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Abstract

The /L1A and /L1B genes lie in close proximity on chromosome 2 near the gene for their natural
inhibitor, /LIRN. In spite of diverse functions, they are all three inducible through TLR4 signaling
but with distinct kinetics. This study analyzed transcriptional induction kinetics, chromosome
looping, and enhancer RNA production to understand the distinct regulation of these three genes in
human cells. /L1A, IL1Band /L1RN were rapidly induced after LPS, however, /L18B mRNA
production was less inhibitable by iBET151, suggesting it does not use pause-release regulation.
Surprisingly, chromatin looping contacts between /LA and /L1B were highly intermingled
although those of /L1RN were distinct and we focused on comparing /LZAand /L1B
transcriptional pathways. Our studies demonstrated that enhancer RNAs were produced from a
subset of the regulatory regions, that they were critical for production of the mRNAs and that they
bound a diverse array of RNA-binding proteins, including p300 but not CBP. We furthermore
demonstrated that recruitment of p300 was dependent on MAP kinases. Integrator is another RNA-
binding protein recruited to the promoters and enhancers and its recruitment was more dependent
on NF«xB than MAP kinases. We found that Integrator and NELF, an RNA polymerase Il pausing
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protein, were associated with RNA in a manner that facilitated interaction. We conclude that /L 1A
and /L 1B share many regulatory contacts, signaling pathways, and interactions with enhancer
RNAs. A complex of protein interactions with enhancer RNAs emphasize the role of enhancer
RNAs and the overall structural aspects of transcriptional regulation.

Introduction

The IL-1 family of cytokines is comprised of 11 members that all function in the regulation
of inflammation (1). Among the IL-1 family members are IL-1a and IL-1p, the genes for
which are located on chromosome 2q14 in close apposition. IL-1a is a dual function
cytokine regulating transcription directly through a DNA-binding function as well as
regulating the inflammatory response through binding of a cell membrane receptor (2).
IL-1a in the nucleus binds chromatin and is generally induced through pro-apoptotic
signals. Necrotic signals, in contrast, cause IL-1a to distribute primarily in the cytoplasm
(3). When released from the cell, IL-1a stimulates a robust inflammatory response, driving
chemokine expression that regulates the influx of neutrophils and monocytes.

IL-1B has similar but non-overlapping functions and it functions as a cytokine. It was
discovered as a key inflammatory agent driving fever in rabbits (4). IL-1p is
transcriptionally and post-translationally regulated and is primarily induced after recognition
of microbial patterns (5, 6). Monocytes appear to be the main cell that produces IL-1p
following stimulation with LPS. The transcriptional induction of IL-1p leads to the
accumulation of an inactive protein precursor in the cytoplasm (pro- IL-1p that is processed
by the activation of nucleotide-binding domain and leucine-rich repeat pyrin containing
protein-3 (NLRP3)) to active IL-1 (7).

Near the /L1B gene, encoding IL-1p, lies the gene /L1RN that encodes the IL-1 receptor
antagonist (IL-1ra). IL-1ra is a potent inhibitor of both IL-1a and IL-1p (8) by blocking the
IL-1 receptor 1. This agent is utilized to treat inflammatory conditions such as arthritis and
disorders of the inflammasome (9). In spite of the fact that IL-1ra functions as an antagonist
of IL-1a and IL-1p, it too is induced primarily by microbial byproducts. The close
approximation of these three genes with similar regulatory patterns offers an opportunity to
dissect commonalities and differences in the transcriptional regulatory pattern of these three
genes. Understanding the regulation of these three genes is of critical importance in chronic
inflammatory conditions where increased expression of the antagonist might provide clinical
benefit. We noted increased expression of all three mRNAs in cells from patients with
systemic lupus erythematosus (SLE) and the use of the therapeutic IL-1ra antagonist has
shown promise in SLE (10). Thus, there is a clinical rationale for the examination of
transcriptional pathways regulating this locus.

There is also a strong scientific rationale for the study of enhancer-promoter interactions at
this locus. Much of what is understood regarding the mechanism by which enhancers
regulate transcription has come from genome-wide studies of developmentally-regulated
systems (11, 12). The IL-1 locus, in contrast, exhibits a poised status and the mechanisms of
enhancer function are not well understood in this setting (13). In developmental systems,
enhancers are active in a cell-specific and development-specific fashion. Upon activation
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driven by developmental signals, most enhancers are marked by the histone modification
H3K27ac and they produce regulatory RNAs (14, 15). The enhancer-derived RNA (eRNA)
is important for bridging the enhancer to the proximity of the promoter and plays a role in
elongation by RNA polymerase 11 (RNAPII) (16, 17). The contacts are often stabilized by
cohesin and CTCF and loops are not only critical for activation of transcription but CTCF
can also act to insulate promoters from enhancer effects, contributing to the specificity of the
enhancer effect. 3-dimensional chromatin loops actively regulate the transcriptional program
(18-20) and the final transcriptional state of any given promoter integrates signals from
multiple enhancers (whose effects are additive) (21), promoter-proximal transcription
factors, and insulators and other negative regulators. Very few studies have examined
enhancer effects in settings where the induction of expression is rapid and promoters are
already poised (22). These genes are of critical importance in inflammatory settings, yet the
rules governing enhancer activation in such a setting are largely unexplored. Another
compelling reason to better understand the dynamics and mechanisms of this process is the
recent recognition that most common variants implicated in disease susceptibility lie in
regulatory regions and impact level of transcription, functioning as expression quantitative
trait loci (eQTL) (23-25).

Our data demonstrate that these three genes in the IL-1 locus (/L1A, IL1B, ILIRN) lie
within a chromosome region with pre-established chromatin loops and a poised
transcriptional status. LPS treatment appears to drive eRNA production and nucleation of
RNA-binding proteins that collectively regulate expression. In spite of similar kinetics and
signaling pathways, transcriptional mechanisms are distinct at the three genes.

