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SUMMARY

OCA-B, OCA-T1, and OCA-T2 belong to a family of coactivators that bind to POU transcription factors (TFs) to
regulate gene expression in immune cells. Here, we identify IkB¢ (encoded by the NFKBIZ gene) as an addi-
tional coactivator of POU TFs. Although originally discovered as an inducible regulator of NF-kB, we show
here that IkB¢ shares a microhomology with OCA proteins and uses this segment to bind to POU TFs and oc-
tamer-motif-containing DNA. Our functional experiments suggest that IkB¢ requires its interaction with POU
TFs to coactivate immune-related genes. This finding is reinforced by epigenomic analysis of MYD88-25°F-
mutant lymphoma cells, which revealed colocalization of IkB¢ with the POU TF OCT2 and NF-kB:p50 at hun-
dreds of DNA elements harboring octamer and kB motifs. These results suggest that IkB{ is a transcriptional
coactivator that can amplify and integrate the output of NF-xB and POU TFs at inducible genes inimmune cells.

INTRODUCTION

A fundamental feature of immune cells is their ability to rapidly
implement transcriptional changes in response to encounters
with extracellular cytokines or pathogens. Critical to such tran-
scriptional responses are signal-inducible transcription factors
(TFs), which include nuclear factor kB (NF-xB) as a prominent
example.! Comprising heterodimers or homodimers of pé5,
RelB, c-Rel, p50, and p52 proteins, NF-«kB is prevented from bind-
ing to kB DNA sequences by its interaction with inhibitor of nuclear
factor kappa B (IkB) proteins, which can sequester NF-xB dimers
in the cytoplasm.”? In the classical NF-kB pathway, engagement
of receptors of inflammatory signals leads to inhibitor of nuclear
factor kappa B kinase (IKK)-dependent phosphorylation of kB
proteins, which triggers their degradation by the ubiquitin-protea-
some system.® This mechanism allows for inducible entry of
NF-kB into the nucleus, where it binds to kB motifs present at pro-
moter and enhancer DNA elements to activate hundreds of down-
stream target genes. Importantly, during animmune response, the
output of NF-«B is integrated with other inducible TFs, including
signal transducer and activator of transcription (STAT),* activator
protein 1 (AP-1),% and pit-oct-unc (POU) proteins.®™®

Among the eight IkB proteins (defined by having NF-kB-binding
ankyrin repeat domains), inhibitor of nuclear factor kappa B zeta
(IkBY) has long been noted to exhibit atypical functionalities.’
Although IkBa/B/e become degraded by inflammatory cytokine
signaling, many of these same signals (e.g., lipopolysaccharide
(LPS), interleukin [IL]-1B, and IL-17) elevate IkBZ expression by

transcriptional and post-transcriptional mechanisms.'®~'* In addi-
tion, IkB differs from IxBa/B/e by localizing to the nucleus'? and by
binding to p50/p50 NF-kB homodimers on DNA.'*"® Through the
interaction with p50, 1kB¢ can function as a transcriptional coacti-
vator of NF-kB target genes, such as /L-6."%"” Consistent with this
model, IkBZ (gene symbol: Nfkbiz)-deficient mice exhibit impaired
cytokine productioninimmune cells, which mirrors defects seenin
p50-deficient cells.’” Evidence also exists that 1kB¢ inhibits the
p65 subunit of NF-xB,'>'®'® which may lead to enhanced in-
flammation in IkB¢-deficient epithelial tissues.'® However, some
attributes of 1kB¢ function have been difficult to explain by NF-
kB regulation alone, such as the selective deficitin Th17 T cell dif-
ferentiation observed in IkB¢-deficient mice.?® This has led to
speculation that IkB{ can function as a cofactor of additional
TFs with immune-related functions.

POU TFs OCT1/POUZ2F1 and OCT2/POUZ2F2 perform impor-
tant roles in development, as well in the activation of inducible
genes in immune cells. Despite its ubiquitous expression across
cell types, several studies have shown OCT1 to be a powerful
activator of cytokine genes in immune cells.?'2° OCT2 expres-
sion is highly specific to the B cell lineage, but its expression
can be induced by inflammatory signals in both myeloid and
lymphoid cell contexts.”?%*” This is thought to be explained by
POU2F2 being an NF-kB target gene,”?” which allows OCT2
to contribute to the activation of secondary transcriptional re-
sponses downstream of inflammatory signals.

One unique mechanism employed by POU TFs OCT1, OCT2,
and OCT11/POU2F3 is their use of specialized transcriptional
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coactivators belonging to the OCT coactivator (OCA) protein
family.?®?° Three OCA proteins have been identified to date
(OCA-B, OCA-T1, and OCA-T2), each possessing a 23 amino
acid segment that binds directly to the DNA-binding domain of
POU TFs and with octamer motif (ATGCAAAT) DNA.2%32
OCA-B expression is highly specific to lymphoid cells,?*** where
it promotes cell differentiation by functioning as a coactivator of
OCT1 and OCT2 at lymphoid-specific genes.>* By contrast,
OCA-T1 and OCA-T2 expression is specific to tuft cells,”® an
important cell type for type Il mucosal immunity.>® In this context,
OCA-T1 and OCA-T2 function as OCT11 coactivators to pro-
mote tuft cell-specific gene expression.*®

Here, we show that IkB¢ contains a previously overlooked mi-
crohomology with the OCA proteins; a 23 amino acid segment
that we demonstrate is necessary for binding to POU TFs and
octamer motif DNA. We present biochemical, genetic, and epi-
genomic data supporting that IkB{ is a coactivator of POU
TFs, which is mediated by its OCA peptide. Considering the
known role of IkB¢ in the NF-kB pathway, our findings suggest
that the mechanism described here integrates POU TFs with
inflammation-induced transcriptional responses.

RESULTS AND DISCUSSION

IkB{ shares a microhomology with OCA-B, OCA-T1, and
OCA-T2

We recently identified OCA-T1 and OCA-T2 as tuft cell-specific
paralogs of the B cell-specific coactivator OCA-B.>° All three
proteins share a highly conserved N-terminal OCA peptide for
binding POU TFs, a less conserved C-terminal trans-activation
domain, and are each encoded in a gene cluster on human chro-
mosome 11.%° Here, we performed a position-specific iterated
basic local alignment search tool (PSI-BLAST) analysis in search
of additional human proteins that might have an OCA peptide for
binding POU TFs, which nominated IkB¢ as a candidate (Figures
1A and S1). Unlike the three OCA proteins, kB¢ is encoded on
human chromosome 3 and possesses ankyrin repeat domains
(Figure 1A). Using a ConSurf analysis,*® we found that the OCA
peptide, like the ankyrin repeat domains, is highly conserved
across kB¢ orthologs in different species, suggesting it may
have functional importance (Figure 1B). The OCA peptide is pre-
sent on all annotated kB¢ isoforms, but this sequence is absent
on the closest IkB¢ paralog B-cell ymphoma-3 (BCL-3) (data not
shown). Using the existing X-ray crystal structure of OCA-B
bound to OCT1 and DNA®' (PDB: 1CQT), we generated a homol-
ogy model substituting IkB¢ for OCA-B (Figure 1C). This model
predicts shape complementarity and bonding interactions
involving kB¢, OCT1, and DNA, which includes critical bonds
that link valines 114/116 with DNA and valine 120 with the
POU domain of OCT1 (Figure 1C). Taken together, these ana-
lyses led us to hypothesize that IkBZ uses an OCA-like peptide
segment to bind to POU TFs.

