be maintained by factors other than YY1. Hence,
we believe that we may be underestimating the correlation between
YY1-dependent looping and YY1-dependent transcription. The link
between transcription and looping is also confounded by the ways
differential loops are quantified. We compared multiple tools (that s,
cooltools”, Mustache'*” and Chromosight'°), which revealed that the
choice of algorithm and associated parameters can markedly affect
the number of differential loops called. Therefore, in general, clear
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Fig.7|Cell-cycle-dependent YY1 requirements for CRE loop formation.

a, Box plot showing loop strengths of YY1-YY1loops weakened by mitosis-
to-Gldepletion of YY1 (two-sided Mann-Whitney U'test). Only loops called
inboth mid G1and asynchronous cells are included. Loop coordinates from
asynchronous cells were used in instances where loop centers were adjacent but
notidentical. b, Pileup plots corresponding to loops included in a. ¢, Example of
aloopinsensitive to YY1depletion in asynchronous cells (top) but sensitive to
mitosis-to-Gl depletion (bottom). ChIP-seq tracks from asynchronous YY1-AID
cells are shown. The same loop is highlighted in Fig. 5d. d, Another example

ofaloop thatis more sensitive to mitosis-to-G1 depletion. e, Venn diagram

of genes downregulated after YY1 depletionin asynchronous cells and genes
downregulated after YY1 depletion in the mitosis-to-Gl1transition. f, Box plot
showing log,(+auxin/—auxin) transcriptional change at different G1 stages. Genes
arestratified based on the depletion scheme in which they were YY1-dependent.
g, Bar plot showing the percentage of genes that overlap with a CRE loop
weakened only in the mitosis-to-Glinterval. Genes are stratified based on the
depletion scheme in which they were YY1-dependent.

parameter descriptions and additional benchmarking are needed to
quantify loop changes and to enable comparisons between studies.
Several lines of evidence suggest that YY1 forms loops without
direct reliance on the CTCF-cohesin machinery or cohesin blocking:
1) YY1-dependent CRE loop anchorstend to be less occupied by CTCF-
cohesin, 2) chromatin occupancy of CTCF-cohesin is robust to YY1
depletion, and 3) YY1-dependent focal contacts are preserved upon
CTCF-cohesin depletion. Surprisingly, asubset of structural loops was

affected by YY1loss, although the effects were more focal compared to
changes upon CTCF or cohesin depletion. The reason for changes to
structuralloopsand YY1-unoccupied loops remains unclear. We specu-
late that the loss of a YY1-bound loop could collaterally affect nested
orencompassing YY1-unoccupied loops with nearby loop anchors.
Consistent with past studies*?"'", cohesin depletion variably
affected CRE contacts, including those dependent on YY1. Despite
cohesin loss, certain YY1-bound loop anchors can still form punctate
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Fig. 8 | Model for CRE loop establishment and maintenance following mitosis.
Inasynchronous cells (top), certain CRE loops are sensitive to YY1 depletion
(forexample, loop 1), while others can be maintained by other factors besides
YY1 (for example, loop 2). Transcriptional downregulation can occur due to
theloss of a CRE loop. In the mitosis-to-Gl transition (bottom), YY1 binding
rapidly establishes the specificity of CRE pairing in anaphase/telophase and
initiates transcriptionin G1. When YY1is depleted throughout the mitosis-to-G1

transition, YY1-dependent CRE loops fail to establish, subsequently enabling
late-binding factors to form aberrant loops. For certain loops (for example,

loop 2), YY1isrequired to establish looping and transcription after mitosis but

is dispensable for their maintenance ininterphase. Loops can dynamically form
and dissolve within each stage, so the illustration of maintained loops represents
the preserved frequency of looping rather than a stable structure across multiple
timepoints.

contacts. Perhaps the minimal transcription perturbations reported
after cohesin depletion’2°"?are partly due to the preservation of loop
strength (that is, contacts relative to local background) despite the
global dampening of long-range interactions.

We also uncovered differences between YY1 requirements for
the maintenance versus the establishment of chromatin looping. This
aligns with previous observations that the formation of certain chro-
matinstructures requires passage through mitosis®'°>*, We propose
amodel in which early binding factors such as YY1 may establish the
specificity of E-P pairing in anaphase/telophase but become dispen-
sablein Glif additional late-binding factors maintain loop specificity
(Fig. 8). Thismodel could explain why some YY1-bound loops are resist-
antto depletioninasynchronous cells.

In sum, we observed that YY1is acutely necessary for both the
establishment and maintenance of asubset of chromatinloops through
acohesin-independent mechanism. Giventhe limited number of acute
degron-based studies of CRE-binding factors, it remains to be seen how
the effects of YY1 depletion compare to those of other transcription
factors. CRE loops, unlike CTCF-cohesin-mediated structural loops,
may be formed and maintained by diverse combinations of factors,
limiting the effect sizes that can be observed withinasingle perturba-
tion scheme. Future studies of multiple CRE-binding factors within

the same cell type could help support a model where the multiplicity
of looping factors enables specificity and precision in E-P pairing
across space and time.
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Methods
The experiments mentioned below did not require approval from a
specific ethics board.

Cell culture and maintenance

The GIE-ER4 mouse erythroblast line' was a gift from M. Weiss.
GIE-ER4 cells were cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM) supplemented with 15% FBS, 2% penicillin-streptomycin, Kit
ligand, monothioglycerol and erythropoietin. Cells were consistently
maintained at adensity of less than1 million cells per ml.

The Drosophila Schneider 2 (S2) cell line was purchased from Gibco
(R69007).S2 cellswere grown at 28 °Cin S2 media (Gibco, 21720024) with
0.1% of Pluronic F-68 Nonionic Surfactant (Gibco, 24040032), 10% of
fetalbovine serum and penicillin-streptomycin atafinal concentration
of 50 units penicillin G and 50 pg streptomycin sulfate per ml of media.

Generation of the YY1-AID subline

To degrade endogenous YY1 protein, a mini-AID tag was inserted at
bothendogenous Yylallelesinthe GIE-ER4 line. First,adonor template
for homology-directed repair was constructed with the following
sequences: (1) a5 homology arm (850 bp) of the sequence upstream
ofthe endogenous Yyl's stop codon, (2) aminimal AID tag (132 bp), (3)
a P2A self-cleaving sequence with a GSG linker (66 bp), (4) amCherry
sequence with astop codon (708 bp) and (5) a3”homology arm (850 bp)
ofthe sequence downstreamof Yyl's stop codon. These sequences were
inserted in the abovementioned order in the pUC19 plasmid vector
using the Takara In-Fusion HD Cloning Plus Kit (638909). A previously
published gRNA sequence’ targeting the stop codon of the Yyl gene
was inserted in the px330-GFP (green fluorescent protein) plasmid.
Primers and sequences are listed in Supplementary Table 4.

The Amaxa Il electroporator (Lonza) and the Amaxa Il Cell Line
Nucleofector Kit R (Lonza, VCA-1001) were used to transfect G1E-ER4
cellswithsetting G-016. The transfection reaction consisted of 3 million
GI1E-ER4 cells, 6 pg of the homology-directed repair template (contain-
ing AID-P2A-mCherry) and 18 pg of the px330-GFP construct (con-
taining Cas9 and the gRNA). After transfection, cells were cultured in
antibiotic-free mediafor 28 h. Then, GFP and mCherry double-positive
cells were selected via FACS and expanded as single-cell clones. PCR
screening followed by Sanger sequencing was used to identify a clone
with insertions of AID-P2A-mCherry at both alleles, which will be
referred to as the ‘YY1-AID’ subline hereafter. OsTiR-IRES-GFP was
expressed in YY1-AID cells via retroviral vector MigR1. GFP-positive
cells were subsequently sorted through FACS.

To validate the expression of the tagged YY1 protein and its
responsiveness to auxin induction, Western blot analysis was con-
ducted. YY1-AID cells expressing OsTiR-IRES-GFP were exposed to
1 mM auxin (indole 3-acetic acid sodium salt; Sigma, 15148) for O, 1,
2 and 4 h. Wild-type GI1E-ER4 cells served as a comparison for basal
YY1 levels in parental cells. Samples were lysed in complete RIPA
(Radio-Immunoprecipitation Assay) lysis buffer, sonicated for 10 min,
boiled in Laemmli SDS sample buffer at 95 °C for 5minand runona
4-12% Bis-Tris protein gel.

