


















chromosome conformation capture approach (HiC) to ad-
dress these questions. We found that human neutrophil
nuclei, when compared with embryonic stem cells, dis-
played a distinct nuclear architecture: (1) a decline in ge-
nomic interactions across loop domains (<3 Mb); (2) a
segmentation of large, continuous A and B compartments
into numerous small compartments, resulting in the
establishment of new compartment and loop domain
boundaries; and, (3) an increase in remote chromosomal
interactions across loop domains (>3 Mb). This increase
in long-range genomic interactions primarily involved
heterochromatic regions indicating a key role for hetero-
chromatic interactions in influencing human neutrophil
genome topology. Our data are consistent with previous
studies involving murine neutrophils that also displayed
a highly contracted genome when compared with progen-
itor cells and show that key features of neutrophil genome
structure are conserved between the murine and human
genomes (Zhu et al. 2017).

The neutrophil genome undergoes large-scale alter-
ations in morphology upon bacterial encounter. Using ge-
nome-wide chromosome conformation capture studies,
we found that such changes involve the repositioning of
euchromatic E. coli ΔPC1 domains enriched for cytokine
and other immune response genes. Upon encountering
activating stimuli, these domains gained euchromatic
character, repositioning themselves from the nuclear pe-
riphery to the more euchromatic nuclear interior. During
this process, the boundaries of these domains lost insula-
tion, allowing the domain to merge with neighboring
highly euchromatic regions, and further allowing for
new chromatin interactions to form and activate an in-
flammatory gene program. These subdomains resemble a
previously identified euchromatic A2 spatial subcompart-
ment positioned between the nuclear periphery and the
nuclear interior (Rao et al. 2014; Chen et al. 2018). Based
on our observations, we propose that the A2 subcompart-
ment is associated with genes or regulatory elements that
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Figure 6. E. coli coculture induces cohesin recruitment to a subset ofH3K27ac-defined enhancers. (A) Log2 ratio (E. coli cocultured/unsti-
mulated) of the normalized ChIP-seq and RNA-seq signals at H3K27ac-defined enhancers that amass SMC3 as well as all enhancers ge-
nome-wide. (B) Histogram showing the percent of SMC3-amassed enhancers falling in E. coli ΔPC1 domains randomly positioned within
the A compartment (gray), and the percent of SMC3-amassed enhancers falling within actual E. coli ΔPC1 domains (green arrow). Out of
1000 random permutations, 997 resulted in lower overlap between SMC3-amassed enhancers and ΔPC1 domains than were observed in
the empirical data. (C ) The top panel shows distance distribution between E. coli ΔPC1 domain boundaries and SMC3-amassed enhancers
(green) and all enhancers (white). The bottom panel shows observed enrichment of SMC3-amassed enhancers or all enhancers in ΔPC1
domains divided by the expected enrichment of these enhancers in E. coli ΔPC1 domains based on 1000 random permutations of
E. coli ΔPC1 domain positions within the A compartment. (� ) Wilcoxon rank sum test P-value < 0.005. (D) The top panel indicates ratio
of mean transcription factormotif density (motifs per base pair per peak, SMC3-amassed enhancers/all enhancers) for representative tran-
scription factors. The bottom panel shows gene expression values (FPKM) of representative transcription factors in unstimulated and
E. coli cocultured neutrophils. (E) Known transcription factor motifs identified inD. (F ) Metascape gene functional analysis for genes in-
teracting with SMC3-amassed enhancers. Full metascape analysis results are shown in Supplemental Table S2. (G) Empirical cumulative
distribution of log2(E. coli cocultured/unstimulated FPKM) values for all genes, genes interactingwith any enhancer, and genes interacting
with E. coli coculture-dependent SMC3-amassed enhancers.
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need to be transcriptionally repressed, but accessed quick-
ly, precluding both their sequestration to the fully hetero-
chromatic B compartment, as well as their presence in the
transcriptionally active A1 compartment.
Our data further provide mechanistic insight as to how