IkB¢ forms a stable complex with POU TFs via its OCA
peptide

We next performed biochemical experiments to characterize the
putative OCA peptide of IkBZ. Using transient transfection of
epitope-tagged proteins in HEK293T cells, we confirmed the
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ability of OCT2 to co-immunoprecipitate 1kB¢ in nuclear lysates
(Figure 2A). Importantly, a V120E or a V114D/V116D double mu-
tation of IkB{ diminished this interaction, which is consistent with
our structural model and with prior mutational studies of the
other OCA proteins (Figure 2A).2° Phenylalanine 111 of the
IkB{ OCA peptide is a prominent difference from the three
OCA proteins, which instead have a tyrosine at this position (Fig-
ure 1A). However, we found that 1kBZ' 'Y bound to OCT2 in a
similar manner to IkB¢WT (Figure 2A). Deletion of the 1kB¢ ankyrin
repeats did not influence the OCT2 interaction (Figure 2A), and,
conversely, mutations of the OCA peptide did not influence
NF-kB binding (Figure S2A). In this expression system, we found
that IkB¢ associated with several different POU TFs (e.g., OCT2
and OCT6) but less efficiently with others (e.g., BRN4) (Fig-
ure 2B). Using HBL1 cell lysates (see below), we confirmed
that endogenously expressed IkB{ associates OCT2 and
NF-kB:p50 (Figure S2B). To evaluate whether 1kB¢ can directly
bind to POU TFs, we expressed and purified full-length proteins
from bacteria (Figures 2C and S2C). Using pull-down assays and
analytical gel filtration, we confirmed that IkBZ (in the presence of
octamer motif DNA) selectively and stably binds to OCT1, OCT2,
and OCT®6 via its OCA peptide (Figures 2D-2G and S2C-S2E).
Using these purified proteins, we also found that IkB¢ can bridge
OCT2 with p50 to form a higher-order complex (Figures S2F and
S2G). Taken together, these experiments validate the OCA pep-
tide of kB¢ as a binding surface for POU TFs.

The OCA peptide of IkB{ is required to activate specific
immune genes

Prior studies have shown that 1kB¢ activates inducible immune
genes, often by regulating proximal promoter elements.®” ™" In
surveying this literature, we noticed that many of the promoters
of human kB¢ target genes contained octamer motifs in addition
to kB motifs (Figure 3A), albeit with variable levels of evolutionary
conservation (Figure S3A). As an example, the IkB{ target
DEFBA4A (encoding an anti-microbial defensin protein) has tan-
dem octamer and kB motifs located ~180 bp upstream of its
transcriptional start site (Figure 3A). In accord with prior
work,®” we found that the DEFB4A promoter is induced ~50-
fold by exposure to tumor necrosis factor alpha (TNF-a) (which
activates NF-«B but does not induce IkB{ expression) in combi-
nation with transient transfection of IkB{ cDNA constructs in
HEK293T cells (Figures 3B, S3B, and S3C). Remarkably, we
found that IkB¢-dependent DEFB4A activation was eliminated
by mutation of conserved valine residues of the OCA peptide
or by deletion of the ankyrin repeats, whereas the F111Y muta-
tion behaved like the wild-type protein (Figure 3B). In addition,
mutation of the octamer motif, mutation of the kB motif, or a ge-
netic knockout of OCT1 eliminated the inducible activation of
DEFB4A (Figures 3B-3E and S3D). Similar results were obtained
evaluating ELF3, which is another 1kB{ target gene harboring kB
and octamer motifs in its proximal promoter (Figures S3E-
S3G).“° As a control, we found that 1kB{ does not require its
OCA peptide to activate the promoter of the NF-«B target gene
CXCL8, which lacks an octamer motif (Figure S3H). Taken
together, these findings suggest that IkBZ functions as a coacti-
vator of both NF-kB and POU TFs at inducible immune genes
containing recognition motifs for these TFs.
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Figure 1. The IkB{ protein has a conserved OCA peptide
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(A) Domain architecture of OCA-peptide-containing proteins, OCA-B, OCA-T1, OCA-T2, and IkB{. OCA peptide (blue box) and ankyrin repeat (beige boxes) are
displayed. OCA peptide sequences are retrieved from UniProt and aligned through Clustal Omega. Residues from OCA peptide at DNA interface (blue dots) and

POU protein interface (red dots) are marked.

(B) Conservation analysis of IkB¢ primary structure across species through the ConSurf Server.
(C) IkBZ segment (residues 109-139) is modeled through Swiss-model using OCA-B-DNA-OCT1 ternary complex (PDB: 1CQT) as template and aligned on the
same structure in PyMol. Critical interface residues are labeled on the structure. See also Figure S1.

To explore the generality of this result, we lentivirally expressed
IkBZVT or 1kBZY'2°F in combination with TNF-o. treatment of hu-
man lung fibroblasts (Figure 3F), followed by quantitative
reverse-transcription PCR (RT-gPCR) analysis of endogenous
IkB¢-dependent genes defined in prior studies.®” ' Although
wild-type kB¢ triggered robust activation of this panel of genes,
IkB¢Y12E was defective at activating DEFB4A, ELF3, CSF3, IL-
10, IL-19, and to a lesser extent IL-6 (Figures 3G-3L). By contrast,
the LCN2 gene, which lacks an octamer motif in its proximal pro-
moter, was activated independently of the IkB{ OCA peptide (Fig-
ure 3M). We obtained similar results in SW982 synovial sarcoma
cells treated with TNF-o and transduced with [kB¢ cDNAs (Fig-
ure S3I). Of note, IkBY required its OCA peptide to activate IL-10

and /L-19, but this activation did not require TNF-o treatment.
The lack of NF-kB-dependence for IL-10 and IL-19 expression
might be due to the upstream kB motif being greater than 3 kb
away from the transcriptional start site. This highlights how
different immune genes preferentially rely on NF-kB versus POU
TFs for IkB¢-mediated transcriptional activation. Nevertheless,
these findings indicate that the inducible activation of specific im-
mune genes relies on the interaction between [kB{ and POU TFs.