Cell synchronization, auxin treatment and cell sorting
Experiments in asynchronous cells. ‘+Auxin’ YY1-AID cells were
treated with1 mM auxin and collected after 4 h. ‘—~Auxin’ YY1-AID cells
were cultured under identical conditions without auxin treatment.

YY1 ChIP-seq for mitosis-to-G1 stages. A previously published
GIE-ER4 mCherry-MD subline® was used for collecting stage-specific
populations for YY1 ChIP-seq. Thissubline containsamCherry reporter
fused tothe cyclin B mitotic degron (MD) domain. Cells at adensity of
0.6-0.8 million cells per ml were arrested in prometaphase through
treatment of 200 ng ml” of nocodazole. After 7 h of nocodazole treat-
ment, prometaphase-enriched cells were collected.

To enrich the remaining mitosis-to-G1 populations, after 7 h of
nocodazole treatment, cells were pelleted, washed twice and resus-
pended in warmed nocodazole-free media. After resuspension, cells
were collected at 25 min (for anaphase/telophase), 1 h (for early G1),
2 h (formid G1) or 4 h (for late G1).

After collectionat the abovementioned timepoints, samples were
cross-linked with 1% formaldehyde, quenched in 1M glycine and per-
meabilized with 0.1% Triton X-100. Cross-linked cells were pelleted at
2,000 rpm for 10 min at 4 °C. For subsequent steps, all buffers were
supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and
protease inhibitors (Sigma, P8340).

Samples for all timepoints were stained with anti-pMPM2 anti-
body (Millipore, 05-368) at aconcentration of 0.5 pl per 10 million cells
for 50 min at room temperature and then stained with Allophycocya-
nin (APC)-conjugated F(ab’)2-Goat anti-Mouse secondary antibody
(Thermo Fisher Scientific, 17-4010-82) at a concentration of 2 pl per 10
million cells for 30 min at room temperature in dark. Cells were resus-
pendedinFACS-sorting buffer containing 25 ng mI” DAPland keptonice.

FACS on the MoFlo Astrios EQ sorter (Beckman Coulter) was used
to purify stage-specific populations. Prometaphase samples were
sorted based on positive pMPM2, positive mCherry-MD and 4N DAPI
signals. Anaphase/telophase samples were sorted based on reduced
mCherry-MD and 4N DAPI signals. Early G1, mid Gl and late G1 samples
were sorted based on negative mCherry-MD and 2N DAPI signals. Cells
werekeptat4 °C for the duration of the sort. Representative FACS plots
areshownin Extended Data Fig. 6a.

Synchronization of YY1-AID cells. Control —auxinand treated +auxin
samples were cultured and treated identically, other than the auxin
treatment itself. YY1-AID cells were treated with 200 ng mI™ nocoda-
zole for 7 h. In the final 4 h of nocodazole treatment, 1 mM auxin was
addedtothe +auxinsample.Inthis manner, at the start of release from
prometaphase, +auxin samples would have been treated with auxin for
4 h,anamountoftime sufficient for YY1degradation. To enrich for G1
populations, after 7 h of nocodazole treatment, cells were pelleted,
washed twice and resuspended in warmed nocodazole-free media
(x1 mM auxin).

Synchronized YY1-AID samples used in ChIP-seq. After resuspen-
sion, cellswere collected at1h (for early G1), 2 h (for mid G1) or 4 h (for
late G1). After collection at the abovementioned timepoints, samples
were cross-linked with 1% formaldehyde for 10 min, quenched in1M
glycine and permeabilized with 0.1% Triton X-100. Cross-linked cells
were pelleted at2,000 rpmfor 10 minat4 °C.For subsequentsteps, all
buffers were supplemented with PMSF and protease inhibitors. Cells
were resuspended in FACS-sorting buffer containing 25 ng ml™ DAPI
and kept onice. Gl populations were sorted using the gating strategy
described above.

Synchronized YY1-AID samples used for Micro-C. Cells were sub-
jected to 7 h of nocodazole treatment (+4 h auxin treatment) and 2 h
of release innocodazole-free media + auxin. After collection, samples
were cross-linked at room temperature with 1% formaldehyde for
10 min and quenched in 125 mM glycine. Cells were then cross-linked
in 3 mM disuccinimidyl glutarate (DSG; Thermo Fisher Scientific,
20593) at room temperature for 40 min and quenched with 0.4 M
glycine. Cells were permeabilized with 0.1% Triton X-100, resuspended
in FACS-sorting buffer containing 25 ng mlI™ DAPland kept onice. Mid
Glsamples were sorted as described above.

Generation of ChIP-seq libraries

Thefollowing antibodies were used for ChIP: Pol Il (Rpb1NTD (D8L4Y)
Rabbit mAb Cell Signaling 14958), YY1 (Active Motif, 61779), RAD21
(Abcam, ab992), CTCF (Millipore, 07-729), LDBI1 (anti-CLIM2; Santa
Cruz Biotechnology, sc-365074) and H3K27ac (Active Motif, 39133).
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Cells were cross-linked with 1% formaldehyde (with 2 mM EDTA)
for10 min and quenched with1 M glycine for 5 min. Subsequent steps
until the elution step were performed at 4 °C. All ChIP buffers were
supplemented with protease inhibitors and 1 mM PMSF.

Cell pellets of 10 million cells were incubated in cell lysis buffer
(10 mM Tris (pH 8), 0.2% Igepal and 10 mM NacCl) on ice for 20 min).
For prometaphase (4 N) and anaphase/telophase (4 N) samples, 5 mil-
lion cells were used to match the DNA content of other samples (2 N).

Nuclei were pelleted and incubated in nuclei lysis buffer (50 mM
Tris (pH 8),1% SDS and 10 mM EDTA) for 20 min. Samples were soni-
cated for 5 min (30 s on, 30 s off, ‘easy’ mode) with the Bioruptor
Pico (Diagenode). Nuclear extracts were then precleared with 50 pg
isotype-matched IgG and 50 pl A/G agarose beads overnight. From
the precleared chromatin, 200 pl was set aside asinput, while 4.4 ml
was used for immunoprecipitation. Antibody-bound A/G agarose
beads wereincubated with chromatin overnight. Afterwards, beads
were washed with IP (immunoprecipitation) wash buffer 1 (20 mM
Tris (pH8),2 MM EDTA, 50 mM NaCl, 1% Triton X-100 and 0.1% SDS),
twice with high salt buffer (20 mM Tris (pH 8),2 mM EDTA, 500 mM
NacCl, 1% Triton X-100 and 0.01% SDS), IP wash buffer 2 (10 mM Tris
(pH 8),1 MM EDTA, 0.25 M LiCl, 1% Igepal and 1% sodium deoxycho-
late) and twice with TE (10 mM Tris (pH 8) and 1 mM EDTA (pH 8)).
At this point, samples were moved to room temperature and DNA
was eluted from beads with 200 pl elution buffer (100 mM NaHCO,
and 1% SDS). Inputs and samples were incubated at 37 °C for 30 min
after the addition of 2 pl of 5 M NaCl and 2 ml RNaseA (10 mg ml™;
Roche, 10109169001). In total, 3 pl of proteinase K (20 mg ml™; BMB,
3115879) was added, and inputs and samples were incubated over-
nightat 65 °C.Intotal, 10 plof 3 M sodium acetate (pH 5) was added,
and DNA purification was performed using the QIAquick PCR Purifi-
cation kit (Qiagen, 28106).

ChIP-qPCRwas performed using the Power SYBR Green PCR Mas-
ter Mix (Thermo Fisher Scientific, 4367660) on an ABI Vii7 real-time
PCR machine (primer sequences are listed in Supplementary Table 4).

For ChIP-seq, library preparation was performed with the NEBNext
Ultrall DNA Library Prep Kit for Illumina (New England Biolabs (NEB),
E7635) using unique dual-indexed primers (NEB, E6440). Paired-end 2x
50 bpsequencing datawere generated onthe NextSeq 500 or NextSeq
2000 (Illumina). Fastq files were generated with Bclfastq2 v2.15.04
(default parameters). For each experimental condition and subline,
amatched input sample was also sequenced, except in cases where
sequencing for amatched input was previously published.

Generation of Micro-Clibraries

Micro-C was performed as described in a published protocol” with
minor adjustments detailed below. Briefly, each biological replicate
(10 million cells) was split into two Micro-C reactions with 5 million
cellseach. The two Micro-C samples for each biological replicate were
pooled together again before library preparation.