neutrophils instruct changes in nuclear positioning
and domain insulation upon bacterial encounter. Alter-
ations in chromatin topology both at ΔPC1 domains and
across the genome are closely associated with the rapid
recruitment of cohesin to a subset of H3K27ac-defined
enhancers. While cohesin occupancy is substantially en-
riched at these enhancers, CTCF binding is onlymodestly
elevated upon bacterial encounter. These observations
imply that changes in nuclear architecture are predomi-
nantly activated by cohesin-dependent loop extrusion.
This finding then raises the question as to how cohesin
is being recruited to inflammatory genes upon bacterial
encounter. We found that the increase in cohesin occu-
pancy at SMC3-amassed enhancers was closely accompa-
nied by substantial enrichment for the enhancer mark
H3K27ac. Hence, we suggest that upon bacterial encoun-
ter, human neutrophils activate a signaling response
that involves the Toll-like receptor pathway. Motif analy-
sis suggests that Toll-like receptor mediated signaling
modulates the expression and/or biochemical activities
of key neutrophil-associated transcriptional regulators
such as PU.1, CEBP/β, CEBP homolog CHOP, AP1 factors
JUN and FOS, as well as TFE3. The activities of such reg-
ulators, in turn, would promote the assembly of an active
enhancer repertoire as evidenced by the deposition of
H3K27Ac, which then rapidly sequesters cohesin at in-
flammatory response enhancer-gene promoter clusters.
Once recruited to SMC3-amassed enhancers, cohesin
may act to extrude chromatin until convergent CTCF
sites are reached, removing insulation at ΔPC1 domain
boundaries by forming de novo loop domains in which ac-
tivated enhancers are placed within close spatial proxim-
ity of gene promoters, altogether facilitating the rapid
activation of an inflammatory response gene program
(Fig. 7).
Why has such an elaborate mechanism of gene acti-

vation, including loop extrusion, evolved in human
neutrophils? We suggest that segregating enhancers and
promoters in spatially distinct loop domains ensures
efficient silencing and prevents stochastic activation of
an inflammatory-specific gene program in unstimulated
neutrophils. Only upon exposure to activating stimuli
are unstimulated neutrophils instructed to juxtapose the
inflammatory enhancer repertoire with their target gene
promoters, thus facilitating enhancer-promoter commu-
nication and the induction of an inflammatory-specific
gene program. We hypothesize that the specificity of this
response is likely governed by transcription factors down-
stream from activated receptors that bind their target en-
hancers, allowing cohesin and histone acetyl transferase
recruitment, juxtaposition of target gene promoters, and
stabilization of transcription units.
As documented here for human neutrophils during a

microbial encounter, enhancers and promoters may be
spatially segregated from each other in distinct loop

domains until an appropriate environmental signal is
received in order to prevent inappropriate or patholo-
gical activation of gene expression. Previous studies have
documented a related mechanism that orchestrates the
developmental progression of lymphoid cells. Specifically,
regulatory regions associated with key developmental
regulators such as EBF1 and Bcl11b are, in progenitor
cells, positioned at the nuclear lamina to suppress prema-
ture activation during developmental progression. Upon
reaching the appropriate developmental stage, alterations
in chromatin folding readily reposition such enhancers
away from the transcriptionally repressive environment
at the lamina into the euchromatic nuclear interior,
leading to assembly of transcriptionally productive en-
hancer–promoter interactions. The repositioning also di-
rects the enhancer into a single loop domain to facilitate
enhancer–promoter communication. Once placed within
the euchromatic compartment and within spatial pro-
ximity to EBF1 and Bcl11b, enhancers and promoters
then act to establish B or T cell identity, respectively
(Lin et al. 2012; Isoda et al. 2017). Thus, the inflamma-
tory gene response and activation of a developmental-
specific gene expression programs share a common

Figure 7. Microbial-induced human neutrophil activation in-
structs rapid changes in nuclear architecture to orchestrate an in-
flammatory gene program. Activation-induced transcription
factor binding results in H3K27ac deposition, cohesin recruit-
ment, and formation of de novo chromatin loops linking enhanc-
ers to inflammatory genes to orchestrate an inflammatory gene
program.
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mechanism that assures appropriate timing of gene
expression.