Colocalization of IkB{, OCT2, and NF-kB:p50 in HBL1
lymphoma cells

We next used epigenomics to evaluate the connection be-
tween IkB{ and POU TFs. For this purpose, we employed
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Figure 2. The OCA peptide of IkBZ binds directly to POU TFs

(A) Coimmunoprecipitation-western blotting assay evaluating the effects of substitutions at the OCA peptide or deletion of ankyrin repeats on IkB{-OCT2
interaction in HEK293T cells.

(B) Coimmunoprecipitation assay testing the ability of different POU transcription factors to interact with I«kBZ in HEK293T cells.

(C) Recombinant proteins expressed, affinity-purified, and further purified by size exclusion chromatography and separated on SDS-PAGE gel to evaluate for
protein purity.

(D) GFP-pull-down assay with stoichiometric mixtures of tagged POU proteins (OCT1, OCT2, and OCT®6), kB¢ (wild-type and V120E mutant), and octamer motif-
containing dsDNA.

(E-G) Superposed chromatograms for the gel filtration analysis of various POU-1kB{ assemblies. Absorbance at 260 nm was used as tracer for all separation runs.
The same “DNA alone” and “GFP-1kB¢"T-DNA” graphs were used as references in all three comparisons. See also Figure S2.
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Figure 3. The OCA peptide of IkB{ is required to activate a subset of its immune-related target genes

(A) Diagram of putative promoter regions of select IxB{ target genes. POU octamer motif (blue box) and NF-kB binding site (xB element, red box) are displayed.
(B) DEFB4A promoter luciferase activity measured in the presence of reporter plasmids with wild-type octamer motif or mutant octamer motif; kBT or
IkBZY12°E; and in the presence of vehicle or 10 ng/mL TNF-«. treated HEK293T cells.

(C) The same activity assay is repeated in control or POU2F1 (OCT1) knockout HEK293T cells using wild-type octamer reporter. The assays were repeated twice.
Data are displayed as mean + SD of one representative experiment.

(D and E) The post-luciferase assay lysates were separated on SDS-PAGE and blotted with respective antibodies to assess expression levels to ensure that
differences in transcriptional activation with the luciferase reporter were not because of diminished protein expression and to ensure the efficiency of CRISPR-
based OCT1 knockout.

(F) Western blot analysis of lentiviral HA-tagged 1kB¢"" or IxB expression in human lung fibroblasts. mCherry cDNA serves as a negative control.

(G-M) RT-gPCR analysis of I«BZ target gene expression in human lung fibroblast cells stably expressing negative control vector, IkB{"T or IkBZY'2°E, The cells
were treated with vehicle or 10 ng/mL TNF-a for 24 h before harvesting RNA. RT-gPCR assays were repeated twice. Unpaired Student’s t test was used to
calculated p values. Data are displayed as the mean + SD of one representative experiment. See also Figure S3.
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Figure 4. IkB{ colocalizes with OCT2 and
NF-kB:p50 at regulatory DNA elements in
HBL1 lymphoma cells

(A) Overlap analysis of IkB{ peaks identified by
ChlIP-seq analysis of HBL1 cells with the two an-
tibodies indicated.

(B) MEME analysis of TF binding motifs enriched
within high-confidence IkB{ peaks. The top four
motifs are indicated.

(C) Overlap analysis of kB¢, OCT2, and NF-
kB:p50 peaks identified by ChIP-seq analysis of
HBL1 cells.

(D-F) Enrichment profiles of H3K27 acetylation,
kB, OCT2, and p50 at the indicated genes.

(G) The overlap between significantly down-
regulated genes in OCT2 knockout and [kB¢
knockout HBL1 cells (padj < 0.1 with 2 TPM
threshold).

(H) Gene set enrichment analysis (GSEA) plot of
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riched for OCT2 and NF-«B:p50, which
includes the ELF3, NFKB2, NFKBIA,
and ZNF460 loci (Figures 4C-4F and
S4A-S4D). At a smaller subset of DNA
elements, we found that IkB{ colocal-
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the MYD88-2°F_mutant human diffuse large B-cell lymphoma
cell line HBL1. This MYD88 gain-of-function mutation results in
constitutive activation of the NF-kB pathway and leads to high
basal expression of I«BZ.*” As a B cell lineage cancer, HBL1
cells also express OCT2 at high levels.”® We performed chro-
matin immunoprecipitation sequencing (ChlP-seq) analysis of
IkBC in HBL1 cells with two independent antibodies to map
1,187 high-confidence binding sites (Figure 4A). Remarkably,
a motif enrichment analysis (multiple expectation maximiza-
tions for motif elicitation [MEME] suite) revealed kb and oc-
tamer motifs as the top-ranked sequence correlates of kB¢
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seen at the EHF locus, which contains
one IkB{ peak colocalized with p50
and another colocalized with OCT2
(Figure S4B). Although the presence of
kB and/or octamer motifs explains the
majority of 1kB¢ binding site in the HBL1 genome, our epige-
nomic and motif analyses suggest that other TFs might also
recruit IkB( to a set of sites independently of NF-kB or POU
TFs (Figures 4C and S4E-S4H).

Finally, we evaluated the functional overlap of OCT2 and kB¢
by performing RNA sequencing (RNA-seq) analysis of HBL1 cells
followed by CRISPR-based knockout of each factor. From this
analysis, we observed that 48% of genes downregulated upon
OCT2 knockout (236 out of 487) were also downregulated
following knockout of IkBZ (Figure 4G). Moreover, 26% of IkB¢-
dependent genes (236 out of 907) were downregulated upon

—
down in OCT2 KO
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OCT2 knockout (Figure 4G). This result was further validated us-
ing gene set enrichment analysis (GSEA), demonstrating that
OCT2 knockout significantly diminishes the expression of genes
activated by IkBZ in HBL1 cells (Figure 4H).

Taken together, our findings support a model in which kB¢
functions as a coactivator of NF-kB and POU TFs using its an-
kyrin repeats and OCA peptide, respectively. Since many inflam-
mation-induced promoters harbor kB and octamer motifs, we
speculate that IkBZ recruitment can lead to synergistic transcrip-
tional activation by NF-«xB and POU TFs, a least for a subset of
target genes. In support of this model, we observe switch-like
behavior of the DEFB4A promoter, in which NF-xB, OCT1, and
kB¢ (using both its OCA peptide and ankyrin repeats) must be
present for productive gene activation to occur. This “all-or-
nothing” response is reminiscent of the interferon-p (IFN-f) en-
hanceosome,** a DNA element in which exceptional cooperativ-
ity exists among TFs bound to this promoter. In this regard, it will
be important in future work to determine whether a higher-order
complex of kB¢, NF-kB, and OCT1 is more effective at transcrip-
tional activation than the additive effects of each individual
component. Our functional and genomic analyses suggest that
the degree of cooperativity among these proteins is likely to be
highly gene-specific, with binary NF-kB:IkBZ or POU TF:IkB¢
complexes being relevant in specific genomic contexts. Another
area of future investigation will be to determine whether addi-
tional POU TFs beyond OCT1 and OCT2 also employ IkB¢ as a
coactivator. Our biochemical findings suggest that OCTS,
OCT7, and OCT11 bind to 1kBZ, which could regulate immune-
related functions in epithelial tissues (e.g., in tuft cells and in
the epidermis). Of note, we observe that a significant number
of kB¢ binding sites in the genome lack both kb and octamer
motifs, suggesting that additional TFs might recruit this cofactor
to DNA. In summary, the presence of an OCA peptide on kB¢
suggests a broad integration for POU TFs with NF-kB in
mammalian immunobiology.