Methods
Cells

Primary monocytes were obtained from a campus core facility under an IRB-approved
protocol. Subjects gave informed consent. The SLE samples were previously reported and
all subjects gave informed consent (26-28), although these analyses are new. The
MonoMacé cell line is a human monocyte line maintained in RPMI with 10% cosmic calf
serum with OPI supplement (Sigma-Aldrich, St. Louis, MO). MonoMac6 cells were
obtained from the German source and thawed from primary vials every 2—-3 months. LPS
treatment utilized 1pg.

Transfection of cells

Transfection of cells was performed by electroporation with the Amaxa Cell Line Lonza
Nucleofector Kit (Amaxa Biosystems, Gaithersburg, MD) or Lipofectamine 2000
(ThermoFisher, Waltham, MA). Two million cells were transfected with 500nM antisense
oligonucleotide using nucleofection. Anti-sense oligonucleotides utilized:

IL1-299AS0O1: 5°- G*G*A* A*G*T* T*C*T* T*G*C* T*G*T* G*C*A-3’
IL1-299AS02: 5’-A*G*A* A*A*T* A*T*C* C*A*C* A*T*T* T*T*T-3’

ILLALNC327_ASO02: 5°- C*C*C* T*T*T* C*T*G* T*A*C* T*C*T* T*C*C* C*T*C-3’
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ILIALNC327_ASO7: 5°-G*T*T* C*T*C* T*C*C* T*T*C* C*T*C* C*T*T* T-3’
Overexpression primers for vectors:
CD831A327- Fwd: 5’-TAGAGCTAGCGAATTATACAAAATTAGCTGGGCATGG-3’
CD831A299-Fwd: 5’-TAGAGCTAGCGAATTCCCAAAGCTGGACGTGCTG-3’
CD831A299- Rev: 5’-ACGCGGCCGCGGATCAATTGCAGTGTAAAGTGTAAAACAC-3’

CD831A327- Rev: 5’-ACGCGGCCGCGGATCGATGAACTTTCCAATAAGACAAACC-3’

Inhibitors and stimuli

The inhibitors included 20uM C646 (Santa Cruz Biotechnology, Dallas, Texas). It is an
inhibitor of p300 induced histone acetylation (29, 30). 20uM iBET151 (Life science
Research, Billerica, Massachusetts) was used at as a specific inhibitor of BRD3/4, important
for transcriptional activation and elongation at paused genes (31). 40uM DRB (Sigma-
Aldrich, Allentown, PA ) was used as an inhibitor of elongation regulating eviction of NELF
via P-TEFb (32). 20uM JSH-23 (Santa Cruz Biotechnology) was used as a specific inhibitor
of NF«xB translocation (33) and 10uM IT901 (Bio-Techne, Minneapolis, MN) was used as a
specific antagonist of p65 NF«xB (34). 10uM SP600125 (Calbiochem, Darmstadt, Germany)
was used as an inhibitor of the INK MAP kinase. Toxicity analyses confirmed minimal cell
death at these concentrations. HPLC-purified LPS was purchased from Sigma-Aldrich (St.
Louis, MO).

Transcriptional analysis

Total RNA was extracted by TRI Reagent® (Sigma-Aldrich, St. Louis, MO, USA) and the
Direct-zol™ RNA MiniPrep Kit (Zymo Research Irvine, CA) was used for clean-up. The
Clontech Advantage RT for PCR kit (Clontech, Mountain View, CA) was used to make
cDNA. Transcript levels were detected by real-time PCR using the TagMan 7900
normalizing to the 18S signal. ncRNAs were detected with custom SYBR green primers and
normalized to actin. Primer sequences are listed below.

IL1-327F: 5’- GCATGGAACTGTGCTCTACAGGAA -3’
IL1-327R: 5’- TTCTATCCCATGCAAAGTTGCTCA -3’
IL1-288 FWD :5’- GCA AGC CGA CTAATG TGT TAT TT -3’
IL1-288 REV : 5°- GGT CCT TCT AAT CCC GTT GTG -3’
IL1-299 FWD: 5’- CTTGTGTCCTGTTGAGAGAGAG-3’
IL1-299 REV: 5’- CTTGAGTCCCTGCTTCCATATT -3’
IL1-338 FWD: 5’- AGGCTCAGGAATTGGGTATTT-3’

IL1-338REV: 5”-GGGTGGAAAGGTAGAGAAAGAG-3’

J Immunol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shietal.

Capture-C

Page 5

896_FWD: ATCCCACCTCTTCCGACT
896_REV: CAGTGACGCTGAATGAATGAATAC
477 FWD: 5’-TGCTCTTCACTATGGCTCTTTAC-3’