In sum,herewedemonstrate that inhumanneutrophils,
prior to encounter with bacteria, an armamentarium
of inflammatory genes was positioned in a transcriptio-
nally passive environment suppressing premature tran-
scriptional activation. Upon microbial exposure,
however, human neutrophils rapidly (<3 h) repositioned
the ensemble of proinflammatory genes towards the tran-
scriptionally permissive compartment. We found that the
repositioning of genes was closely associated with the
swift recruitment of cohesin across the inflammatory en-
hancer landscape, permitting an immediate transcription-
al response upon bacterial exposure. These data reveal
at the mechanistic level how upon microbial challenge
human neutrophils undergo rapid changes in nuclear ar-
chitecture to orchestrate an immediate inflammatory
gene program.

Materials and methods

Human subject details

Blood for neutrophil isolation was obtained via venopuncture
from healthy human volunteers under written informed consent
approved by the University of California at San Diego Human
Research Protection Program (#131002X).

Blood draws and neutrophil isolation

Whole blood was layered onto Polymorphprep reagent (Accurate
Chemical and Scientific Corp. AN1114683), centrifuged for
45 min at 500g, 25°C, and allowed to stop without braking. The
granulocyte layer was extracted and contaminating red blood
cells were lysed as needed (generally one to three times) with brief
resuspensions in sterile H2O followed by immediate flooding
with 1× phosphate-buffered saline (PBS) and centrifugation at
500g for 7 min at 25°C. Cells were checked for purity via
Wright-Giemsa staining; the final granulocyte fractionwas gener-
ally >95% neutrophils. For RNA-sequencing experiments, neu-
trophils were further purified to homogeneity using an EasySep
human neutrophil enrichment kit (Stem Cell Technologies
19257) as per the manufacturer’s protocol.
For all experiments, neutrophils were cultured in HBSS

+Ca/+Mg/−Phenol red (Thermo Fisher 14025092) with the addi-
tion of 0.5% endotoxin-free BSA (Akron AK8917-0100) at 37°C
in a 5% CO2 humidified incubator.

Wright-Giemsa staining

Neutrophils (1 × 105) were spun onto cover slips using a Cyto-
spin3 (Shandon 74010121 GB) and flooded with Wright stain
(Sigma WS16-500ML) for 3 min. Cover slips were then washed
with six consecutive dips in water baths. Cover slips were then
allowed to air dry and were then flooded with Giemsa stain
(Sigma GS500-500ML) and allowed to incubate for 7 min before
being washed as above and allowed to air dry.

Neutrophil activation

Neutrophils were plated at the desired cell numbers and treated
with 25 nM phorbol 12-myristate 13-acetate (PMA, Promega
V1171) or cocultured in the presence of E. coli strain K1 at a mul-
tiplicity of infection (MOI) of 5. Stimulations were performed for
3 h and cells were harvested as detailed below.

Chromatin immunoprecipitation with sequencing (ChIP-seq)

Neutrophils were plated at 10 × 106 to 20× 106 cells/10 mL for
each ChIP experiment. At the completion of each experiment
cells were washed with fresh media, formaldehyde was added to
the culture to a final concentration of 1%, and cells were cross
linked with agitation for 10 min at room temperature. Fixation
was then quenched for 5minwith glycine at a final concentration
of 0.13 M. Fixed cells were scraped from the plate and washed
three times in ice cold 1× phosphate buffered saline (PBS) with
0.1 mM EDTA and 1×EDTA-free complete protease inhibitors
(Roche 05056489001). Cell pellets were snap frozen in liquid
nitrogen and stored at −80°C until processing.
To bind antibody to Protein GDynabeads (Invitrogen 10004D),

beads were washed three times with 1 mL of bead wash buffer
(1×PBS, 5 mg/mL BSA, Roche complete EDTA-free protease in-
hibitor, 0.22 µM filtered) and resuspended in 500 µL of the
same. One to five micrograms of antibody was added and allowed
to bind beads overnight at 4°C with rotation. The following day,
beadswerewashed three timeswith 1mL of beadwash buffer and
resuspended in 100 µL of RIPA 150 (50 mM Tris at pH 8.0,
150mMNaCl, 0.1%SDS, 0.1% sodium deoxycholate, 1%Triton
X-100, 1 mM EDTA).
For each ChIP, cells were thawed and lysed for 10 min on ice