Limitations of the study

In this study, we describe a novel transcriptional interaction em-
ployed by IkBZ using biochemical, genetic, and genomic assays
in cell line models of immune-related gene regulation. An impor-
tant limitation of our study is that we did not address the impor-
tance of the IkB{:POU TF interaction in physiological in vivo
models of immune cell function, which should be addressed in
the future by engineering IkB{ mutations of its OCA peptide in
mice. Since POU TFs are highly tissue-specific in their expres-
sion pattern, it remains unclear whether the OCA peptide will
endow kB¢ with cell-type-specific functionalities, a possibility
that warrants further investigation. In addition, since kB¢ is
involved in inflammatory diseases (rheumatoid arthritis, psoria-
sis, eye edema, and colitis) and specific cancer types (diffuse
large B cell lymphoma) it will also be important to address the
importance of the [kB{ OCA peptide in these contexts.
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IDENTIFIER

Antibodies

Mouse Anti-HA-HRP Clone 6E2

Mouse monoclonal anti-FLAG-HRP clone M2
Goat polyclonal anti-GFP

Rabbit polyclonal anti-OCT1 (POU2F1)
Rabbit polyclonal anti-IkB zeta (IkBY) (ChIP-seq, WB)
Rabbit IkB-¢ Antibody (ChIP-seq)

Mouse monoclonal anti-B-Actin, HRP-linked
Rabbit polyclonal anti-H3K27Ac (ChIP-seq)
Rabbit polyclonal anti-OCT2 (ChlIP-seq)
Rabbit monoclonal anti-p105/p50 (ChIP-seq)
Rabbit polyclonal anti-RelA (p65)

Rabbit monoclonal anti-p50/p105

Cell Signaling Technology

Sigma-Aldrich
Abcam

Thermo Scientific
Thermo Scientific

Cell Signaling Technology

Sigma-Aldrich
Abcam
Proteintech

Cell Signaling Technology

Fortis Life Sciences

Thermo Scientific

Cat# 2999; RRID:AB_1264166

Cat# F3165; RRID:AB_259529

Cat# ab6673; RRID:AB_305643

Cat# PA5-28209; RRID:AB_2545685
Cat# PA5-17139; RRID:AB_10985253
Cat# 9244; RRID:AB_2151602

Cat# A3854; RRID:AB_262011

Cat# ab4729; RRID:AB_2118291
Cat# 10867-2-AP; RRID:AB_2167080
Cat# 13586; RRID:AB_2665516

Cat# A301-824A; RRID:AB_1264341
Cat# MA5-41097; RRID:AB_2898851

Mouse monoclonal NFkB p50 Antibody Santa Cruz sc-8414 HRP; RRID:AB_628015
(E-10) HRP-linked

Bacterial and virus strains

BL21-CodonPlus (DE3)-RIPL Competent Cells Agilent Cat# 230280

One Shot™ BL21(DE3) Invitrogen Cat# C600003

Chemicals, peptides, and recombinant proteins

TNF-a R&D Systems Cat# 210-TA-005

IL-17A R&D Systems Cat# 7955-IL-025

Polyethylenimine, Linear, MW 25,000 (PEI 25000)
[for DNA transfection]

TransIT®-LT1 Transfection Reagent
Hexadimethrine bromide (polybrene)

Puromycin dihydrochloride

Zeocin

Anti-FLAG® M2 Magnetic Beads

TRIzol Reagent

SuperScript™ [V VILO™ Master Mix

PowerUp™ SYBR™ Green Master Mix for gPCR
B-Mercaptoethanol

ChromoTek GFP-Trap® Magnetic Particles M-270
Pierce™ Lane Marker Reducing Sample Buffer
RIPA buffer

AcquaStain Protein Gel Stain

PrimeStar GXL polymerase

Lysozyme

Ni-NTA Agarose

Poly(ethyleneimine) solution [for protein purification]
Blasticidin S HCI

Opti-MEM®

Protein A Dynabeads

Protein G Dynabeads

Ribonuclease A (RNase A) from bovine pancreas
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Polysciences

Mirus Bio
Sigma-Aldrich
Sigma-Aldrich
Thermo Scientific
Sigma Aldrich
Thermo Scientific
Thermo Scientific
Thermo Scientific
Sigma-Aldrich
Proteintech
Thermo Scientific
Thermo Scientific
Bulldog Bio
Takara

Thermo Scientific
Qiagen
Sigma-Aldrich
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Sigma-Aldrich

Cat# 23966-1

MIR 2304

Cat# H9268
Cat# P8833
Cat# R25001
Cat# M8823
Cat# 15596018
Cat# 11756050
Cat# A25918
Cat# M6250
Cat# gtd

Cat# 39000
Cat# 89900
Cat# AS001000
Cat# RO50A
Cat# 89833
Cat# 30230
Cat# P3143
Cat# A1113903
Cat# 31985062
10002D
10004D

R4875
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Formaldehyde, 37% solution Avantor 2106-01

Proteinase K New England Biolabs P8107S

AMPure XP beads Beckman Coulter A63881

Critical commercial assays

Firefly & Renilla Luciferase Single Tube Assay Kit Biotium Cat# 30081-1

In-Fusion® Snap Assembly Master Mix Takara Cat# 638947

QIAquick PCR purification kit Qiagen Cat# 28104

NEBNext Ultra Il DNA Library Prep Kit for lllumina New England Biolabs Cat# E7645

Qubit dsDNA HS Assay Kit Thermo Scientific Q32854

NEBNext Poly(A) mRNA Magnetic isolation module NEB E7350

NEBNext Ultra Il RNA Library Prep kit for lllumina NEB E7770

Deposited data

RNA-seq and ChlIP-seq This paper NCBI GEO: GSE239374

Uncropped western blot images This paper Mendeley dataset: https://doi.org/10.17632/
4xmb52ybv3g.1