477 REV: 5’-GTCAGCGTTGTTGTCAGTTTAC-3’

Promoter connectome analysis was performed essentially as in Chesi et al. (35). Briefly,
1x107 primary monocytes were fixed with 1% formaldehyde. After 10 minutes, 1M glycine
was added to stop the process. Cells were multiply washed before ultimately being snap
frozen in lysis buffer (L0mM Tris, pH8.0, 10mM NaCl, 0.2% NP40 with protease inhibitor)
and stored in =80°C. The 3C process was followed as described (35). The pellet was
centrifuged and lysis buffer was removed. Protease inhibitor cocktail was added and the
resuspended samples were divided into 6 tubes with a predigestion control reserved (control
1). Digestion of DNA utilized Dpnll (NEB) overnight at 37°C. Before starting the ligation
reaction, 100uL of each digestion was removed and combined to create the digest control
(control 2). Dpnll was inactivated at 65°C. T4 DNA Ligase (HC ThermoFisher) was added.
Proteinase K (Invitrogen) was used to de-crosslink at 65°C and RNAse A (Millipore) was
added. The efficiency of the digestion process was tested through quantitative PCR and a
0.9% agarose gel. A 10ug aliquot of each 3C library was then sonicated using a QSonica
Q800R. Once the DNA was sheared AMPure XP beads (Agencourt) were used to clean the
samples and size was assessed on a Qubit fluorometer (Life Technologies) and a
Bioanalyzer 2100. Capture C libraries were made using the Agilent SureSelect XT Library
Prep Kit (Agilent). After the pre-capture PCR, the concentration and size of the sample were
measured. 1ug of each library was hybridized and captured following the SureSelect XT
method. The concentration was tested on the Qubit and the size was measured by
BioAnalyzer using a DNA High Sensitivity Chip. Five replicate libraries were barcoded
using Nextera Index and free adaptor blocking kits, and sequenced to 1.2 billion 50 bp reads
per library on the Illumina NovaSeq 6000 platform. Paired-end reads from five biological
replicates for both LPS-treated and untreated Monocytes were pre-processed using the
HICUP pipeline (v0.5.9) (36), with bowtie2 as aligner and hgl19 as the reference genome.
Significant promoter interactions at 1-Dpnll fragment resolution were called using
CHICAGO (v1.1.8) (37) with default parameters except for binsize set to 2500. Significant
interactions at 4-Dpnll fragment resolution were also called at artificial 4 fragment
resolution in which Dpnll fragments were concatenated /7 silico into 4 consecutive
fragments using default parameters except for remove Adjacent set to False. The significant
interactions (CHiCAGO score > 5) from both 1-fragment and 4-fragment resolutions were
exported in .ibed format and merged into a single file using custom a PERL script to remove
redundant interactions and to keep the max CHiCAGO score for each interaction.

ATAC-seq and data analysis

Chromatin profiling was performed by ATAC-Seq as described previously (38). Briefly,
12,000 to 50,000 cells were washed in cold PBS and lysed in cold lysis buffer (10mM Tris-
HCI, pH 7.4, 10mM NaCl, 3mM MgCI2, 0.1% IGEPAL). Transposition was performed at
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42°C for 45 min with Nextera DNA library Prep kit (illumnia, San Diego, CA). DNA was
purified with the MinElute PCR purification kit (Qiagen, Hilden, Germany), and was
amplified for 12 cycles with the primers from Nextera Index kit ( Illumina). Additional PCR
cycles were evaluated by real time PCR. Final product was cleaned by Ampure Beads.
Libraries were sequenced on a Hiseq 2500 1T in a 50bp/50bp paired end run, using the
TruSeq SBS Kit v3 (Illumina). LPS-treated and control Monocyte ATAC-seq peaks were
called independently using the ENCODE ATAC-seq pipeline. Briefly, paired-end reads from
four biological replicates for each condition were aligned to hg19 genome using bowtie2,
and duplicate reads were removed from the alignment. Narrow peaks were called
independently for each replicate using macs2 (-p 0.01 --nomodel --shift =75 --extsize 150 -B
--SPMR --keep-dup all --call-summits) and ENCODE blacklist regions (ENCSR636HFF)
were removed from peaks in individual replicates. Peaks from all replicates were merged by
bedtools (v2.25.0) within each cell type and the merged peaks present in less than two
biological replicates were removed from further analysis. Finally, ATAC-seq peaks from
both conditions were merged to obtain reference open chromatin regions. To determine
whether an open coding region (OCR) is present in LPS or control cells, we first intersected
peaks identified from individual replicates in each condition with reference OCRs. If any
peaks from at least one replicate overlapped with a given reference OCR, we considered the
region as open.

ChIP assays

5-10 x 108 cells in each condition were treated with 1 % formaldehyde for 10 min at room
temperature to crosslink. Glycine was used to quench the cross-linking, as previously
described (39, 40). Lysed cells were sonicated and immunoprecipitated overnight at 4°C.
Immune complexes were collected with protein A (Invitrogen, Carlsbad, CA), washed
extensively and eluted. DNA was extracted by phenol-chloroform and treated with
proteinase K (200 pug/ml, Roche) and RNase (40 pg/ml, Roche). Antibodies utilized included
those to: CDK9 (a component of P-TEFb), NELF-A, c-JUN, NFxB p65, CBP and p300
antibodies (all from Santa Cruz Biotechnology, Santa Cruz, CA); H3K4me3 antibody
(Active Motif, Carlsbad, CA) and H3K27ac antibody (Active Motif) were used in ChIP
assays and RNA-immunoprecipitation. The GST antibody (Invitrogen, Camarillo, CA) was
used as a negative control for all ChlP assays. Cells were harvested at 30 minutes after LPS
stimulation. Signals are reported as units normalized to 10% input according to the formula
27(10%input CT-Sample CT). The primers for the ChIP assays are listed below:

IL1-299 Enhancer FWD: 5’-GCATGTTACAGCTGTGGATAAC-3’
IL1-299 Enhancer REV : 5’-GACATGGGTGAAGGGAAAGA-3’

IL1-299 Enhancer PRB: 5’- /56-FAM/AGCATCCTATTGTGTTTAGATGAGCCTGG/
3IABKFQ/-3’

IL1- 338 enhancer FWD: 5’-TTTAGATGAGCCTGGTCTTTCC-3’

IL1- 338 enhancer Probe : 5’- /56-FAM/ ATGCACATTAAAGGCCTCCCTGGA (Sense) /
3IABKFQ-3’
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IL1-338 enhancer REV 5’-TGCTATTGTCTGCCTCACTTC-3’
IL1-327 enhancer FWD: 5’-TTTCCTGAAATCTAGAGAGCATACA-3’

IL1-327 enhancer PRB: 5’'-56-FAM/ TAGGCAGTGCTCACCAAATACCTGC/
3IABKFQ-3’

IL1-327 enhancer REV: 5’-GCAAGGGAGACCAGGAAATTA-3’
IL1A promoter FWD: 5’-GACTCAAACGCCAATGAAATGA-3’