Samples were cross-linked at room temperature with 1% formal-
dehyde for 10 min and quenched in 125 mM glycine. Cells were then
cross-linked in 3 mM DSG at room temperature for 40 min, quenched
with 0.4 M glycine and pelleted.

Cells were lysed and permeabilized in MB 1 (50 mM NacCl, 10 mM
Tris-HCI, 5 mM MgCl,,1 mM CacCl,, 0.2% NP-40 and proteinase inhibi-
tor) at1million cells per 100 plfor 20 minonice. Nuclei were pelleted,
resuspended in MB 1 and treated with 10 U MNase (Worthington Bio-
chemical, LS004797) for 10 minat 37 °C. MNase was titrated such that
chromatin was digested to a 9:1 monomer:dimer ratio. EGTA (egtazic
acid) wasadded toafinal concentration of 4 mMto stop digestion. Frag-
ments were dephosphorylated with 5 U r-SAP (NEB, M0371S) for 45 min
at 37 °C in dephosphorylation buffer (50 mM NacCl, 10 mM Tris-HCI,
10 mM MgCl,and 100 pg ml™BSA) and then end-chewed with20 U T4
PNK (NEB, M0201L) and 40 U large Klenow Fragment (NEB, M0210L)
for 15 min at 37 °C in 50 mM NacCl, 10 mM Tris-HCI, 10 mM MgCl,,

100 pg mI™ BSA, 2 mM ATP and 3 mM DTT. For end-labeling, samples
were incubated with biotin—-dATP (Jena Biosciences, NU-835-BI014-S),
biotin-dCTP (Jena Biosciences, NU-809-BIOX-S), dTTP and dGTP for
45 min at 25 °C. Proximity ligation was performed using 15,000 U of
T4 DNAligase (NEB, M0202L) at room temperature for 3 hin atotal of
2.5 mlof 1x T4 DNA ligase buffer with ATP (NEB, B0202S). Samples were
resuspendedin200 pl1x NEBuffer1 (B7001S),and 200 U of exonuclease
111 (NEB, M0206S) was added for 10 min at 37 °C to remove unligated
ends. For reverse cross-linking, samples were incubated with 25 pl
proteinase K (20 mg ml™), 25 ul 10% SDS and 1.5 pl RNase (10 mg ml™)
overnightat 65 °C.

DNA was purified using phenol:chloroform:isoamyl alcohol
extraction and ethanol precipitation. Gel extraction was used to select
fragments between 250 and 400 bp. DNA was purified with a Zymo-
clean Gel DNA Recovery Kit (D4007) and eluted in 50 plelution buffer.
At this point, the two reactions for a given biological replicate were
pooled together.

On-bead library preparation was performed with MyONE Strepta-
vidin C1Dynabeads (Invitrogen, 65001) using the NEBNext Ultra IIDNA
Library Prep Kit (NEB, E7635) and unique dual-indexed primers (NEB,
E6440). Library amplification was performed with the KAPA HiFi Hot
Start Mix (KAPA, KK2601). Paired-end 2x 50 bp sequencing data were
generated onthe NextSeq 500 or NextSeq 2000 (Illumina). Fastq files
were generated with Bclfastq2 v2.15.04 (default parameters).

Quantification and data analysis

ChlP-seq preprocessing, peak calling and quantification. Two to
threebiological replicates of ChIP-seq experiments were performed
for each cell line, factor and condition. Analysis scripts have been
deposited in Zenodo™. ChIP input material corresponding to each
cellline and treatment condition was also sequenced. For each repli-
cate, we aligned reads to the mm9 reference genome using bowtie2
(v2.2.5)"51¢, We filtered out duplicate reads and reads with mapping
quality (MAPQ) <20 using SAMtools (v1.14)"7. We generated a bigwig
file of RPM (reads per million) values for each replicate using deeptools
(v3.5.1) bamCoverage (binSize =20, smoothLength = 60, normal-
izeUsing = BPM). To generate summary bigwigs, we used deeptools
bamCompare to average RPM-normalized values across replicates.
We used deeptools plotHeatmap to generate heatmaps and profiles
of ChIP-seq signals.

We called narrow peaks for each replicate using macs2 (v2.2.7)"®
callpeak with the paired-end setting and a matched input file. The
peak-calling threshold was set to g = 0.05. We combined peaks from
each replicate using DiffBind (v3.5)"’, which recentered and trimmed
peaks to standardized 400 bp intervals based on read enrichment.
Peaks located in mm9 blacklist regions from ENCODE were filtered out.

For YY1, to create a list of high-confidence peaks, we only kept
peaks that were present in at least two biological replicates. We made
one consensus peak list for asynchronous YY1-AID cells and aseparate
consensus peak list for mitosis-to-Glsorted cells. Inthe mitosis-to-G1
YY1ChIP-seqseries, the ‘time of YY1 detection’ was defined as the earli-
est timepoint at whicha YY1 peak was called in any replicate.

For all other factors, we created a consensus list of peaks by taking
the union of all peaks across conditions. For H3K27ac peaks, we merged
any peaks that were closer than 1kbp using pybedtools (0.8.2)"**"*",
Analysis of peak overlap between factors was also performed with
pybedtools.

DiffBind was used to quantify transcription factor binding at
consensus peaks. Unnormalized read counts were used as input for
DESeq2 (v1.32.0)*** to identify differentially bound regions based on
asignificance cutoff of P,;; < 0.05.

We used the findMotifsGenome.pl script from HOMER? software
suite to identify a YY1 consensus motif enriched in mitosis-to-G1 YY1
ChIP-seq peaks. The scanMotifGenomewide.pl was thenused toiden-
tify locations of YY1 motifs genome wide.
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For Pol Il ChIP-seq, deeptools'*, multiBamSummary was used to

quantify reads over the gene body, defined as 750 bp upstream of the
transcriptionstartsite (TSS) to 1,500 bp downstream of the transcrip-
tion end site of the longest transcript for each gene. Unnormalized
read counts were used as input for DESeq2 to identify differentially
bound gene bodies. After analysis with DESeq2, differentially bound
genes were additionally filtered to only include genes with an active
promoter, defined by direct overlap with both H3K27ac and Pol I
peaks. In mitosis-to-G1 experiments, the expression of each gene can
vary withtimepointinuntreated cells, breaking the biological assump-
tions of DESeq2 differential analysis, which assumes most genes have
similar expression levels across all samples. Thus, we conducted a
separate normalization and differential analysis for each timepoint
to compare —auxin and +auxin expression. One biological replicate of
late Gluntreated YY1-AID was excluded from analysis due to low signal
and detection as an outlier in principal component analysis. We used
asignificance threshold of Benjamini-Hochberg corrected P,g; < 0.05.

The apelgm method was used to shrink log(fold change) values'>.

Generating and visualizing Micro-C contact maps. The distiller
pipeline v3.3 (https://github.com/mirnylab/distiller-nf) was used to
generate contact maps fromfastq sequencingfiles. A balanced contact
map was generated for each condition by merging biological replicates
after removing PCR duplicates from each replicate. Default settings
were used for iterative correction and eigenvector decomposition
(ICE) balancing. log-binned contact decay curves (a.k.a. P(s) curves)
were generated for contact maps from each biological replicate using
cooltools v0.5.1(ref. 77; https://github.com/mirnylab/cooltools).

Coolbox (v0.3.8)"** was used for the visualization of contact maps
and corresponding ChIP-seq tracks. Unless otherwise stated, all con-
tact map color scales correspond to the observed, ICE-normalized
contacts.

For pileup plots of Micro-C contact maps, the software cooltools
was used to average signal across all loop regions. In the case of 1 kbp
resolution pileups, loop coordinates were refined to be centered on
the strongest YY1 peak (or H3K27ac peak) within each loop anchor.

Loop calling and quantification. We used the cooltools.dots function
to identify loops in each merged contact map in asynchronous cells.
This program implements an approach similar to the published HIC-
CUPS algorithm’. For each condition, we first called loops on 5 kbp and
10 kbp resolution maps separately. We used the following parameters:
max_loci_separation =2_000_000 (that is, maximum loop length of
2 Mb), clustering_radius =20_000 (that is, merging of dots that are
within20 kb), lambda_bin_fdr = 0.05 (that s, false discovery rate (FDR)
of 0.05) and n_lambda_bins = 50.