Experimental models: Cell lines

Human: SW982 ATCC HTB-93

Human: hTERT lung fibroblasts ATCC CRL-4058

Human: HEK293T ATCC CRL-3216

Human: HBLA1 Gift from Omar Abdel Wahab N/A

Oligonucleotides

sgRNA sequences, see Table S1 This paper N/A

Primers for RT-gPCR, see Table S2 This paper N/A

22-mer octamer sequence for GFP pull-down Wu et al.* N/A

and gel filtration assays:

GATGTCTGAATGCAAATTTTAC

Recombinant DNA

MGC Human NFKBIZ Sequence-Verified cDNA Horizon MHS6278-202806212

MGC Human POU2F2 Sequence-Verified cDNA Horizon MHS6278-202829867

LRG2.1

LRG2.1T Zeocin
pGL410_INS421
pHAGE Empty
pMD2.G, vsvg encoding plasmid
psPAX2
lentiV_Cas9_Puro
lentiV_Cas9_Blast
PET28b-6 % His-ECFP
pET28b-8 x His-MBP
pRSFDuet-1

Tarumoto et al.*®

This study

Kuroda et al.*®

Lu et al.*’

Didier Trono (unpublished)
Didier Trono (unpublished)
Tarumoto et al.*
Tarumoto et al.*®

This study; Wu et al.*®
This study

Novagen

Addgene plasmid # 108098, RRID:Addgene_108098
N/A

Addgene plasmid # 49057

N/A

Addgene Plasmid #12259, RRID:Addgene_12259
Addgene plasmid # 12260, RRID:Addgene_12260
Addgene plasmid # 108100, RRID:Addgene_108100
Addgene plasmid # 125592, RRID:Addgene_125592
N/A

N/A

Cat# 71341-3

Software and algorithms

GraphPad Prism 9.5.1 (528)
PyMOL 2.5.4
R software (4.1.1)

GraphPad Prism, Inc
Schrédinger
R Project

https://www.graphpad.com/
https://pymol.org/2/
https://www.r-project.org/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Christo-
pher Vakoc (vakoc@cshl.edu).

Materials availability
All unique reagents generated in this study will be available from the lead contact upon request.

Data and code availability
RNA-seq and ChlIP-seq data have been deposited at NCBI GEO with accession GSE239374. Accession numbers are listed in the key
resources table. Original western blot images have been deposited at Mendeley and will be publicly available as of the date of pub-
lication. The DOl is listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

E.coli strains
BL21 (DE3) cells were used in this study to produce recombinant proteins.

Mammalian cell culture

Human hTERT-transformed lung fibroblast cell line, SW982 synovial sarcoma cell line and HEK293T cells were obtained from ATCC.
These lines are cultured in DMEM supplemented with 10% FBS, extra L-Glutamine and penicillin/streptomycin. HBL1 cells (a gift
from the Abdel-Wahab lab) were cultured in RPMI supplemented with 10% FBS. All cell lines were maintained at 37 °C with 5%
CO, and were periodically tested for mycoplasma contamination.

METHOD DETAILS

Position-specific iterated blast analysis

The OCA peptide of OCA-B/POU2AF1 was analyzed for homology with the human proteome using the BlastP suite with the PSI-
Blast algorithm using standard settings. https://blast.ncbi.nim.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&
BLAST _SPEC=&LINK_LOC=blasttab& AST_PAGE=Dblastp. Output is shown in Figure S1.

Homology modeling of IkB¢

kB¢ (Uniprot: Q9BYH8-1; residues 109-139) structure was predicted using the existing OCA-B structure (PDB: 1CQT) as template in
SWISS-MODEL.*® The IkB¢ model was superposed to OCA-B with OCT1 (PDB: 1CQT) in PyMol (2.5.4) and the IkB¢ residues at the
DNA and OCT1 interfaces were inferred.

Plasmid construction

MGC Human NFKBIZ (IxB¢) Sequence-Verified cDNA (MHS6278-202806212) and MGC Human POU2F2 (OCT2) Sequence-Verified
cDNA (MHS6278-202829867) were obtained from Horizon. The coding sequence of OCT6 (Genebank: NM_002699.4) and codon-
optimized versions of BRN3A (Uniprot: Q01851), BRN3C (Uniprot: Q15319) and BRN4 (Uniprot: P49335) for E.coli expression
were synthesized by Twist Biosciences. Mammalian expression vectors for OCT11, BRN3C and BRN4 constructs were obtained
from Wu et al.>® For expression in mammalian cells, the ORF sequences were cloned into pcDNA3.1 or pHAGE-puro vector with
a C-terminal 3xHA tag (for IkBY) or N-terminal 3x FLAG tag (POU proteins). For IkB¢, the point mutations and ankyrin repeat deletion
were introduced by site-directed mutagenesis. For recombinant protein expression in bacteria, full-length I«B¢™T or 1kBZY12°F were
cloned into pET28 vector with 8 xHis-MBP tag. Full-length OCT2, OCT6, and codon-optimized BRN ORFs (BRN3A, BRN3C and
BRN4) were cloned into pET28 vector with N-terminal 6 xHis-ECFP tag. 6 xHis-EGFP tagged OCT1 was obtained from Wu
et al.?° Truncated p50 (amino acids 41-352) was cloned with an N-terminal 7 xHis tag into pRSF Duet-1 vector.

For reporter assays with POU2F1/0OCT1 knockout, LRG2.1T Zeo was derived from LRG2.1T Neo (Addgene Plasmid #125593)
by replacing neomycin cassette with bleomycin (zeocin) resistance cassette from pTRE:CloverCP-EFS:ZeoR (Addgene Plasmid
#68478). Single guide RNAs (sgRNAs) were cloned by annealing two single-stranded oligonucleotides and ligating annealed oli-
gos into BsmBI-digested LRG2.1 Zeo vector. For knockout cell lines in HBL1, single guide RNAs were cloned into LRG2.1
(Addgene Plasmid #108098) using the same cloning strategy as LRG2.1 Zeo. The sgRNA sequences used in the study are listed
in Table S1.
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Lentiviral transduction and generation of stable cell lines

Lentivirus for SpCas9 expression [lentiV-Cas9-Blast (Addgene Plasmid #125592) or lentiV-Cas9-Puro (Addgene Plasmid #108100)],
single sgRNA expression or expression of kB constructs were prepared by transfecting HEK293T cells. Briefly, 7 million HEK293T
cells were plated into 10 cm dish one day before the transfection. Next day, 6 ug transfer plasmid, 4.5 ug psPAX2 (Addgene Plasmid #
12260) and 1.5 pg pMD2.G (encodes vsvg, Addgene Plasmid #12259) were mixed in 600 pL Opti-MEM. Thirty six pL of 1 mg/mL
Polyethylenimine (PEI 25000) was added and vortexed. Transfection mixture was incubated 20 minutes at room temperature before
transferred over the HEK293T cells. 8-12 hour post-transfection, the growth medium was exchanged with fresh complete medium.
Virus containing medium was collected 48 hours after medium replacement; spined at 300 x g at room temperature for 5 minutes and
filtered through 0.45 um SFCA filters (Corning). Filtered viral supernatant was mixed with appropriate growth medium and 4 ng/mL
polybrene; transferred over the target cells and spinfected for 40 minutes at 32°C, 600xg. Medium was refreshed 48 hours-post-
infection and selected with appropriate antibiotics until non-infected cells were dead.