IL1A promoter PRB: 5’- /56-FAM/ AAAGGCGAAGAAGACTGACTCAGGC /
3IABKFQ-3’

IL1A promoter REV: 5’-GTAGCCACGCCTACTTAAGAC-3’

IL1B promoter FWD: 5’-GCCATGCACTGGATGCTG-3’

IL1B promoter REV: 5’-TGGCTGCTTCAGACACCT-3’

IL1B promoter PRB: 5’-/56-FAM/ACACATGAACGTAGCCGTCATGGG/36-/31ABKFQ-3’
GAPDH FWD: 5’-CGGTGCGTGCCCAGTT-3’

GAPDH PRB: 5’-/56-FAM/ACCAGGCGGCTGCGGAAAAAA/36-3IABKFQ-3’

GAPDH REV: 5’-CCCTACTTTCTCCCCGCTTT-3’

RNA-Protein Analyses

The RNA immunoprecipitation (RNA-IP) assay was modified as described (41). Briefly, 20—
40 million cells were crosslinked using 1% formaldehyde for 10 min and quenched with
glycine. The fixed cells were lysed in RIPA buffer (1%NP40, 0.5% sodium deoxycholate,
0.05%SDS, 1mM EDTA, 150mM NaCl) and sonicated. The precleared lysates were
incubated with antibodies and protein A agarose at 4°C. Immune complexes were washed
and reverse cross-linked. Direct-zol™ RNA MiniPrep Kit was used to extract the
immunoprecipitated RNA.

To test the role of RNA in protein-protein interactions, we treated lysates with RNases
before co-immunoprecipitation. MonoMacé6 cells were stimulated with HPLC-purified LPS
(1pg/ml, Sigma) for 0, 10 and 30 minutes. Cells were lysed and precleared with protein A
agarose beads (ThermoFisher). 1500ug of protein was used in each immunoprecipitation.
2ug of antibody (NELF-A, Santa Cruz) was added to the protein and incubated overnight at
4 degrees. 30ul of protein A agarose beads were added for 60 minutes the next day and the
beads were washed. Beads were resuspended in 30ul of lysis buffer with 50ug/ml of RNase
A (Roche) and incubated at 37 degrees for 15 minutes. After the incubation, they were spun
down and both the supernatant and beads were collected. The beads were washed twice in
PBS and resuspended in lysis buffer and both supernatant and beads were run on a 4-12%
Bis Tris Novex gel (ThermoFisher). The membrane was probed with antibody to the
Integrator 11 component (INTS11) (Bethyl Lab). To test the ability of RNA to increase
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Integrator 11-NELF-A interactions, both proteins were produced as GST-tagged proteins and
purified using glutathione beads. In vitro production of eRNAs utilized SP6 or T7. Proteins
were mixed 1:1 at 1078M with a 3X molar excess of eRNAs and incubated at 37° for 15
minutes. Anti-NELF-A was used for recovery of the complexes on protein A beads
overnight. Blotting with antibody to Integrator 11 was performed as above.

Statistical analyses

Results

The results represent a minimum of three separate biological experiments. Each figure
legend describes the number of individual experiments. Comparisons across treatments were
performed using Student’s t test.

Increased NLRP3 activation leading to IL-1f production has been observed in SLE patients,
and is thought to be critically important in lupus nephritis (42—45). In our previously
published RNA-seq analysis (27), we noted that the IL-1 family genes were up-regulated in
monocytes from patients with SLE (Supplemental Table 1) (27). /L1RN, encoding IL-1ra,
was increased approximately two-fold over control monocytes, while the /LZA RNA
abundance was also significantly increased in monocytes from patients with SLE. /L 1B was
increased but the difference did not reach statistical significance, and the nearby /L 37gene
was not expressed in monocytes. Based on these data, we hypothesized that there may be
abnormal transcriptional induction of the IL-1 gene family in SLE and designed our studies
to understand commonalities and discordant mechanisms of gene regulation in the 1L-1
family at this locus.

We first established the three dimensional architecture of the IL-1 locus in primary
monocytes. The arrangement of the genes in the context of the one-dimensional sequence of
the human IL-1 family locus is depicted in Figure 1A, To better understand the
transcriptional regulation at this locus, we defined the relationship of the enhancers to the
target promoter using a genome-wide promoter-focused chromatin conformation capture
approach we recently developed (35). The resulting Capture-C data were utilized to
specifically understand the local chromatin folding at this locus. Interactions between
regulatory elements and the /L1B, /L 1A, and /L1RN promoters were identified in cells
stimulated with LPS, and unstimulated cells. Two distinct three-dimensional regulatory
domains were apparent (Figure 1A). The first notable finding is that /LZA and /L 1B share
numerous contacts with putative regulatory elements while /LIRN, in spite of similar
transcriptional kinetics, utilizes its own unique set of regulatory contacts. /L37, which is not
expressed in these cells, has no loops. The second notable finding is that the looping pattern
is more focused after LPS. /L1RN loses all of its downstream contacts after LPS and /L1A
loses a major set of loops from the promoter to a cluster of regulatory sites that lie between
/L1Band /L37. Loss of loops could imply release from a negative regulatory effect or
simply refocusing of loops on the strongest positive regulatory effect. Also noted were loops
from each promoter to the 3’ end of the gene. These were stable after stimulation. For better
visualization of /L1A and /L 1B, expanded views are shown in Figure 1B, 1C, and 1D.
ATAC-seq tracks from the same cells as the Capture-C studies are shown in Figure 1B and
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ChlIP-seq tracks from published data are shown in Figure 1C. Figure 1D is an expanded view
of the data on Figure 1A. We selected regulatory elements with diverse behaviors: stable
contacts (299 and 338 for /L 1B), or contacts lost with LPS (327 for /L1B, 299 and 338 for
/L 1A) for further study based on these findings. All three regulatory elements are embedded
in H3K27ac peaks that increase after LPS (Figure 1C). All three have detectable ATAC-seq
peaks at baseline that increase after LPS (Figure 1B). 338 and 299 lie in a complex web of
contacts upstream of /L 1B and have baseline contacts with /L 1A and /L 1B that simplify to
/L 1B alone after LPS. The 327 eRNA, in contrast, has contacts with /LB at baseline which
are lost after LPS.