We used default settings for defining ‘dots’ that were enriched
relative to the following four local neighborhoods: ‘donut’ (w=5,P=2),
‘vertical’, ‘horizontal’ and ‘lowleft’, except we made the ‘donut’ and
‘lowleft’ neighborhoods rounded, as depicted in the cooltools docu-
mentation (https://cooltools.readthedocs.io/en/latest/notebooks/
dots.html). Default enrichment thresholds were used to minimize
false-positive loop calls—loops had to be 1.5-fold enriched over both
‘vertical’and ‘horizontal’ neighborhoods, 1.75-fold enriched over both
‘donut’ and ‘lower left’ neighborhoods and 2-fold enriched over either
the ‘donut’ and ‘lower left’ neighborhoods. Any loop that was a single
enriched pixel, rather than a cluster of enriched pixels, was subject to
the stricter FDR threshold of 0.02.

After generating Sk and 10k loop lists for —auxin and +auxin sam-
ples, we merged loops across all lists. For merging, loops were consid-
ered redundantifthey were the same pixel or adjacent pixels. We first
merged 10k —auxin and 10k +auxin loops that were redundant. We kept
the —auxin coordinatesin situations where the —auxin and +auxin peaks
were in adjacent but nonidentical pixels. Then we merged 5k —auxin
and 5k +auxinloops that were redundant. Then we merged these Sk and

10k loop lists, keeping the Sk loop in cases where aloop was detected
in both resolutions. This resulted in a combined loop list containing
nonoverlapping loops across —auxin and +auxin conditions at either
5k or 10k resolutions. One loop was removed from the list after being
manually identified as an artifact.

We quantified loop strength as an observed over locally adjusted
expected value. This approach considers the enrichment of a loop
relativetoitslocal ‘donut’neighborhood. For agivenloop’s peak pixel,
the observed value was first calculated at the resolution at which the
loop was called. Alocally adjusted expected value was then calculated
by multiplying the global expected value at the loop’s peak pixel by a
localadjustment value (thatis, the sum of the observed contacts within
therounded donut region divided by the sum of the expected contacts
withintherounded donut). Foreachloop, loop strength was calculated
inboth—auxinand +auxin conditions. Loops with calculated strength of
0,NA orinfinite values were filtered out to remove loopsin sparse areas
that did not consistently show adequate coverage across conditions.

Visual inspection of loop calls showed that simple binary clas-
sification of loops based on presence or absence in —auxin/+auxin
led to some misclassified looping changes. For example, there were
cases when a loop was not called in +auxin yet still showed a similar
signal as in —auxin. The discrepancy in loop calls could be due to a
loop falling slightly below the threshold of detectionin one condition
despite showing minimal signal change. Therefore, we used a stricter
characterization of loops based on quantitative changeinloop strength
rather than presence or absence in conditions.

To quantify looping change after auxin treatment, we calculated
log,(+auxinloop strength/—auxinloop strength). We annotated loop-
ing change based on a 1.5-FC threshold. Loops with change >log,(1.5)
as ‘strengthened’, change <-log,(1.5) as ‘weakened’ and all other loops
as ‘unchanged..

The same steps mentioned above were applied again to call and
quantify loopsinsynchronized mid G1samples (thatis, aseparateloop
list was generated for mid G1 contact maps).

Statistics and reproducibility
No statistical method was used to predetermine the sample size. We
used sample sizes consistent with ENCODE standards for genome-wide
sequencing experiments. Two to three biological replicates were used
for ChIP-seq, four to five biological replicates for Micro-C and three
biological replicates for RNA-seqand TT-seq. One late G1 Pol Il ChIP-seq
(YY1-AID -auxin) replicate was excluded due to low ChlIP signal and
identification asan outlier in principal component analysis. No other
samples were excluded from the analysis. The experiments were not
randomized. The investigators were not blinded to allocation during
experiments and outcome assessment.

Additional methods are described in the Supplementary Methods.

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

Data availability

The raw and processed Micro-C, ChIP-seq, RNA-seq and TT-seq data
generated from this study are deposited inthe Gene Expression Omni-
bus (GEO) database under accession GSE247254. External CTCF-AID
Hi-C data from a previous study** are available at GSE168251. Exter-
nal SMC3-AID Hi-C data from a previous study®* are available at
GSE228402. External mitosis-to-G1 Hi-C and ChIP-seq data from a
previous study® are available at GSE129997. Source dataare provided
with this paper.

Code availability
The code used in this study is available at https://github.com/jclqrs/
Lam_2024_Codeand https://zenodo.org/doi/10.5281/zenod0.11992254.
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Extended Data Fig. 1| Compartments and domains are maintained in the
absence of YY1. a, YY1-AID cell counts for —auxin and +auxin conditions. Results
areshownas mean +s.d. (n =3 biological replicates, two-sided independent
t-test). b, Westernblot for YY1in parental cells and YY1-AID cells after an auxin
time-course. ¢, Histogram of YY1 ChIP-seq signal at YY1 peaks for —auxin and
+auxin conditions. d, ChIP-seq tracks for YY1 (Active Motif antibody), YY1
(Bethyl antibody) and H3K27ac from —auxin and +auxin conditions.

e, Heatmaps of YY1 ChIP-seq signal (Bethyl antibody) and mean log,-fold
change (+auxin/-auxin) centered on all YY1 peaks (n = 2 biological replicates).
f, Micro-C contact versus distance curves for each biological replicate.

g, Heatmap of Pearson correlations of compartment eigenvector 1 values (EV1)
between biological replicates. h, Micro-C contact maps from —auxin (top) and

+auxin (bottom) conditions along with tracks of compartment EV1, with positive
values corresponding to A compartment and negative values corresponding to B
compartment. i, Histogram of EV1 values from —auxin and +auxin contact maps
(n=25,257bins).j, Aggregate domain plot for all domains called in the —auxin
contact map, centered on upstream and downstream boundaries. k, Histogram
oflog, insulation score values from —auxin and +auxin contact maps for all
boundaries called across both conditions. I, Histogram of log, insulation score
values from —auxin and +auxin contact maps for the subset of boundaries that
have YY1binding within +50 kb. m, Micro-C contact maps from —auxin (top) and
+auxin (bottom) conditions, annotated with example TAD calls. Corresponding
tracks show log, insulation scores (IS).
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Extended Data Fig. 3| CTCF, cohesin and LDB1 peaks remain stable upon YY1
depletion. a, Heatmaps showing CTCF ChIP-seq signal at all CTCF peaks before
and after YY1depletionin asynchronous cells. b, Heatmaps showing RAD21
ChIP-seq signal at all RAD21 peaks before and after asynchronous YY1 depletion.
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Extended Data Fig. 4 | Examples of YY1-dependent loops after cohesin
depletion. a, Contact maps showing an example of a YY1-dependent loop (blue
arrows) that persists after SMC3 depletion. Upper heatmap shows interactions
before/after YY1depletion, and lower heatmap shows interactions before/
after SMC3 depletion. Tracks show YY1, CTCF, RAD21and H3K27ac ChIP-seq

T
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T
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inuntreated YY1-AID cells. b, A different example of a YY1-dependent loop
that persists after SMC3 depletion. ¢, Histogram plot displaying CRE loop
length versus the log,-fold change in loop strength after cohesin depletion
inasynchronous cells. d, Box plot displaying CRE loop lengths, stratified for
cohesin-dependence and YY1 dependence (two-sided Mann-Whitney U test).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Compartmentalization and TAD establishment
following YY1depletion. a, YY1 ChIP-qPCR of synchronized, sorted
prometaphase cells after mitosis-to-G1 depletion of YY1 (n = 3 biological
replicates). b, Bar plot of the percent of cells in G1 after 2-hour release from
nocodazole arrest after mitosis-to-Gl depletion of YY1, as assessed by DAPI
signal from flow cytometry (two-sided Mann-Whitney U test). ¢, Micro-C contact
probability curves for all biological replicates. d, Representative Micro-C contact
maps with tracks of compartmentalization, with positive eigenvector 1 values
(EVI1) corresponding to A compartment and negative values corresponding

to Bcompartment. e, Heatmap of Pearson correlations of subcompartment

eigenvector1(EV1) values between biological replicates. f, Histogram plot of EV1
values after mitosis-to-G1 depletion. g, Histogram of log, insulation score values
for allboundaries detected in the —auxin_m contact map. h, Representative
Micro-C contact map annotated with example TAD calls. Tracks show log,
insulation score values. i, Aggregate domain plot for all TADs called in control
contact map, centered on upstream and downstream boundaries. j, Box plot
showing loop strengths of all mid G1-detected YY1-YY1loops weakened by
mitosis-to-Gl depletion of YY1 (two-sided Mann-Whitney U test). k, Pileup plots
corresponding toloopsincludedinj.