In order to knockout OCT1, HEK293T cells were first infected with Cas9 virus and selected with 10 ng/mL blasticidin to generate
stable HEK293TCas9. Next, HEK293TCas9 was infected with LRG2.1T Zeo viruses with negative control sgRNA or sgRNA that tar-
geted OCT1 and selected with 500 pg/mL zeocin. Human lung fibroblast cells and SW982 were infected with pHAGE-puro lentivirus
encoding mCherry, kB2 or 1kBZY12%E. Medium was refreshed 48 hours-post-infection. SW982 cells were selected with 1 pg/mL
puromycin until non-infected cells were dead. HBL1 cells stably expressing Cas9 were generated by lentiviral transduction of len-
tiV-Cas9-Puro. For selecting HBL1 Cas9 cells, single clone was picked and the Cas9 editing efficiency was validated by growth arrest
phenotype upon CDK1 knockout. Three Cas9 efficient editing clones were combined for IkB¢ or OCT2 knockout experiments.

Western blotting

Whole cell lysates were prepared in RIPA buffer and protein concentrations were determined using BCA assay (Pierce) according to
manufacturer’s directions. Equal amounts of proteins were mixed with protein sample buffer and separated in 4-12% Bis-Tris precast
gels (Thermo Scientific). The separated proteins were then transferred onto nitrocellulose membrane, blocked with 5% nonfat milk in
1xTBS+0.15%Tween 20 (TBST) for an hour at room temperature. The membrane was then probed with primary antibodies o/n and
then —if necessary— with HRP-conjugated secondary antibodies. Rinsed membranes were then treated with ECL substrate and
exposed to X-ray films. Antibodies used in western blotting are mouse anti-HA-HRP Clone 6E2 (Cell Signaling Technology, Cat#
2999), mouse monoclonal anti-FLAG-HRP clone M2 (Sigma-Aldrich, Cat# F3165), goat polyclonal anti-GFP (Abcam, Cat#
ab6673), rabbit polyclonal anti-OCT1 (POU2F1) (Thermo Scientific, Cat# PA5-28209), rabbit polyclonal anti-IkB zeta (IkB¢) (Thermo
Scientific, Cat# PA5-17139), mouse monoclonal anti--Actin, HRP-linked (Sigma-Aldrich, Cat# 07-473), rabbit polyclonal anti-RelA
(p65) (Fortis Life Sciences, Cat# A301-824A) and rabbit monoclonal anti-p50/p105 (Thermo Scientific, Cat#MA5-41097).

Coimmunoprecipitation

HEK293T cells transiently expressing 3xFLAG-tagged POU proteins or 3xHA tagged IkB{ were grown in 10cm dishes. Approxi-
mately ~10 million were harvested by trypsinization. The cells were pelleted by centrifugation at 300x g for 5 minutes at room tem-
perature. The cell pellet was washed twice in cold PBS and transferred into 1.5 mL centrifuge tubes. The cells were gently lysed in
900 pL buffer A (10 mM HEPES pH 7.9, 5 mM magnesium acetate, 1 mM MgCl,, 0.3 M sucrose, 0.1% NP-40, protease inhibitors and
0.2 mM PMSF) and incubated on ice for 15 minutes. Nuclei were pelleted by spinning at 9800x g for 10 minutes at 4 °C. The super-
natant was removed, and the nuclear pellet was resuspended in 1 mL co-IP buffer (25 mM HEPES pH 7.9, 10% Glycerol, 0.8% NP-
40, 2 mM magnesium acetate, 350 mM NaCl and protease inhibitors). The extracts were incubated with gentle rotation at 4 °C for
30 minutes and the insoluble chromatin was pelleted by centrifuging at 21000 x g for 40 minutes at 4 °C. The supernatant containing
the nuclear extract was carefully transferred into a fresh centrifuge tube and 2% (v/v) was taken as input. Twenty-five microliters of
magnetic Flag-M2 beads (Sigma) was transferred into fresh centrifuge tubes and washed twice in 400 pL co-IP buffer. Equal volumes
of cleared extracts were transferred on washed beads and rotated 16 hours at 4 °C. The beads were washed three times with 1 mL
co-IP buffer; resuspended in 1x SDS sample buffer and boiled for 5 minutes for elution. Eluted proteins and input fractions were sepa-
rated and detected as discussed in Western blot section. For co-IP with endogenous IkBZ protein in HBL1 cells, whole cell lysate was
prepared in lysis buffer (20 mM Tris—Cl pH 8, 20% glycerol, 2 mM EDTA, 150 mM KClI), supplemented with 0.1% NP-40, protease
inhibitor cocktail, 0.7 pl/ml B-mercaptoethanol and PMSF. The whole cell lysates were then precleared with 25 pl of Protein A mag-
netic beads by incubating at 4°C for 1-2 hours. In a separate tube, 25 pl of Protein-A magnetic beads were blocked with 1.5% BSA by
incubating at 4°C for 1-2 hours. The blocked beads were further washed three times with wash buffer (20 mM Tris—-Cl pH 8, 20%
glycerol, 2 mM EDTA, 150 mM KCI), supplemented with 0.1% NP-40. The washed pre-blocked beads were then incubated with 2
ug anti-lkB¢ and control IgG antibodies for 6-8 hours at 4°C. The precleared cell lysates were subsequently incubated with the anti-
body conjugated beads for 14-16 hours at 4°C. The beads were then washed three times and the immunoprecipitated samples were
heat eluted in 2x Laemmli buffer by incubating at 98°C for 8-10 minutes. The interactions among the proteins were investigated by
western blotting.

Preparation of recombinant proteins

Sequence-validated plasmids except pRSF-Duet-7 x His-p50(41-352) were transformed into BL21-CodonPlus (DE3)-RIPL compe-
tent cells. OCT1, OCT2, OCT6, BRN3A, BRN3C, BRN4 and IkB¢ cultures were grown in LB media until OD,_goo reaches 0.8-1.
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The cultures were cooled down at 4°C and induced with 0.2 mM IPTG at 16°C for 16 hours. pRSF-Duet-7 x His-p50(41-352) plasmid
was transformed into One Shot™ BL21(DES3). The bacterial culture was grown in LB media until OD ,_goo reaches 0.4-0.5. After cool-
ing down at 4°C, the culture was induced with 0.15 mM IPTG at 18°C for 16-18 hours. Bacterial cultures were harvested by centri-
fuging at 4600xg for 15 minutes at 4 °C and pellets were stored at -20 °C until lysis.