In monocytes, both /L 1A and /L 1B mRNAs were induced by LPS. We compared responses
in a cell line model of peripheral blood monocytes and primary monocytes from healthy
donors (Figure 2). Kinetics for the effect of the inhibitors in MonoMac6 cells are shown in
Supplemental Figure 1. One key finding is that in the kinetic analysis IL-1B is less
inhibitable by iBET151 compared to IL1A and IL1RN, an effect previously described for
IL1B, which does not utilize pause release in the standard fashion for transcriptional
regulation (46, 47). Both primary monocytes and MonoMacé cells exhibited induction of
IL1A and /L1B after 90 minutes of LPS. The eRNAs were similarly induced after LPS with
the exception of 477 which we use as a negative off-target control. 477 is an enhancer RNA
located on chromosome 1 but not induced by LPS and was used as a negative control. TNF
was included as a positive control for LPS induction (40, 48). There were differences
between cell types and between inhibitors, The NFxB inhibitor, 1T901, and the BRD4
inhibitor, iBET, had the most consistent inhibitory effects across mRNAs and eRNAs and
both cell types. The magnitude of the LPS effect and the inhibitors was greater in
MonoMacé cells, and the need for high cell numbers for the ChIP studies, led us to utilize
this model cell line for subsequent studies. In MonoMacé cells, the 327 RNA species was
more inhibitable by iBET and C646 than the other eRNAs. The 299 and 338 eRNAs
behaved similarly with respect to inhibitor effects and they lie in a single complex regulatory
region upstream of /L1B.

Although eRNA production is not a universal requirement for enhancer activation, the
majority of active enhancers are actively transcribed in either a unidirectional or
bidirectional pattern (49, 50). We defined the location of the RNA transcripts associated with
these putative regulatory contact regions using MonoMacé cells. The RNAs were found in
chromatin and they increased after LPS stimulation (Supplemental Figure 2). Chromatin
localization supports a regulatory role for these RNA species. Actin (ACT7B) is shown as a
typical mMRNA localized to cytoplasm and X/ST is shown as a non-coding regulatory RNA
localized to chromatin as controls for cell fraction purity. These results indicate that these
RNA species associated with the loop contacts are chromatin-associated and embedded in
chromatin with regulatory characteristics. Thus, we will refer to these RNAs as eRNAs.

A recognized function of eRNAs is to activate enzymatic activity of the RNA-binding
histone acetyltransferases CBP and p300 (51). We hypothesized that one or both of these
proteins play a role in enhancer activation at LPS stimulation. To determine if CBP and p300
are localized to the enhancer or promoter of these genes, we performed a ChIP analysis for
CBP and p300 using anti-GST as a control (Figure 3A). We observed increased binding of
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p300, but not CBP, to the enhancers and promoters of /L1A and /L 1B following LPS
treatment in MonoMac6 cells. SP600125 (JNK inhibitor) inhibited p300 binding to
chromatin, indicating that LPS-driven recruitment of p300 to chromatin is JNK-dependent.
p300 is directly phosphorylated by MAP kinases (52-54) and it is known to interact with a
variety of transcription factors (55-57). Our data place p300 recruitment and activation at an
early point in transcriptional activation. CBP surprisingly does not appear to be involved.

To further test whether CBP and/or p300 regulate IL-1 family members via eRNA binding,
we performed RNA-immunoprecipitation by pulling down CBP and p300 and analyzing the
bound RNA by gRT-PCR (Figure 3A). GFP is a negative control antibody. Consistent with
the chromatin binding results, eRNA binding to p300 was significantly increased after LPS
treatment, while eRNA binding to CBP was not detected. These results together suggest that
LPS-driven enhancer activation of IL-1 family genes is mediated by JNK-dependent p300
binding to chromatin and rapid eRNA interaction with p300.

To additionally understand whether other RNA-binding proteins nucleate at the promoter-
enhancer interface, we examined binding of the CDK9 component of P-TEFb and the E
component of NELF, two proteins involved in pause-release (Figure 3B). We had previously
shown that the SERPINBZ promoter was regulated in a pause-release manner (58). The IL-1
family is similarly induced rapidly after stimulation and we tested whether NELF and the
CDK9 component of P-TEFb bind to these eRNAs in a manner similar to that observed at
the SERPINBZ locus. Recent data support a role for enhancers at pause-release promoters
(59-61). NELF rapidly bound to all the eRNAs whereas CDK9 bound only 299 and 338
after LPS. The kinetics of binding were very rapid, and were selective for eRNAs induced
by LPS. 327 did not bind CDK?9 and had a distinct pattern of inhibition in Figure 2
compared to 338 and 299 which share a single complex regulatory region. These data
suggest that a complex of interactions occurs in a stimulus-inducible manner, centered on
RNA, uniquely for each region; a concept with growing support (62—-64).

To test whether the eRNAs recruit additional protein complexes, we analyzed the binding
pattern of other known RNA-binding proteins to the eRNAs using RNA-IP (Supplemental
Figure 3). J2 is an antibody that recognizes dsRNA. S9.6 recognizes RNA:DNA hybrids.
RBFOX bridges PRC2 to chromatin and is required for transcriptional repression and
binding is RNA-dependent, similar to CBP and p300. SUZ12 is a Zn finger protein
component of PRC2 and it binds nascent transcripts. EZH2 is a methyltransferase
component of PRC2 and binding RNA inhibits enzymatic activity. TIP60 recognizes R loops
(RNA:DNA at transcription bubbles). TIP60 binding was not induced by LPS. EZH2
binding went down with LPS and SUZ12 showed increased binding to the eRNAs after LPS.
Therefore, there are considerable protein-RNA interactions after LPS even if there are no
major changes in chromatin loops. We concluded that the eRNAS participate in multiple
protein complexes at the enhancer-promoter interface.