Nature Genetics


http://www.nature.com/naturegenetics

nature portfolio

Corresponding author(s): Jessica Lam, Gerd Blobel

Last updated by author(s): 2024/06/18

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O OX O OOS

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For flow data collection, we used the software Summit v6.3 (Beckman Coulter).
Data analysis For flow cytometry analysis, we used FlowJo v10.8.1.
Code used in this study is available at https://github.com/jclgrs/Lam_2024_Code and at https://zenodo.org/doi/10.5281/zenodo.11992254.

Software and package versions used for sequencing data analysis and figure generation are detailed in the Methods.

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.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




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

The raw and processed Micro-C, RNA-seq, TT-seq, and ChIP-seq data generated from this study are deposited in the GEO database under accession number
GSE247254. External CTCF-AID Hi-C data from a previous study is available at GSE168251. External mitosis-to-G1 phase Hi-C and ChIP-seq data from a previous
study is available at GSE129997. External SMC3-AID Hi-C data from a previous study is available at GSE228402.

Research involving human participants, their data, or biological material

>
Q
Y
(e
)
1®)
o
=
o
S
_
(D
1®)
o
=
5
(@}
wm
[
=
3
Q
<

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 N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

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.

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 We used sample sizes consistent with ENCODE standards for replicates. We used 2-3 biological replicates for ChIP-seq, 4-5 biological
replicates for Micro-C, and 3 biological replicates for TT-seq and RNA-seq.

Data exclusions  One late G1 Pol2 ChiP-seq (YY1-AID -auxin) replicate was excluded because it had low ChIP signal and was identified as an outlier in principal
component analysis.

Replication Attempts at replication were successful.
Randomization  Experiments did not include any treatments that could be randomized.

Blinding Our study did not include any experiments where blinding was necessary.

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.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

™ Antibodies ] ChiP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XX XXX 0] &
OO000O0OKXD

Plants

Antibodies

Antibodies used anti-Pol Il Rpb1 NTD D8L4Y (Cell Signaling 14958), Dilution: 10uL/ChIP
anti-YY1 (Active Motif 61779), Dilution: 10ug/ChlIP
anti-YY1 (Bethyl A302-779A), Dilution: 10ug/ChlIP, 1:2000 for western blot
anti-b-actin (Santa Cruz sc-47778), Dilution: 1:500 for western blot
anti-RAD21 (Abcam ab992), Dilution: 10ug/ChIP
anti-CTCF (Millipore 07-729), Dilution: 10ul/ChIP
anti-H3K27ac (Active Motif 39133), Dilution: 10ug/ChIP
anti-pMPM?2 antibody (Millipore 05-368), Dilution: 0.5ul/10 million cells
APC-conjugated F(ab’)2-Goat anti-Mouse secondary antibody (Thermo Fisher Scientific 17-4010-82), Dilution: 2uL/10million cells
anti-CLIM2 antibody (Santa Cruz sc-365074), Dilution: 10ug/ChIP

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Validation anti-pMPM2 Millipore 05-368 - This antibody has been tested in our cell line and validated to stain mitotic cells in FACS-based
experiments (Campbell et al., 2014, Biotechniques).

F(ab’)2-goat anti-mouse secondary antibody, APC, Thermo Fisher Scientific, 17-4010-82 - The manufacturer has tested this antibody
to be suitable for immunofluorescence studies.

anti-CTCF Millipore 07-729. This antibody has been validated for ChIP-seq by the manufacturer - This antibody was also extensively
used for ChIP-seq studies and demonstrates loss of signal upon CTCF depletion in our hands and by others (e.g.. Nora. et al. 2017).

anti-Rad21 Abcam ab992 - This antibody has been validated for ChIP experiments by the manufacturer. This antibody also
demonstrated signal loss upon loss of Rad21 (Rao. et al. 2017).

anti-Pol I Cell Signaling 14958 - This antibody has been validated for ChIP by the manufacturer. This antibody has also been
previously used in our lab (Behera et al. 2019, Cell Reports) and by others for ChIP experiments (e.g., Sun Y. et al. 2019, Science

Advances.)

anti-YY1 Active Motif 61779 - This antibody has been validated for ChIP by the manufacturer. Our lab and others (Hsieh et al., 2022,
Nature Genetics) have demonstrated loss of signal upon YY1 depletion.

anti-YY1 (Bethyl A302-779A) - Our lab and others (Hsieh et al., 2022, Nature Genetics) have demonstrated loss of signal upon YY1
depletion.

anti-H3K27ac (Active Motif 39133) - This antibody has been validated for ChIP-seq by the manufacturer based on known positive and
negative control sites in HAP1 cells. In our cell line ChIP-seq peaks coincide with active enhancers and promoters, as expected.

anti-CLIM2 antibody (Santa Cruz sc-365074) - Our lab has demonstrated ChIP-seq signal loss upon depletion of LDB1

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The G1E-ER4 cell line was a gift from the Mitchell J Weiss laboratory at St. Jude Children's Hospital. The Drosophila Schneider
2 (S2) cell line was purchased from Gibco (R69007).

Authentication We regularly confirm that these cells can be induced to undergo terminal erythroid differentiation.
Mycoplasma contamination G1E-ER4 cells have been tested to be negative for Mycoplasma.

Commonly misidentified lines  No commonly misidentified lines were used.
(See ICLAC register)




Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|Z 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 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE247254
May remain private before publication.

Files in database submission YYlaid_async_untreated.mcool
YYlaid_async_auxin.mcool
YYlaid_async_untreated_compartmentEV1.bw
YYlaid_async_auxin_compartmentEV1.bw
YYlaid_async_untreated_log2insulationscore.bw
YYlaid_async_auxin_log2insulationscore.bw
YYlaid_async_merged_boundaries.bed
YYlaid_async_merged_domains.bedpe
YYlaid_async_merged_loops.bedpe
YYlaid_mgl_untreated.mcool
YYlaid_mgl_auxin.mcool
YYlaid_mgl_compartmentEV1_untreated.bw
YYlaid_mgl_compartmentEV1_auxin.bw
YYlaid_mgl_untreated_log2insulationscore.bw
YYlaid_mgl_auxin_log2insulationscore.bw
YYlaid_mgl_merged_boundaries.bed
YYlaid_mgl_merged_domains.bedpe
YYlaid_midgl_merged_loops.bedpe
YYlaid_async_untreated_RAD21_chip.bw
YYlaid_async_untreated_YY1_chip.bw
YYlaid_async_untreated_CTCF_chip.bw
YYlaid_async_auxin_YY1_chip.bw
YYlaid_async_auxin_RAD21_chip.bw
YYlaid_async_auxin_CTCF_chip.bw
YYlaid_async_untreated_H3K27ac_chip.bw
YY1_midG1_chip.bw
YY1_earlyG1_chip.bw
YY1_anatelo_chip.bw
YY1_lateG1_chip.bw
YY1_prometa_chip.bw
YYlaid_async_untreated_RAD21_peaks.bed
YYlaid_async_untreated_CTCF_peaks.bed
YYlaid_async_untreated_YY1_peaks.bed
YYlaid_async_auxin_YY1_peaks.bed
YYlaid_async_auxin_CTCF_peaks.bed
YYlaid_async_auxin_RAD21_peaks.bed
YYlaid_async_untreated_H3K27ac_peaks.bed
YY1_prometa-emergent_peaks.bed
YY1_lategl-emergent_peaks.bed
YY1_earlygl-emergent_peaks.bed
YY1_anatelo-emergent_peaks.bed
YY1_midgl-emergent_peaks.bed
YYlaid_asyn_auxin_Pol2_chip.bw
YYlaid_asyn_untreated_Pol2_chip.bw
YYlaid_midG1_auxin_Pol2_chip.bw
YYlaid_earlyG1_auxin_Pol2_chip.bw
YYlaid_midG1_untreated_Pol2_chip.bw