with inversion in Farnham lysis buffer (5 mM PIPES at pH 8.0,
85 mM KCl, 0.5% NP-40, 10 mM EDTA, protease inhibitors)
with or without 20 draws through an 18-gauge needle. Nuclei
were spun down at 2000 rpm for 5 min at 10°C in a benchtop
microfuge, supernatant was discarded, and nuclei were resus-
pended in 300 µL of RIPA 150. Chromatin was then sonicated
in a Diagenode Bioruptor 300 chilled to 4°C three times for eight
cycles of 30 sec on and 30 sec off, set on highwith 5min of cooling
time between each set of eight cycles. The insoluble fraction was
spun down at maximum speed for 20 min at 4°C in a benchtop
microfuge. Input and IP samples were split to separate new tubes,
IP volume was adjusted to 900 µL with RIPA 150, and 100 µL of
Protein G dynabeads bound to the antibody of interest in RIPA
150 was added to each IP. Chromatin was allowed to bind to an-
tibody-bead conjugates overnight at 4°C while rotating. Follow-
ing binding, beads were washed twice for 5 min in RIPA 150,
twice for 5 min in RIPA 500 (50 mM Tris at pH 8.0, 500 mM
NaCl, 0.1% SDS, 01% sodium deoxycholate, 1% Triton X-100,
1 mM EDTA), twice for 3 min in LiCl wash (10 mM Tris at pH
8.0, 250 mM LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM
EDTA), and once in 1× TE. Beads were transferred to clean tubes
at the start of each newwash buffer. DNAwas eluted from beads
with 200 µL of elution buffer (1 mM sodium carbonate, 1% SDS)
for 1 h at 65°C with shaking, at which point beads were removed
and cross-links were reversed overnight at 65°C. ElutedDNAwas
purified using a ChIP DNA clean and concentrator kit (Zymo
D5205).
DNA for ChIP and other high-throughput sequencing

approaches was processed as follows: End repair was performed
using anEpicenter End-It kit (LucigenER0720), according toman-
ufacturer’s instructions and column purified in a ZymoMinelute
column (Zymo D4013). A-tails were added by incubating DNA
in 1×NEB buffer 2 (New England Biolabs B7002S) with the addi-
tion of 200 µMdATP and 7.5 units of Klenow (exo-) (New England
Biolabs M0212L) for 45 min at 37°C. NEB Next adaptors (New
England Biolabs E7337A) were ligated using an NEB quick liga-
tion kit (New England Biolabs M2200L) for 30 min at benchtop
temperature followed by treatment with 2 µL of USER enzyme
(New England BiolabsM5505L) for 15 min at 37°C. DNAwas pu-
rified using an AmpureXP bead-analogous two-step SPRI bead
protocol (Rohland and Reich 2012), resulting in purification of
DNA fragments between ∼200 and 800 bp.
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PCR amplification of final libraries for sequencing was per-
formed with Phusion hot start polymerase II system (Thermo
Fisher F549L) in conjunction with the NEB Next indexing
system (New England Biolabs E7335L and E7500S). Final size se-
lection for all high-throughput sequencing libraries was per-
formed using a home-made two-step SPRI bead-based DNA
purification system, resulting in final DNA fragment sizes of
∼200–800 bp.