We hypothesized that eRNAs, produced before mRNA transcription, bind p300, driving
increased histone acetylation. This is a recognized model for eRNA function but this setting
is conceptually different than that seen in development where activation of enhancers and
eRNA production underlies chromatin loop formation to bring the enhancer into proximity
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of the regulated promoter(s) (16, 65, 66). Our Capture-C data suggested that the loops are
largely pre-established at these loci. To test whether the eRNAs participate in mMRNA
regulation, we utilized an anti-sense oligonucleotide (ASO) knockdown approach to
examine the role of the eRNAs on mRNA expression. We first confirmed that each ASO led
to diminished levels of the cognate eRNA (not shown). The knockdown of eRNA 327,
which contacts the /L 1B promoter in unstimulated monocytes and gains a connection to

/L 1A after LPS, resulted in diminished /L ZA mRNA after LPS treatment, with less of an
effect on /L1Btranscript levels (Figure 4A). In contrast, the knockdown of eRNA 299,
which is part of a large enhancer complex that loops to both /L 7B and /L 1A promoters in
unstimulated monocytes, significantly impaired expression of both /L1Band /L 1A after LPS
induction (Figure 4B). In addition, /LZRN mRNA levels remained unchanged when
knocking down these two eRNAsS, as anticipated since /L 1RN does not loop to these two
regions. This study demonstrates that the eRNAs are required for full transcriptional
induction after LPS even without large changes in chromatin loops and suggests a hierarchy
of effects of the eRNAs on mRNA regulation.

Finding that the eRNAs are structurally important for mRNA transcription at the IL-1 locus
and that they bound to pause-release proteins suggested to us that Integrator may be involved
in /L1A and /L 1B transcriptional regulation. Integrator is known to regulate NELF eviction
from the paused RNA polymerase complex (67). We first performed a ChIP assay for
Integrator 11 and found that Integrator was bound to both promoters and enhancers after
LPS stimulation. Furthermore, blockade of NFxB with JSH-23 led to markedly
compromised recruitment of Integrator at all sites, whereas JNK inhibition had a more
modest effect, the opposite of what was observed for p300 recruitment to chromatin (Figure
5A). We observed greater Integrator occupancy at the /L 1B promoter at baseline compared
to the other targets, and recruitment after LPS was less susceptible to inhibition. This is
again consistent with the low level baseline transcription of /LB and less dependence on
pause-release. We hypothesized that such a large complex including enhancer DNA, eRNA,
promoter DNA and at least five proteins besides the RNA polymerase complex might
require a scaffold to maintain structural integrity. To test whether the protein complexes
might be held by a structural aspect of the eRNAs, we digested cell lysates with RNase A
and then immunoprecipitated with NELF and blotted with an antibody to Integrator 11
(Figure 5B). While Integrator 11 was easily co-immunoprecipitated in the absence of RNase
treatment, RNase treatment led to release of Integrator from the complex. These data suggest
that the eRNAs may act as scaffolding for some of the proteins complexed at the enhancer-
promoter interface. To further test this, we produced NELF and Integrator as GST-linked
proteins and incubated them with various RNA species (Figure 5C). All of the RNA species
increased the protein-protein interaction although the eRNAs appeared to have a greater
effect than actin.

Discussion

These studies of acute activation of transcription define a distinct model for the role of
chromatin in transcriptional regulation. In developmental systems, eRNAs are critical for
loop formation and differentiation depends on the correct approximation of enhancers and
promoters related to fate determination and differentiation (68, 69). Many inflammatory
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genes utilize a pause-release transcriptional mechanism, presumed to facilitate rapid
activation of transcription in response to threat (70, 71). Our data defined a complex set of
loops at baseline that focused after LPS, a conceptually different view of looping than that
seen in developmental systems. This may be a systematic effort to promote the rapid
transcriptional response of these critical cytokines. With enhancers already approximated to
their cognate promoters, transcription of mMRNAS can be very rapid. With this information, it
was possible to ask about the role of the eRNAs. If the loops are established at baseline what
might the role be for eRNAs in promoting transcription? To address this question, we first
established the critical pathways regulating the eRNAs and mRNAs. We hoped to exploit
commonalities and differences between /L1A and /L1Bto dissect pathways regulating
enhancer-promoter interactions.

The transcriptional patterns of /L1A and /L1B are subtly different. /LZA mMRNA
accumulates more slowly than that of /L 1B and its final abundance is lower. /L 18 mRNA
level at baseline is substantially higher than that of /LZA. In accordance with the baseline
transcription of /L1B, H3K4me3 is very high at the /L 1B promoter at baseline and declines
after LPS whereas H3K4me3 is more moderate at baseline at the /L ZA promoter and
increases after LPS. The /L 1B gene has been described as having Spi-1/PU.1 (Spil) bound
to the promoter at baseline and then stimulus induction of NFxB to the same region of the
promoter (46). Based on our data, recruitment of Integrator is an additional step downstream
with PU.1 =NF«xB = Integrator representing a central regulatory pathway that is in turn part
of a larger complex of RNA-binding proteins. /L 1A may require recruitment of a histone
methyltransferase, usually SET1 at proinflammatory genes (72). Requirement for this extra
step, compared to /L 1B, may explain the delayed kinetics of /LA mRNA accumulation. We
also found that the BRD4 inhibitor, iBET151, had markedly different effects on /L1B
compared to /L1A. /L 1B mRNA expression was delayed but expression of /L 1A was nearly
completely abrogated with iBET151 treatment. The role of BRD4 is to activate P-TEFb and
release RNA polymerase Il from pausing. These data suggest that /L ZA is more dependent
on BRD4 for pause-release than /.18 and coupled with the requirement to recruit a histone
methyltransferase, certainly contributes to the slower kinetics of expression. /L1B has
previously been found to have less dependence of pause-release (46). Commonalities noted
for /L1A and /L 1B are their reliance on NFxB and MAP kinase pathways for nMRNA
production and their overall rapid induction. Collectively, our data identify central
differences in mechanisms of regulation that may help to explain differences in their kinetics
of expression and highlight the critical role of chromatin in regulating transcription.