>
Q
o
c
0
©
@)
=
o
=
—
)
©
(@)
=
S
«Q
wn
c
=
=
O
<




YYlaid_earlyG1_untreated_Pol2_chip.bw
YYlaid_lateG1_untreated_Pol2_chip.bw
YYlaid_lateG1_auxin_Pol2_chip.bw
input_YYlaid_async_auxin.bw
input_YYlaid_async_untreated.bw
input_YYlaid_earlygl_auxin.bw
input_YYlaid_earlygl_untreated.bw
input_YYlaid_lategl_auxin.bw
input_YYlaid_lategl_untreated.bw
input_YYlaid_midgl_auxin.bw
input_YYlaid_midgl_untreated.bw
YYlaid_async_auxin_YY1lb.bw
YYlaid_async_auxin_YY1b_peaks.bed
YYlaid_async_untreated_YY1b.bw
YYlaid_async_untreated_YY1b_peaks.bed
YY1_async_chip.bw
3634_S3_L001_R1_001.fastq.gz
3635_S4 L001_R1_001.fastq.gz
3778 _S2_L001_R1_001.fastq.gz
3779_S3_L001_R1_001.fastq.gz
3823 S5 _L001_R1_001.fastq.gz
3823 S1_R1_001.fastq.gz

3824 _S6_L001_R1_001.fastq.gz
3824 _S2_R1_001.fastq.gz

3825 _S7_L001_R1_001.fastq.gz
3825 _S3_R1_001.fastqg.gz

3826_S8 L001_R1_001.fastq.gz
3826_S4 R1_001.fastq.gz
4057_S3_R1_001.fastq.gz

4058_S4 R1_001.fastq.gz
4055_S1_R1_001.fastq.gz
4056_S2_R1_001.fastq.gz
3906_S5_R1_001.fastqg.gz
3906_S6_R1_001.fastqg.gz
3907_S6_R1_001.fastqg.gz
3907_S7_R1_001.fastqg.gz

3908 _S7_R1_001.fastqg.gz

3908 S8 R1_001.fastqg.gz

3909 _S8 R1_001.fastqg.gz

3909 _S9 R1_001.fastqg.gz
3632_S1_L001_R1_001.fastq.gz
3632_S1_R1_001.fastqg.gz
3633_S2_L001_R1_001.fastq.gz
3635_S1_R1_001.fastqg.gz
3634_S2_R1_001.fastq.gz

3633_S2 R1_001.fastq.gz
4351_S7_R1_001.fastq.gz

4352 S8 R1_001.fastq.gz
4353_S9_R1_001.fastq.gz
4354_S10_R1_001.fastg.gz
4355_S11_R1_001.fastg.gz
4356_S12_R1_001.fastg.gz
4397_S7_R1_001.fastq.gz

4398 S8 R1_001.fastq.gz
4399_S9_R1_001.fastq.gz
4400_S10_R1_001.fastqg.gz
4401_S11_R1_001.fastqg.gz
4402_S12_R1_001.fastg.gz
4210_S15_R1_001.fastq
4211_S16_R1_001.fastq
4167_S1_R1_001.fastq.gz
4168_S2_R1_001.fastq.gz
4212_S17_R1_001.fastqg.gz
4213_S18 R1_001.fastg.gz
4214_S19 R1_001.fastg.gz
4215_S20_R1_001.fastqg.gz
4196_S1_R1_001.fastq.gz
4197_S2_R1_001.fastq.gz
4198_S3_R1_001.fastq.gz

4199_S4 R1_001.fastq.gz
4200_S5_R1_001.fastq.gz
4201_S6_R1_001.fastq.gz
4584_S1_R1_001.fastq.gz
4585_S2_R1_001.fastq.gz

4586_S3 R1_001.fastq.gz

4587_S4 R1_001.fastq.gz

>
Q
—
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




4588 S5_R1_001.fastq.gz
4589_S6_R1_001.fastq.gz
4590_S7_R1_001.fastq.gz
4591_S8 R1_001.fastq.gz

4592 _S9_R1_001.fastq.gz
4593 S10 _R1_001.fastqg.gz
4594_S11_R1_001.fastg.gz
4595_S12_R1_001.fastqg.gz
3668 S13_L001_R1_001.fastq.gz
3659 S4 L001_R1_001.fastq.gz
4640_S10_R1_001.fastqg.gz
4642_S12_R1_001.fastg.gz
4644_S14 R1_001.fastg.gz
4646_S16_R1_001.fastg.gz
4208_y7none_S13_R1_001.fastq.gz
4209_y7auxin_S14_R1_001.fastq.gz
4205_early4_S10_R1_001.fastq.gz
4204 _late0_S9_R1_001.fastq.gz
4206_mid4_S11_R1_001.fastq.gz
4207_late4_S12_R1_001.fastq.gz
4202_early0_S7_R1_001.fastq.gz
4203_midO_S8 R1_001.fastq.gz
3479 _S1_R1_001.fastq.gz
3480_S2_R1_001.fastqg.gz
3481_S3_R1_001.fastqg.gz
3852_S11_L001_R1_001.fastq.gz
3853 S12_1001_R1_001.fastq.gz
3854 _S13_1001_R1_001.fastqg.gz
3855_S14_1001_R1_001.fastqg.gz
3856_S15_L001_R1_001.fastqg.gz
3857 _S16_L001_R1_001.fastq.gz
3858 S17_L001_R1_001.fastq.gz
4425_S1_R1_001.fastq.gz
4426_S2_R1_001.fastq.gz
4427_S3_R1_001.fastq.gz
4428 S4 R1_001.fastq.gz

4429 S5 _R1_001.fastq.gz
4430_S6_R1_001.fastq.gz
4431_S7_R1_001.fastq.gz
run431_4055_S1_R1_001.fastq.gz
run431_4056_S2_R1_001.fastq.gz
run431_4057_S3_R1_001.fastq.gz
run431_4058_S4_R1_001.fastq.gz
3634_S3_L001_R2_001.fastq.gz
3635_S4 L001_R2_001.fastq.gz
3778 _S2_L001_R2_001.fastq.gz
3779_S3_L001_R2_001.fastq.gz
3823 S5 _L001_R2_001.fastq.gz
3823 S1_R2_001.fastq.gz
3824 _S6_L001_R2_001.fastq.gz
3824 _S2_R2_001.fastq.gz

3825 _S7_L001_R2_001.fastq.gz
3825 _S3_R2_001.fastqg.gz
3826_S8 L001_R2_001.fastq.gz
3826_S4 R2_001.fastq.gz
4057_S3_R2_001.fastq.gz
4058_S4 R2_001.fastq.gz
4055_S1_R2_001.fastq.gz
4056_S2_R2_001.fastq.gz
3906_S5_R2_001.fastqg.gz
3906_S6_R2_001.fastqg.gz
3907_S6_R2_001.fastqg.gz
3907_S7_R2_001.fastqg.gz

3908 _S7_R2_001.fastqg.gz

3908 S8 R2_001.fastqg.gz

3909 _S8 R2_001.fastqg.gz

3909 _S9 R2_001.fastqg.gz
3632_S1_L001_R2_001.fastq.gz
3632_S1_R2_001.fastq.gz
3633_S2_L001_R2_001.fastq.gz
3635_S1_R2_001.fastq.gz
3634_S2_R2_001.fastq.gz
3633_S2_R2_001.fastq.gz
4351_S7_R2_001.fastq.gz

4352 S8 R2_001.fastq.gz
4353_S9_R2_001.fastq.gz

>
Q
—
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




4354_S10_R2_001.fastqg.gz
4355_S11_R2_001.fastqg.gz
4356_S12_R2_001.fastg.gz
4397_S7_R2_001.fastq.gz

4398 S8 R2_001.fastq.gz
4399_S9_R2_001.fastq.gz
4400_S10_R2_001.fastqg.gz
4401_S11_R2_001.fastqg.gz
4402_S12_R2_001.fastqg.gz
4210_S15_R2_001.fastq
4211_S16_R2_001.fastq
4167_S1_R2_001.fastq.gz
4168_S2_R2_001.fastq.gz
4212_S17_R2_001.fastqg.gz
4213_S18 _R2_001.fastqg.gz
4214_S19 R2_001.fastqg.gz
4215_S20_R2_001.fastqg.gz
4196_S1_R2_001.fastq.gz
4197_S2_R2_001.fastq.gz
4198_S3_R2_001.fastq.gz