Frozen pellets of OCT1, OCT2, OCT6, BRN3A, BRN3C and BRN4 cultures were thawed and resuspended in lysis buffer | (50 mM
Tris-phosphate pH 7.9, 500 mM NaCl, 10% glycerol, 20 mM imidazole, 10 mM 2-merchaptoethanol, 0.2 mM PMSF, and protease
inhibitor cocktail). IkB¢™T or IkB¢{Y'2°E were extracted in lysis buffer Il (50 mM Tris-phosphate pH 7.7, 500 mM NaCl, 2 mM
MgOAc2, 3 mM MgCI2, 10% glycerol, 1% Tween 20, 50 mM imidazole, 10 mM 2-merchaptoethanol, 0.2 mM PMSF, and protease
inhibitor cocktail). The lysates are supplemented with 0.5 mg/mL lysozyme; incubated on ice for 10 minutes and then sonicated. 0.1%
PEI was added to sonicated crude lysate to further deplete nucleic acids. The crude lysate was clarified by centrifugation using F21-8
x 50y fixed-angle rotor (Thermo Scientific) at 38 000x g, 4 °C for 1 hour. The clarified lysates were then applied onto Ni-NTA beads
(Qiagen) and washed with respective lysis buffers and then wash buffer (50 mM Tris-phosphate pH 7.5, 150 mM NaCl and 20 mM
imidazole). The bound proteins were then eluted using 50 mM Tris-phosphate pH 7.5, 150 mM NaCl, 250 mM imidazole. Eluates
were supplemented with 1 mM EDTA and 1 mM DTT and concentrated with Amicon centrifugal filters. The purified proteins were
further polished with size exclusion chromatography using Superdex 200 increase (Cytiva) in 50 mM sodium phosphate pH 7.5,
150 mM NaCl, 1 mM EDTA. For p50 purification, frozen pellets were thawed and lysed in lysis buffer Ill (20 mM Tris pH 7.5,
150 mM NaCl, 20 mM Imidazole 1 mM DTT, 0.2 mM PMSF, and protease inhibitor cocktail). The lysates are supplemented with
0.5 mg/mL lysozyme; incubated on ice for 10 minutes and then sonicated. The crude lysate was clarified by centrifugation using
T-865 fixed-angle rotor (Thermo Scientific) at 40 000 xrpm, 4 °C for 1 hour. The clarified lysates were then applied onto Ni-NTA beads
(Qiagen) and extensively washed with lysis buffer lll. The protein was eluted using lysis buffer Il with 250 mM imidazole. Eluates were
supplemented with 1 mM EDTA and 1 mM DTT and concentrated with Amicon centrifugal filters. The concentrated protein was
further purified by running through Superdex 200 increase column using 50 mM HEPES pH 7.6, 150 mM NaCl, 1 mM EDTA as
run buffer. The elution volume matched with the size of a homodimer based on the separation of standard proteins. Size and purity
of the preparations were assessed by SDS-PAGE separation followed by Coomassie blue staining.

GFP pull-down assay

Five hundred nanomolar of IkBZ"T or 1kB¢Y2°E was mixed with 200 nM 22-mer octamer motif containing dsDNA and 200 nM EGFP,
OCT1, OCT2, OCT6, BRN3A, BRN3C or BRN4 in binding buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.2% Brij35 and 1 mM DTT). GFP-
Trap® Magnetic Particles M-270 (Chromotek) was added on the binding mixtures and nutated for 5 hours at 4°C to pull down OCT
proteins or EGFP. The beads were quickly rinsed three times in the binding buffer. The proteins bound to beads were eluted with 2x
Laemmli buffer. The association of IkB{ and POU proteins were assessed by western blotting. To test IkB{-mediated interaction be-
tween OCT2 and NF«B p50, pull-down assay conditions were slightly modified. Briefly, approximately 2 ug of bait proteins (EGFP or
tagged-OCT2) were incubated with 3 ug his-p50 (41-352) in absence or presence of 2 ug tagged IkBZYT or 1kBZY'2%E. The proteins
were incubated in binding buffer containing 20 mM Tris—CI pH 8, 20% glycerol, 2mM EDTA, 100 mM KCI; supplemented with 0.08%
NP-40 and BSA (20ng/ul). 25ul ChromoTek GFP-Trap® Magnetic Agarose bead along with 22-mer octamer motif containing dsDNA
were added to the reaction mixtures and incubated for 12 hours at 4°C. The beads were subsequently washed three times with bind-
ing buffer and the bead bound proteins were eluted in 2x Laemmli buffer by boiling. The interactions among the proteins were inves-
tigated by western blotting.

Gel filtration assay

One and a half micromolar of tagged I«B¢™" or 1kBZY"2°F was mixed with 1 uM 22-mer octamer motif containing dsDNA and 1.2 uM
EGFP, OCT1, OCT2 or OCT6 in size exclusion buffer (10 mM HEPES pH 7.5, 25 mM ammonium acetate, 1 mM DTT) and incubated for
5 minutes at room temperature. Two hundred and fifty microliters of the binding mixture was injected into Superdex 6 increase col-
umn (Cytiva) and separated in the size exclusion buffer with 0.6 mL/min flow rate. Chromatograms (with absorbance at 260 nm as
tracer) of individual runs of the same POU TF were superposed and relative elution volumes of various sets of complexes were
compared.

Analysis of IkB{ target gene promoters for TF motifs

The upstream sequences of select kB¢ target genes were retrieved from Ensemble (release 109, Feb 2023) and Eukaryotic Promoter
Database (EPD, Expasy). For NFKB1, the motif matrix was obtained from JASPAR (NFKB1, ID: MA0105.1). For class Il POU motifs,
the consensus octamer sequence ('-ATGCAAAT-3') was used. The locations of putative TF motifs were assigned using FIMO tool
(MEME Suite 5.5.3) and filtered based on whether these sites were functionally validated previously.

Promoter activity assay

The genomic sequences upstream of DEFB4A TSS (382 bp), ELF3 TSS (338 bp) and CXCL8 TSS (499 bp) were cloned upstream of
firefly luciferase gene in pGL410 vector. The octamer motif (ATGCAAAT) was mutated by substituting thymidine in place of 5th
adenine by site-directed mutagenesis to generate mutant octamer motif-containing reporters. kB motif perturbations were depicted
underneath relevant graphs. A total of 82 ng of plasmids encoding various derivatives of IkB{ or mCherry; 15 ng of pGL410 reporter
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plasmid and 3 ng of Renilla luciferase encoding plasmid were diluted in 9 puL Opti-MEM medium and mixed with 0.3 puL TransIT-LT1
transfection reagent (Mirus Bio). The transfection mixture added dropwise on top of HEK293T cells (25000 cells/ well in a 96-well
plate) and incubated for 19 hours. The cells were treated with 10 ng/mL TNF-a or PBS for 5 hours. Firefly & Renilla Luciferase Single
Tube Assay Kit (Biotium) was used according to manufacturer’s directions to assess the relative luciferase activity.