With this detailed information on transcriptional induction of the mRNAs, we went on to
similarly dissect eRNA production. In general, the eRNAs were less inhibitable than the
mRNAs but were again dependent on MAP kinases and NFxB. The three eRNAs we
focused on in this study arose from H3K27ac peaks that increased after LPS. In terms of
expression patterns, two eRNAs behaved similarly with subtly different responses to the
inhibitors compared to 327 which is located in a different region. We went on to demonstrate
a key role for the eRNAs in /L1A and /L 1B mRNA production by knocking them down with
an antisense technology. This confirmed, as has been seen in many systems, a mechanistic
effect of eRNAs, however, the precise role and sequence of events involving eRNAs is not
yet defined for pause-release genes. We therefore identified key binding partners and

J Immunol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shietal.

Page 13

dependencies. CBP and p300 are highly homologous histone acetyltransferases (73). The
enzymatic activity is activated by RNA but the functional niches in which each is dominant
remain to be defined (51). The p300 protein was inducibly recruited to both enhancers and
promoters after LPS and bound eRNAs. LPS-inducible CBP binding to chromatin was not
identified. These data suggest that p300 may be more critical for inflammatory gene
expression than CBP and in our previous study of a different locus, we also found that the
eRNAs bound to p300 after LPS and not CBP (64) supporting the inflammatory gene set as
a key niche for p300. The MAP kinase pathway was critical for p300 recruitment to
chromatin. Several studies identified a role for MAP kinases in activating p300 binding in
very specific settings but it is not yet clear if MAP kinases represent the major pathway for
p300 activation (55, 74, 75). Our study contributes to the emerging understanding of early
assembly of transcriptional complexes at enhancers. These data allow the sequence of events
to be established at least at the IL-1 locus. NFxB may be responsible for the initial eRNA
production and Integrator recruitment to the promoter but MAP kinases appear to be
important for recruitment of p300 to the enhancers. Upon recruitment of p300 and binding
eRNAs, p300 acetylates H3K27ac. This is thought to act as a platform for the assembly of
the transcriptional activation complex.

Integrator has been characterized as a multi-molecular complex that serves as a scaffold and
has recently been implicated in the pause-release transcriptional regulation (67, 76). Both
enhancers and promoters bound Integrator 11 in an LPS-inducible manner although the

/L 1B promoter appeared to have some Integrator 11 bound at baseline. This is consistent
with the overall impression that /L B transcription is active at baseline. Integrator 11
assembly into a higher order complex with NELF, one of the main pausing proteins, was
facilitated by RNA, although not wholly dependent on RNA. Integrator 11 has been
previously shown to interact with NELF using co-immunoprecipitation from nuclear extracts
and it may be that unrecognized RNA was enhancing the interaction (67). These key
findings lead to a model where eRNAs act in many and varied structural roles. Through
binding to p300, histone acetyltransferase activity is regulated by eRNAs, and the very
landscape of H3K27ac is therefore dependent on eRNA production. In addition, the higher
order complex of enhancer-promoter-Integrator appears to have an RNA dependency. How
the eRNAs correctly partner with the proteins in each promoter-enhancer pair is not known
and the Capture-C data suggest that multiple enhancers can participate in the transcriptional
regulation of a single promoter. This leads to a dynamic model in which the chromatin is
variably looped and interactions may be transient with stabilization of favorable interactions
after LPS.

We selected this locus specifically to compare /LZA and /L1B. In a previous study we
identified that these pivotal cytokines cluster together with IL-6 in terms of their Kinetics of
expression and their behavior with various inhibitors (77). IL-1a and IL-1f are functionally
similar although structurally very different. Surprisingly, their promoter contacts to
regulatory regions were highly intermingled but completely distinct from those of /LIRN.
Although we identified their co-increased expression in SLE, common features by clustering
analysis, and rapid induction after LPS, there were differences in the mechanisms of
transcriptional regulation. /L 1B appeared to have completed more steps in the path to
expression than /L 1A and low levels of mMRNA were seen at baseline. This is consistent with
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emerging models where pause-release is not a binary quality but is part of a spectrum of
pausing (78, 79). According to this model, /L1B s not highly paused and is therefore less
susceptible to inhibition by iBET151, as was observed. Although the enhancers we focused
on also had many similarities and either at baseline or after LPS were found to interact with
both promoters, there were also differences between the enhancers. 327 differed from 299
and 338 because it failed to bind CDK9, the RNA-binding component of P-TEFb. Looping
to 327 was gained by the /L 1A promoter after LPS but apparently P-TEFb binding to the
eRNA is not critical for that to occur.