RNA sequencing

At specified time points neutrophils were washed once with PBS
and lysed in the RLT buffer component of the Qiagen RNeasy
mini kit (Qiagen 74106) with the addition of 10 µL/mL 2-mercap-
toethanol, homogenized via Qiashredder (Qiagen 79654), and
snap-frozen in liquid nitrogen. Total RNA was purified via
RNeasy mini kit (Qiagen 74106) according to the manufacturer’s
instructions, including the RNase-free DNase (Qiagen 79254)
treatment step. RNAwas eluted in H2O, Turbo DNase kit buffer
(Thermo Fisher/Ambion AM1907) was added to a 1× concentra-
tion, and RNA was treated with 4 U of Turbo DNase for 30 min
at 37°C. Turbo DNasewas then treated with inactivation reagent
per manufacturer’s specifications. mRNAwas purified from total
RNA using a Dynabead mRNA purification kit (Life Technolo-
gies 61006). First strand synthesis was performed using the Super-
Script III first strand synthesis system (Thermo Fisher 18080051)
as follows: 100–500 ng of RNA, 0.5 µL of oligo(dT) primer, 0.8 µL
of randomhexamer, 1 µL of 10mMdNTP, andH2O to 9.5 µL. The
mixture was incubated for 10 min at 70°C and then snap frozen.
First strand synthesismix composed of 2 µL of 10×RT buffer, 4 µL
of 25 mMMgCl2, 2 µL of 0.1 MDTT, 0.5 µL of 120 ng/µL Actino-
mycinD, 40 U of RNaseOUT, and 200 units of SuperScriptIII
was added to the mixture, which was then incubated for 10 min
at 25°C, 45 min at 42°C, 25 min at 50°C, and15 min at 75°C. Un-
incorporated nucleotides were removed from the mixture using a
ProbeQuant G-50 column (Sigma GE28-9034-08). First strand
synthesis reaction was then brought to 51 µL with H2O and
cooled on ice. Twenty-four microliters of second strand mixture
composed of 1 µL of 10× RT buffer; 2 µL of 25 mM MgCl2; 1 µL
of 0.1 M DTT; 2 µL of 10 mM dATP, dGTP, dCTP, and dUTP
mix; 15 µL of 5× second strand synthesis buffer (New England
Biolabs B6117S); 0.5 µL E. coli ligase (New England Biolabs
M0205S); 2 µL of DNA polymerase I (New England Biolabs
M0209S); and 0.5 µL of RNase H was added and the mixture
was incubated for 2 h at 16°C. DNA was purified using a DNA
clean and concentrator kit (Zymo D4013) and sonicated on a
Covaris E220 with the following settings; duty cycle 10%; inten-
sity 5; cycle per burst 200; time (seconds) 180. Sonicated DNA
was purified using a DNA clean and concentrator kit. DNA was
prepared for high-throughput sequencing using the methodology
described above for ChIP-seq, with the addition of 1 µL of UNG
(Thermo Fisher/Applied Biosystems N8080096) during USER
enzyme treatment.

Whole-genome bisulfite sequencing

Neutrophils were washed twice with PBS and genomic DNAwas
isolated using a DNeasy Blood and Tissue kit (Qiagen 69504).
One microgram of genomic DNA mixed with unmethylated
λ DNA at a concentration of 0.5% of total DNA was sonicated
by Biorupter 300 with 20 cycles (30 sec on/30 sec off at low pow-
er). Fragmented DNAwas end-repaired and A-tailed as described
above. TruSeq adapters (Illumina FC-121-2001) were ligated to
fragmented DNA, which was then purified by running on a 2%
agarose gel. Bisulfite conversionwas performed using theMethyl-
Code kit as described by the manufacturer (Invitrogen MECOV-

50). Bisulfite-treated DNA was amplified by using a TruSeq
PCR primer mixture and Pfu Turbo Cx Polymerase, agarose gel-
purified, and sequenced on an Illumina HiSeq 2500 sequencer
with paired-end 150-bp reads.

E. coli culture and MOI determination

E. coli strain K1 was grown in LB at 37°Cwith shaking overnight,
and diluted into a fresh culture and grown to exponential phase
the day of each experiment. E. coli was then pelleted at 3000
rpm for 10 min at 10°C on a benchtop centrifuge, washed in
cell culture medium, and added to neutrophil cultures at an
MOI of ∼5 in HBSS +Ca/+Mg/−Phenol red with 0.5% endotoxin
free BSA. Nine 1:10 serial dilutions of E. coli-containing media
were plated on LB agar and grown overnight at 37°C. The result-
ing colonies were counted in order to assess MOI for individual
experiments.

In situ HiC

In situ HiC was performed as described (Rao et al. 2014), modify-
ing only theMboI restriction enzyme digest time to assure proper
digestion of chromatin. Generally, HiC libraries prepared fromac-
tivated neutrophils were digested for 2–4 h with 50 U of MboI to
avoid overdigesting the chromatin. The remainder of the library
preparation adhered to the published protocol and reagents exact-
ly. HiC library DNA was prepared for high throughput sequenc-
ing using the NEB Next platform according to manufacturer’s
instructions, and sequenced using paired-end 100-bp reads.