4199_S4 R2_001.fastq.gz
4200_S5_R2_001.fastq.gz
4201_S6_R2_001.fastq.gz
4584_S1_R2_001.fastq.gz
4585_S2_R2_001.fastq.gz

4586_S3 R2_001.fastq.gz

4587_S4 R2_001.fastq.gz
4588_S5_R2_001.fastq.gz
4589_S6_R2_001.fastq.gz
4590_S7_R2_001.fastq.gz

4591_S8 R2_001.fastq.gz

4592 _S9_R2_001.fastq.gz

4593 _S10_R2_001.fastqg.gz
4594_S11_R2_001.fastqg.gz
4595_S12_R2_001.fastg.gz
4640_S10_R2_001.fastqg.gz
4642_S12_R2_001.fastg.gz

4644_S14 _R2_001.fastg.gz
4646_S16_R2_001.fastg.gz
4208_y7none_S13_R2_001.fastq.gz
4209_y7auxin_S14_R2_001.fastq.gz
4205_early4_S10_R2_001.fastqg.gz
4204 _late0_S9_R2_001.fastq.gz
4206_mid4_S11_R2_001.fastq.gz
4207_late4_S12_R2_001.fastq.gz
4202_early0_S7_R2_001.fastq.gz
4203_midO_S8 R2_001.fastq.gz
3479 _S1_R2_001.fastqg.gz
3480_S2_R2_001.fastqg.gz
3481_S3_R2_001.fastqg.gz

3852 _S11_L001_R2_001.fastq.gz
3853 S12_1001_R2_001.fastqg.gz
3854 _S13_1001_R2_001.fastq.gz
3855 _S14_1001_R2_001.fastq.gz
3856_S15_L001_R2_001.fastq.gz
3857_S16_L001_R2_001.fastqg.gz
3858 S17_L001_R2_001.fastq.gz
4425_S1_R2_001.fastq.gz
4426_S2_R2_001.fastq.gz

4427_S3 _R2_001.fastq.gz

4428 _S4 R2_001.fastq.gz
4429_S5_R2_001.fastq.gz
4430_S6_R2_001.fastq.gz
4431_S7_R2_001.fastq.gz
run431_4055_S1_R2_001.fastq.gz
run431_4056_S2_R2_001.fastq.gz
run431_4057_S3_R2_001.fastq.gz
run431_4058_S4_R2_001.fastq.gz
CTCFaid_async_auxin_YY1_chip.bw
CTCFaid_async_untreated_YY1_chip.bw
YYlaid_async_auxin_LDB1_chip.bw
YY1laid_async_untreated_LDB1_chip.bw
YYlaid_async_Auxin_H3K27ac_chip.bw
CTCFaid_async_auxin_YY1_peaks.bed
CTCFaid_async_untreated_YY1_peaks.bed
YY1laid_async_auxin_LDB1_peaks.bed
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Methodology

Replicates

Sequencing depth

For CTCF, RAD21, LDB1, and H3K27ac ChIP-seq, we performed 2 biological replicates per condition.

For YY1 and Polll ChIP-seq, we performed 3 biological replicates per condition.

For YY1, we also performed 2 additional biological replicates per condition using an alternative antibody (anti-YY1 Bethyl A302-779A).

See Supplemental Table 5 for Micro-C 2x50bp paired-end sequencing statistics.
All ChIP-seq reads were 2x50bp paired-end sequenced, except for H3K27ac ChIP-segs, which were single-end 1x75bp.

ChIP-seq sample,sequenced_reads,mapped_deduplicated_reads
YYlaid_async_untreated_YY1_ChIPseq_Rep1,31708932,17683904
YYlaid_async_untreated_CTCF_ChIPseq_Rep1,23255892,15675228
YYlaid_async_untreated_RAD21_ChIPseq_Rep1,30905683,20011669
YYlaid_async_auxin_YY1_ChlPseq_Rep1,31774508,18991887
YYlaid_async_auxin_CTCF_ChIPseq_Rep1,36596809,23976395
YYlaid_async_auxin_RAD21_ChlPseq_Rep1,30233955,18440797
YYlaid_async_untreated_YY1_ChIPseq_Rep2,33579260,18537082
YYlaid_async_untreated_CTCF_ChIPseq_Rep2,35330260,21715806
YYlaid_async_untreated_RAD21_ChIPseq_Rep2,31316107,18151465
YYlaid_async_auxin_YY1_ChlPseq_Rep2,29478394,15518274
YYlaid_async_auxin_CTCF_ChIPseq_Rep2,36878513,22942777
YYlaid_async_auxin_RAD21_ChlPseq_Rep2,46935163,26720516
YYlaid_async_untreated_YY1_ ChIPseq_Rep3,45421595,23728197
YYlaid_async_auxin_YY1_ChlPseq_Rep3,44374460,14435171
YYlaid_async_untreated_Pol2_ChlIPseq_rep1,24065192,13870969
YYlaid_async_auxin_Pol2_ChlIPseq_rep1,32464042,14091255
YYlaid_async_untreated_Pol2_ChlIPseq_rep2,45405201,26289681
YYlaid_async_auxin_Pol2_ChIPseq_rep2,44945201,25996449
YYlaid_async_untreated_Pol2_ChlIPseq_rep3,45073172,27206634
YYlaid_async_auxin_Pol2_ChlIPseq_rep3,51114574,29215935
YYlaid_earlyG1_untreated_Pol2_ChlPseq_rep3,40460549,14851948
YYlaid_midG1_untreated_Pol2_ChIPseq_rep3,35806557,17500651
YYlaid_lateG1_untreated_Pol2_ChlPseq_rep3,51639740,26696956
YYlaid_earlyG1_auxin_Pol2_ChlIPseq_rep3,47528690,22273202
YYlaid_midG1_auxin_Pol2_ChlPseq_rep3,55236800,23218785
YYlaid_lateG1_auxin_Pol2_ChlPseq_rep3,42691977,17327835
YYlaid_earlyG1_untreated_Pol2_ChlPseq_rep1,34490764,17203787
YYlaid_earlyG1_auxin_Pol2_ChlPseq_rep1,34398194,18091012
YYlaid_midG1_untreated_Pol2_ChIPseq_rep1,38570288,19906721
YYlaid_midG1_auxin_Pol2_ChlPseq_rep1,30924361,15938618
YYlaid_lateG1_untreated_Pol2_ChlPseq_rep1,34951633,20325376
YYlaid_lateG1_auxin_Pol2_ChlPseq_rep1,35214595,18186245
YYlaid_earlyG1_untreated_Pol2_ChlPseq_rep2,36781770,21193731
YYlaid_earlyG1_auxin_Pol2_ChlPseq_rep2,36212697,17977055
YYlaid_midG1_untreated_Pol2_ChIPseq_rep2,35932573,19460955
YYlaid_midG1_auxin_Pol2_ChlPseq_rep2,32751229,18413306
YYlaid_lateG1_untreated_Pol2_ChlPseq_rep2,29116933,10120717
YYlaid_lateG1_auxin_Pol2_ChlPseq_rep2,39113671,21772230
YYlaid_async_untreated_H3K27ac_ChlPseq_rep1,36902425,22107128
YYlaid_async_untreated_H3K27ac_ChlPseq_rep2,41581866,24953643
YYlaid_async_auxin_YY1b_ChlPseq_rep1,26552375,15552245
YYlaid_async_untreated_YY1lb_ChlPseq_rep1,33543115,20427465
YYlaid_async_untreated_YY1lb_ChlPseq_rep2,25458102,16115553
YYlaid_async_auxin_YY1b_ChIPseq_rep2,28285884,16323106
YYlaid_async_untreated_input,36156059,22467681
YYlaid_async_auxin_input,36301024,22958344
YYlaid_earlyG1_auxin_input,42398692,25803558
YYlaid_lateG1_untreated_input,37399512,23116254
YYlaid_midG1_auxin_input,39118878,24163368
YYlaid_lateG1_auxin_input,50962037,30265398
YYlaid_earlyG1_untreated_input,27806204,17736556
YYlaid_midG1_untreated_input,35778300,21075069
G1E-ER4_earlyG1_YY1_ChIPseq_rep1,47049842,16859931
G1E-ER4_midG1_YY1_ChIPseq_rep1,49995943,11431247
G1E-ER4_lateG1_YY1_ChIPseq_rep1,33457047,11525512
G1E-ER4_prometa_YY1_ChIPseq_rep1,26655010,1525786
G1E-ER4_anatelo_YY1_ChIPseq_rep1,40494016,8951001
G1E-ER4_prometa_YY1_ChIPseq_rep2,27741815,3989064
G1E-ER4_anatelo_YY1_ChIPseq_rep2,32670126,5843966
G1E-ER4_earlyG1_YY1_ChlPseq_rep2,22368100,5344474
G1E-ER4_midG1_YY1_ChIPseq_rep2,24522139,7193245
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ChlP-seq