This study dissected the IL-1 locus in unprecedented detail to define key interactions
between enhancers and promoters. Four key notable findings emerged. 1) The regulatory
contacts for /LZA and /L1B are highly intermingled but separated from those of /LIRN. 2)
Regulatory looping contacts exhibit modest changes after LPS. 3) The eRNASs interact with
multiple proteins in large complexes that may be in part dependent structurally on RNA. 4)
The eRNAs bound to p300 but not CBP after LPS induction of transcription. These findings
highlight key differences from developmental systems where looping is dependent on
eRNAs and begin to characterize the landscape for inflammatory gene expression. There are
some limitations to these analyses, however. A single stimulus was utilized at early time
points. This offered the advantage of being able to exploit the abundant knowledge of
signaling pathways activated by TLR4 engagement. However, it is possible and even likely
that not all stimuli will impact gene expression in the same manner. Another limitation is the
use of a cell line for most mechanistic studies. Not all epigenetic pathways are equally
recapitulated in cell lines and these studies must be extended to primary cells where
possible. Finally, we selected a deep dive into a single locus to best dissect the mechanisms.
Extending these analyses to a genome-wide approach will be desirable. In summary, our
data show a pivotal role for eRNAs in regulating transcription of /L 1A and /L 1B that may
include a structural role. While overall similarities were found in the transcriptional
blueprint, we exploited differences to better understand key mechanisms regulating
expression.
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Key points
Enhancer RNAs are functionally important for ILLA/B mRNA transcription
MAP kinases and NF«xB regulate distinct transcriptional processes

Enhancer RNAs bind pausing proteins to release RNA polymerase Il
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Figure 1. Long-range chromatin interactions at the IL1 region

299

Primary monocytes were mock treated (blue) or treated with 1jug/ml LPS (red) for 30
minutes. A) Promoter contacts from /L1A, IL1B, IL37, IL1IRN were analyzed by Capture-C
in five separate biological replicates. Interactions were designated based on the geometric
mean of the replicates. B) ATAC-Seq signal profile across the /L1A, /L1B, and /L37. This
was performed on the same cells. C) H3K27ac, H3K4mel and H3K4me3 peaks from
primary monocytes treated with or without LPS for 1 hour. The ChlP-seq data were
extracted from a published study (80). D) The long-range chromatin contacts defined by
Capture-C and eRNA locations are displayed as an expanded view for /L1A, /L1B, and

IL37.
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Figure 2. Analysis of LPS induction of RNAs
MonoMacé cells and primary monocytes were treated with 1ug/ml LPS for 90 minutes.

Total RNA was extracted and qRT-PCR was performed. /L1A, /LIBand TNFwere
examined as mRNAs. The inhibitors JSH-23, iBET151, C646, SP600125, DRB, and I1T901
were tested for effects on RNA abundance. These graphs represent the mean of n=3
biological replicates (error bars represent SD). The asterisks indicate a consistent statistical
significance across all measured RNA species (except TNF for mRNAs and 477 eRNAs
which represent controls). Supplemental Figure 1 provides additional detailed views of the
data in a time course.
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Figure 3. LPS induces p300 but not CBP binding to eRNAs and chromatin
ChIP analysis of p300 and CBP binding. MonoMacé cells were pretreated with JNK

inhibitor SP600125 (SP) for 30 minutes and then stimulated with 1ug/ml LPS for 15
minutes. ChIP assays were performed using p300, CBP or GST (negative control)
antibodies. Bound promoter (IL1B and IL1A) and enhancers (327, 338, 299) were detected
by gPCR. Results are the means plus standard deviation (n=4, * p<0.05 comparing LPS
treatment to unstimulated [large asterisks], and inhibitor plus LPS to LPS alone [small
asterisks]). RNA-immunoprecipitation (RNA IP) was used to identify RNA binding to
proteins. MonoMacé cells were treated with 1ug/ml LPS for 0, 10 or 30 minutes. RNA IPs
were performed using p300, CBP, or GFP (negative control) antibodies. Bound RNAs were
detected by qRT-PCR. 477 is an enhancer RNA located on chromosome 1 but not induced
by LPS and was used as a negative control. Results displayed represent the means plus
standard deviation (n=4, asterisks indicate the same as for ChIP assays). B) MonoMacé6 cells
were treated with 1pg/ml LPS for 0, 10, or 30 minutes. RNA immunoprecipitation was
performed using NELF-A or CDK9. Bound RNAs were detected by gRT-PCR. The eRNAs
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were observed to significantly bind to CDK9 and NELF upon LPS treatment, peaking at 10
minutes. 477 is a control eRNA that is not LPS inducible. Results displayed represent the
means with standard deviations (n=4, * p<0.05).
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Figure 4. IL1 eRNAs regulate transcription
MonoMacé cells were transfected with the indicated 20-bp phosphorothioate antisense

oligonucleotides (ASO) designed to knock down eRNAs (two different ASOs each) or an
ASO to GFP for 3 hours and stimulated with or without 1ug/ml LPS for 60 minutes. Total
RNA was isolated and gRT-PCR was performed to measure levels of eERNAs and mRNAs.
A) Knockdown of 327 eRNA significantly decreased the LPS-induction of /L 1A but had less
effect on /L1Band no effect on /L1IRN. B) Knockdown of 299 eRNA significantly
decreased the LPS-induction of /L1A and /L1B mRNAs but did not affect the /LIRN
transcript levels. Fold change indicates levels compared to the GFP ASO in the unstimulated
cells. (n =3, * p<0.05). PCRs were normalized to Actin.
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Figure 5. Integrator interactions
(A) An Integrator 11 (INT11) ChIP assay was performed to analyze Integrator 11 binding to

the promoters and enhancers. Inhibition of the NFxB pathway by JSH-23 (JSH) and the
JNK pathway with SP600125 (SP) led to diminished binding with greater effects observed
with JSH-23. (n=4) B) Co-immunoprecipitation was used to show the interaction of
Integrator 11 (INTS11) and NELF-A. MonoMac6 cells were treated with LPS (1ug/ml) for
0, 10, or 30 minutes. Lysates were collected and treated with RNase A as indicated and anti-
NELFA used for immunoprecipitation. After RNase treatment, Integrator 11 interactions
with NELF were decreased. The NELF blot of the same gel is shown below for quantitative
comparison. C) Purified proteins were incubated with various types of RNAs in an effort to
test the ability of RNAS to facilitate interactions between Integrator and NELF. Various
RNAs increased the interaction between the two proteins. (There were at least five biological
replicates of these analyses). + represents the lysate, - represents the negative control of
mouse 1gG.
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