Fluorescence in situ hybridization (FISH)

Cover slips were incubated overnight in 1%HCl in 70% ethanol,
washed 3× with H2O, once in 70% ethanol, and stored in 100%
ethanol. Coverslips were allowed to air dry prior to adding cells.
Cells were incubated on cover slips in 24-well plates as described
above. At the completion of incubation times, cells were washed
three times for 3 min in PBS and fixed for 30 min in 6% parafor-
maldehyde (Electron Microscopy Sciences 15710) in 1× PBS. PFA
was flushed outwith >5 volumes of PBS/0.05%Tween-20 (PBST),
ensuring that cells never contact the air. Residual PFA was
quenched via incubation with fresh 20 mM glycine in PBS for
15 min at room temperature. Cells were permeabilized in PBS+
0.5%TritonX-100 for 20min at room temperature, washed twice
with PBST, and incubated in PBS+100 µg/mL RNase A (Qiagen
19101) for 1 h at 37°C. Cells were then treated with 0.1 N HCl
for 5 min at room temperature, washed twice for 3 min with 1×
PBS and twice for 5 min with 2× SSC, and then incubated for
>48 h in 2× SSC/50% formamide at 4°C. Coverslips were then
blotted dry and 5 µL of probe containing 75–200 ng of labeled
DNA was added to each coverslip. Cover slips were then sealed
on top of glass slides along with probe using rubber cement.
Probes and genomic DNA were denatured together for 5 min at
78°C on a heat block and allowed to hybridize for 16–48 h at
37°C. Following hybridization cover slips were washed 1× 15
min in SSC/50% formamide prewarmed to 37°C, three times
for 15 min in 2× SSC prewarmed to 37°C, three times for 7 min
in 0.1× SSC prewarmed to 60°C, three times for 7 min in 4×
SSC/0.02% Tween-20 prewarmed to 42°C, once for 5 min with
2× SSC prewarmed to 37°C, and twice for 5 min in 1× PBS. Cells
were then postfixed in 4% PFA in 1× PBS for 10min at room tem-
perature, and PFA was flushed out as above. Cells were washed
once for 10 min in PBST+DAPI, four times for 5 min in 1× PBS,
andmounted in Prolong Goldmountingmedium (Thermo Fisher
P36930).
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FISH probes were prepared from bacterial artificial chromo-
somes (BACs) using nick/translation (Roche 11745808910).
One microgram of BAC DNAwas used in each 20-µL nick/trans-
lation reaction along with the following fluorophores, as needed:
ChromaTide Alexa fluor 488-5-dUTP (Thermo Fisher/Life Tech-
nologies C11397), Cy3-dUTP (VRW 42501), or Alexa fluor 647-
aha-dUTP (Thermo Fisher/Life Technologies A32763). Nick/
Translation was performed for 5–16 h at 15°C and terminated
by addition of 1 µL of 0.5 M EDTA. Unincorporated nucleotides
were removed with ProbeQuant G-50 columns per manufactur-
er’s instructions. One-hundred nanograms of labeled probe DNA
was run on a 1.5% agarose gel following each nick/translation
reaction to ensure that the majority of probe fragments were in
the 300- to 800-bp range. Up to 200 ng of total probe per cover
slip was combined with 10 µg of salmon sperm DNA (Thermo
Fisher 15632011), 4 µg of human Cot1 DNA (Thermo Fisher
15279011), 1/10 volume of 3 M sodium acetate (pH 5.2), and
2.5 volumes of 100% ethanol. Probes were allowed to precipitate
for 30 min at −20°C, centrifuged at maximum speed for 20 min
at 4°C, washed twice with 70% ethanol and once with 100%
ethanol, air-dried, and resuspended in 6 µL of 100% formamide
at 56°C. Six microliters of 2× hybridization buffer (40% dextran
sulfate in 8× SSC [20× SSC: 3 M NaCl, 0.3 M sodium citrate])
was then added to each probe. Probes were denatured for 5
min at 80°C and snap-cooled on ice. Probes were then added
to cover slips and denatured and hybridized to genomic DNA
as noted above. The CXCL locus FISH probe utilized BAC
RP11-243E9, the heterochromatic control probe used BAC
RP11-134J16.
Imaging of FISH samples was performed at the Waitt Biopho-