YYlaid_async_untreated_LDB1_peaks.bed
YYlaid_async_auxin_H3K27ac_peaks.bed
YYlaid_async_repl_untreated_TTseq_spikenormed_for.bw
YYlaid_async_repl_auxin_TTseq_spikenormed_for.bw
YYlaid_async_rep2_auxin_TTseq_spikenormed_for.bw
YYlaid_async_rep2_untreated_TTseq_spikenormed_for.bw
YYlaid_async_rep3_untreated_TTseq_spikenormed_rev.bw
YYlaid_async_rep3_auxin_TTseq_spikenormed_rev.bw
YYlaid_async_rep2_untreated_TTseq_spikenormed_rev.bw
YYlaid_async_repl_untreated_TTseq_spikenormed_rev.bw
YYlaid_async_rep3_auxin_TTseq_spikenormed_for.bw
YYlaid_async_rep3_untreated_TTseq_spikenormed_for.bw
YYlaid_async_repl_auxin_TTseq_spikenormed_rev.bw
YYlaid_async_rep2_auxin_TTseq_spikenormed_rev.bw
YYlaid_ttseq_spikein_counts_htseq.txt
YYlaid_ttseq_sample_counts_htseq.txt
4641_S11_R1_001.fastq.gz

4643_S13_R1_001.fastqg.gz

4645_S15_R1_001.fastq.gz

4647_S17_R1_001.fastq.gz

4509_S13_R1_001.fastq.gz

4510_S14_R1_001.fastq.gz

4629_S7_R1_001.fastq.gz

4630_S8_R1_001.fastq.gz

3669_S14_L001 R1_001.fastq.gz
3660_S5_LOO1_R1_001.fastq.gz
4786_30Mreads_R1.fastg.gz
4787_30Mreads_R1.fastg.gz
4788_30Mreads_R1.fastg.gz
4789_30Mreads_R1.fastg.gz
4790_30Mreads_R1.fastg.gz
4791_30Mreads_R1.fastg.gz
4792_30Mreads_R1.fastg.gz
4793_30Mreads_R1.fastg.gz
4794_30Mreads_R1.fastg.gz
4795_30Mreads_R1.fastg.gz
4796_30Mreads_R1.fastg.gz
4797_30Mreads_R1.fastg.gz
4641_S11_R2_001.fastq.gz

4643_S13_R2_001.fastq.gz

4645_S15_R2_001.fastq.gz

4647_S17_R2_001.fastq.gz

4509_S13_R2_001.fastq.gz

4510_S14_R2_001.fastq.gz

4629_S7_R2_001.fastq.gz

4630_S8_R2_001.fastq.gz

4786_30Mreads_R2.fastqg.gz
4787_30Mreads_R2.fastqg.gz
4788_30Mreads_R2.fastqg.gz
4789_30Mreads_R2.fastqg.gz
4790_30Mreads_R2.fastqg.gz
4791_30Mreads_R2.fastqg.gz
4792_30Mreads_R2.fastqg.gz
4793_30Mreads_R2.fastqg.gz
4794_30Mreads_R2.fastqg.gz
4795_30Mreads_R2.fastqg.gz
4796_30Mreads_R2.fastqg.gz
4797_30Mreads_R2.fastqg.gz

4956_S1_R1_001.fastq.gz

4956_S1_R2_001.fastq.gz

4957_S2_R1_001.fastq.gz

4957_S2_R2_001.fastq.gz

4960_S1_R1_001.fastq.gz

4960_S1_R2_001.fastq.gz

4961_S2_R1_001.fastq.gz

4961_S2_R2_001.fastq.gz

4969_S6_R1_001.fastq.gz

4969_S6_R2_001.fastq.gz
5_TT_YY1_A-5min_0531.merged_R1_001.fastq.gz
5_TT_YY1_A-5min_0531.merged_R2_001.fastq.gz
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G1E-ER4_lateG1_YY1_ChlIPseq_rep2,22815444,10514914
G1E-ER4_prometa_YY1_ChlPseq_rep3,6336297,2327793
G1E-ER4_anatelo_YY1_ChIPseq_rep3,36931320,7095065
G1E-ER4_earlygl_YY1_ChlIPseq_rep3,41243382,9376470
G1E-ER4_midgl_YY1_ChlIPseq_rep3,32074426,9124069
G1E-ER4_lategl_YY1_ChlIPseq_rep3,32402236,11386300
G1E-ER4_async_YY1_ChlPseq_rep1,32135048,12384087
G1E-ER4_async_YY1_ChlPseq_rep2,34805206,8174728
YYlaid_async_auxin_H3K27ac_Rep1,40252839, 23754799
YYlaid_async_auxin_H3K27ac_Rep2,43350924, 24637574
YYlaid_async_untreated_LDB1_rep1,28925523, 16854524
YYlaid_async_untreated_LDB1_rep2,27098559, 15243232
YYlaid_async_auxin_LDB1_rep1,26829496, 15617012
YYlaid_async_auxin_LDB1_rep2,23895232, 13888277
CTCFaid_async_untreated_YY1_rep1,18415828, 11607837
CTCFaid_async_auxin_YY1_rep1,27004770, 15901528
CTCFaid_async_untreated_YY1_rep2,33562067, 19519850
CTCFaid_async_auxin_YY1_rep2,33923367, 18998971
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Antibodies anti-Pol Il Rpb1 NTD D8L4Y (Cell Signaling 14958), Dilution: 10uL/ChIP
anti-YY1 (Active Motif 61779), Dilution: 10ug/ChlIP
anti-YY1 (Bethyl A302-779A), Dilution: 10ug/ChIP
anti-RAD21 (Abcam ab992), Dilution: 10ug/ChIP
anti-CTCF (Millipore 07-729), Dilution: 10ul/ChIP
anti-H3K27ac (Active Motif 39133), Dilution: 10ug/ChIP
anti-CLIM2 antibody (Santa Cruz sc-365074), Dilution: 10ug/ChIP

Peak calling parameters = We called narrow peaks for each replicate using macs2 (v2.2.7) callpeak with a condition-matched input file and peak-calling
threshold of q=0.05.

Data quality (1) Sequencing quality was assessed with FastQC (v0.11.9)
(2) Prior to peak calling, reads were de-duplicated and alignments with MAPQ < 20 were filtered out.
(3) Correlation among peak calls was assessed for replicates.
(4) Peaks of RAD21 and CTCF were largely overlapping. Motif analysis revealed underlying YY1 and CTCF motifs at peaks, as expected.
(5) Pol Il signal was located at expected genomic regions (TSS, gene bodies).

Software For ChIP-seq data processing and analysis, we used bowtie2 (v2.2.5), SAMtools (v1.14), deeptools (v3.5.1), macs2 (v2.2.7), DiffBind
(v3.5), pybedtools (0.8.2), and DESeq2 (v1.32.0), homer (v4.11.1).

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation See Methods for detailed description of sample preparation. Briefly, G1E-ER4 cells were treated with nocodazole to
synchronize them in prometaphase. To enrich for cells in ana/telophase, early G1, mid G1, and late G1, arrested cells were
washed, resuspended in nocodazole-free media and released from prometaphase for 0.5h, 1h, 2h, and 4h. At each timepoint,
cells were harvested, cross-linked, and stained for cell cycle markers.

Instrument Beckman Coulter Moflo Astrios EQ

Software Flow plots were generated using FlowJo v10.8.1.

Cell population abundance We typically obtained > 95% viable cells based on FSC-A and SSC-A.

Gating strategy Prometaphase samples were sorted based on positive pMPM2, positive mCherry-MD, and 4N DAPI signal. Ana/telophase

samples were sorted based on reduced mCherry-MD and 4N DAPI signal. Early G1, mid G1, and late G1 samples were sorted
based on negative mCherry-MD and 2N DAPI signal.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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