tonics Center at the Salk Institute. FISH samples were imaged
on Zeiss Airyscan 880 microscopes using the Airyscan Fast
mode (Huff 2016) at a resolution of 40 nm in the x and y axes.
Z sections were imaged every 160 nm. Quantification of FISH
data was performed using TANGO (Ollion et al. 2013) for FIJI
(Schindelin et al. 2012). Nuclei and spot detection were per-
formed with built-in tools in TANGO. Image metrics analyzed
in TANGO include “eroded volume fraction” and “signal quanti-
fication layer” in Figure 4, and “distances” in Supplemental
Figure S3. Metrics were exported from TANGO as text files and
statistical analysis and figure generation were performed in R
using built-in tools (https://www.R-project.org).

HiC analysis

Raw HiC library read alignment to human genome build hg38,
valid read pair filtering, matrix assembly at various resolutions,
and ICE normalization of said matrices were performed using
HiC-pro with default settings (Servant et al. 2015). Biological rep-
licates were pooled following valid read pair filtering, and pooled
data sets were used for analysis except where noted.
For all direct comparisons of HiC data (topological domain

boundary location comparisons, insulation scores, plotted con-
tact matrices, log2 differential matrices) ICE normalized sparse
matrix files were created containing only the subset of interacting
bins that recorded reads in all data sets being compared. Read
numbers at these bins were then quantile normalized in R using
the normalize.quantiles() function in the preprocessCore package
(https://github.com/bmbolstad/preprocessCore), allowing direct
comparison of chromatin interactions between libraries with dif-
ferent read distributions and sequencing depths (Hsu et al. 2017).
Topological domain boundarieswere called on normalizedHiC

data at 40-kb resolution using the domain calling software pub-
lished in Dixon et al. (2012).
HiC-Pro defined valid read pairs were used in conjunction with

HOMER (Heinz et al. 2010) to run principal component analysis

(PCA, runHiCpca.pl -res 10000), generate distance versus interac-
tion frequency plots (makeTagDirectory), define compartment
boundaries (findHiCCompartments.pl), determine interaction
correlations (getHiCcorrDiff.pl -res 40000 -superRes 40000),
define distance-normalized chromatin interactions (analyzeHiC
-res 20000 -superRes 40000 -minDist 100000), and to generate
whole-chromosome pairing plots (analyzeHiC -res 400000000).
CTCF anchored-type loops were called using HICCUPS (Rao
et al. 2014).
Insulation scores were determined as follows: The genomewas

divided into 40-kb segments. Insulation scores for each segment
were defined as the number of normalized (ICE and quantile)
(see above) valid read pairs within a 500-kb window centered on
the segment of interest whose ends map to opposite sides of the
segment of interest divided by the total number of valid read pairs
whose ends both map within the 500-kb window.
ΔPC1 domains were identified as follows: PCA was run at

10,000-bp resolution on pooled HiC data using the runHiCpca.pl
command in HOMER with the following settings: -res 10000
-superRes 10000 -genome hg38. Visual inspection showed that
positive PC1 values corresponded to the gene-rich A compart-
ment, and negative PC1 values corresponded to the gene-poor B
compartment on all chromosomes and across all conditions.
Genomic regions with PC1 score differentials between condi-
tions greater than three standard deviations above the mean
PC1 score differential between conditions were identified as
potential ΔPC1 domains. PCA was then run on individual HiC
biological replicates and only those potential ΔPC1 domains
with a reproducible gain in PC1 value in each biological replicate
were retained. Finally, reproducible ΔPC1 domains within 100 kb
of each other were merged into single continuous ΔPC1 domains
which were used for downstream analysis.

ChIP-seq analysis

Raw fastq files were aligned to the human genome build hg38 us-
ing Bowtie (Langmead et al. 2009) with the following parameters:
-m1 –best –strata. Downstream processing of ChIP-seq data was
performed usingHOMER, except where noted. Uniquelymapped
reads from high quality biological replicates were pooled for
downstream analysis (Landt et al. 2012). Sequencing data was re-
organized as a HOMER-formatted tag directory for each replicate
and multiple reads mapping to the same base pair were collapsed
to a single read using the makeTagDirectory command in
HOMER with the following parameters: -tbp 1. ChIP peaks
were called using the findPeaks command in HOMER with de-
fault parameters. Genes at ChIP peaks were identified using
annotatePeaks.pl in HOMER, and the GenomicRanges package
(Lawrence et al. 2013) in R.
SMC3-amassed enhancers were defined as follows: Enhancers

were defined as H3K27ac peaks called as above. In order to iden-
tify enhancers with activation-dependent cohesin recruitment
(SMC3-amassed enhancers), total unique SMC3 ChIP-seq reads
mapping to enhancers were calculated using annotatePeaks.pl
inHOMER. To directly compare binding strength between condi-
tions, read numbers at enhancers were quantile normalized
across conditions using the preprocessCore R package. Those
reads with a log2(normalized activated/normalized unstimulated
read numbers) value >1.5 were defined as SMC3-amassed. The
GenomicRanges package in R was used to identify genes in
contact with SMC3-amassed enhancers in conjunction with
HOMER-defined chromatin interactions (detailed below). En-
hancer-gene pairs were called as interacting if the center of one
interaction anchor was within 10 kb of an enhancer and the cen-
ter of the other interaction anchor was within 50 kb of a gene
promoter.
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RNA-seq analysis

RNA-seq datawas analyzed using theTuxedo tools, exceptwhere
noted. Raw fastq files were aligned to the human genome build
hg38 using tophat2 (Kim et al. 2013) with the following parame-
ters: –library-type fr-firststrand -a 15. Duplicated reads were
removed using Picard tools command MarkDuplicates REMOV-
E_DUPLICATES=T, and RNA-seq quality metrics were assessed
using Picard tools command CollectRnaSeqMetrics (http
://broadinstitute.github.io/picard). Gene expression values were
computed for each replicate across each condition using cuffdiff
with an hg38 refflat file as reference with the following parame-
ters: –library-type fr-firststrand. Subsequent analysis of gene ex-
pression and integration of gene expression data with other data
types was performed in R.

Metascape analysis

Genes associated with various genomic features were identified
using the GenomicRanges package in R and were analyzed for
functional enrichment in the Metascape Web portal (http://
metascape.org) using “Express Analysis” on default settings (Tri-
pathi et al. 2015). Metascape gene set enrichment visualizations
were performed in R.

Bisulfite-seq analysis

Bisulfite converted DNA sequencing data was processed using
the BSseeker2 software suite (Guo et al. 2013). A bisulfite-se-
quencing amenable hg38 reference genome was built using the
bs_seeker2-build.py command. DNA sequences were aligned
to the hg38 bisulfite sequencing-amenable genome build using
the bs_seeker2-align.py command with the following options:
-m 6 -I 0 -X 800. Cytosinemethylation levels were determined us-
ing bs_seeker2-call_methylation.py with default settings. Awk
was used to convert CGmap files toHOMER-compatible allC for-
matted files. HOMER-formatted tag directories were built using
HOMER’s makeTagDirectories command with the following op-
tions: -format allC -minCounts 0 -genome hg38. Due to sequenc-
ing coverage-induced biases in DNA methylation meta-analysis
(data not shown), awk was used to create HOMER-formatted
tag directories containing only those cytosine residues covered
by both unstimulated and PMA-activated neutrophil data sets.
HOMER’s annotatePeaks.pl command was used with the -ratio
option to determine DNA methylation levels at particular geno-
mic features.

Data visualization

Normalized HiC contact matrices presented in this study were
generated using HiCPlotter (Akdemir and Chin 2015). HiC inter-
actions and ChIP-seq data in Figure 4 and Supplemental Figures
S4 and S6 were visualized using Sushi (Phanstiel et al. 2014).
The remainder of linear genomic datawas visualized using the In-
tegratedGenomics Viewer (Robinson et al. 2011; Thorvaldsdóttir
et al. 2013). FISH images were processed in FIJI. All other data
were visualized using R.

Data availability

Data sets generated in this study are available as a series in the
GEO database under accession number GSE126758.
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