RT-gPCR

Human lung fibroblasts and SW982 stably expressing mCherry, 1kB{VT or IkB¢Y2°E were plated in a 6-well plate. The next day, the
growth medium was replaced with serum-free medium and further incubated for 16 hours. The cells were treated with 10 ng/mL TNF-
. or PBS for additional 24 hours (fibroblasts) or 8 hours (SW982) and harvested into TRIzol (Thermo Scientific). Total RNA was pre-
pared as recommended and 500 ng total RNA was used for reverse-transcription with SuperScript™ IV VILO™ Master Mix (Thermo
Scientific). Quantitative PCR was prepared with diluted RT reactions, target-specific primer pairs and PowerUP gPCR master mix
(Thermo Scientific) and performed in QuantStudio™ 6 Flex Real-Time PCR System (Thermo Scientific). RT-gPCR data was normal-
ized to ATP5F1, GAPDH and ACTB genes and expressed as fold change over empty vector according to 2- 22¢t method. Statistical
analysis was performed using AACt values through unpaired t-test between “IkB¢™T + TNF-o” and “IxB¢Y2°E + TNF-o.” samples.
RT-gPCR primers are listed in Table S2.

ChlIP-seq sample preparation

For each ChlIP, 20 million cells were used. Cells were cross-linked with 1% formaldehyde for 10 min at room temperature with agita-
tion and quenched with 0.125 M glycine for 5 min at room temperature. After washing twice with PBS, cells were incubated in 1 ml
cell lysis buffer (10 mM Tris-HCI (pH 8.0), 10 mM NaCl, 0.2% NP-40 with protease inhibitor) for 15 min on ice. Nuclei were isolated by
centrifugation at 600x g for 30 s, resuspended in 1 ml nuclear lysis buffer (50 mM Tris-HCI (pH 8.0), 10 mM EDTA, 1% SDS with pro-
tease inhibitor) and sonicated using a Bioruptor Pico (Diagenode) (30s on/off, 10 cycles). In all cases, the chromatin was centrifuged
at maximum speed in a tabletop centrifuge for 15 min at 4 °C. The supernatant was mixed with 7 ml IP dilution buffer (20 mM Tris-HCI
(pH 8.0), 2 MM EDTA, 150 mM NaCl, 1% Triton X-100), and incubated with the indicated antibody for 2 h. Protein A/G magnetic
beads (25 pl, Dynabeads, Thermo Fisher Scientific) were washed twice with PBS and added to the antibody—chromatin mixture at
4 °C overnight. The beads were washed once with IP wash 1 buffer (20 mM Tris-HCI pH 8.0, 2 mM EDTA, 50 mM NaCl, 1% Triton
X-100, 0.1% SDS), twice with high salt buffer (20 mM Tris-HCI (pH 8.0), 2 mM EDTA, 500 mM NaCl, 1% Triton X-100, 0.01% SDS),
once with IP wash 2 buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA, 250 mM LiCl, 1% NP-40, 1% sodium deoxycholate) and twice with
TE (pH 8.0). Chromatin DNA was eluted, and cross-linking was reversed in 200 pul nuclear extraction buffer with 12 pl of 5 M NaCl and
1 ng /mL RNase A at 65 °C overnight. The beads were then discarded. The DNA-containing supernatant was treated with 4 ng /mL
proteinase K at 56 °C for 20 min and purified using the QlIAquick PCR purification kit (QIAGEN) in 60 ul water.

For ChIP-seq of H3K27Ac (Abcam, ab4729, 2 ng in total), 5 million cells were used; for IkB{ ChlP-seq (CST #9244S and Invitrogen
Cat #PA5-17139, 2 ng per IP), 5 ChlP samples were pooled before IP wash one and 2 ug antibody were used for each ChlP; for OCT2
(Proteintech 10867 and Abcam ab178679) and p50 (CST #13586S), 2 IP reactions were combined before IP wash one and 2.5 nug
antibody was used for each ChIP. ChlP-seq libraries were prepared using the NEBNext Ultra [I DNA Library Prep Kit for lllumina
(E7645) according to the manufacturer’s protocol with AMPure XP beads (Beckman Coulter, A63881) with no size selection. One ex-
tra amplification cycle was added to final PCR enrichment. The final PCR product was cleaned using AMPure XP beads twice. Library
quality was assessed via Bioanalyzer equipped with the high-sensitivity DNA chip (Agilent) and quantified using the Qubit dsDNA HS
Assay Kit (Thermo Fisher Scientific, Q32854). ChlP-seq libraries were pooled and analysed by single-end sequencing 76-bp
sequencing using the NextSeq (lllumina) system.

ChIP-seq—Data analysis

Sequencing reads were mapped to the human genome (hg38) using Bowtie2 (2.4.4). Duplicate read removal and sorting was per-
formed using SAMtools (1.14). Peaks were called using MACS2 (2.2.7.1) broad peak (H3K27ac) or narrow peak (p50, OCT2, IkBY)
option using FDR cut off 5%. Big wig files were generated using deepTools (3.5.1). ChlP-seq tracks were generated using UCSC
genome browser. The nearest expressed gene (>2 transcripts per million, TPM) assignment was performed using HOMER. The
list of peak positions, the nearest gene positions and IDs are provided in Table S3.

Motif enrichment analysis

DNA sequences for high-confidence kB¢ were extracted using BEDtools (2.29) and background files and shuffled sequence control
files were generated (MEME Suite 5.5.3). For motif enrichment analysis the AME tool (MEME Suite 5.5.3) was used. A motif library with
883 vertebrate TF position weight matrices (JASPAR2022 core vertebrates) was scanned across the 1,187 peak regions and motifs
were ranked by p value. FIMO tool (p value = 0.001) was used together with the top 4 motif (two kb and two octamer motifs) to identify
peaks with kb, octamer or both motifs.

RNA-seq library preparation

For knockout experiments, cells were collected 6 days after infection with sgRNA for HBL1 Cas9 cells. Total RNA was extracted us-
ing TRIzol (Thermo Fisher Scientific) according to the manufacturer’s protocol and resuspended in RNase-free water. Poly(A) RNA
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was selected and fragmented with NEBNext Poly(A) mRNA Magnetic isolation module (NEB, E7350) and the library was prepared
using the NEBNext Ultra Il RNA Library Prep kit for lllumina (NEB, E7770) with 2 ug RNA according to the manufacturer’s protocol.
RNA-seq libraries were pooled and analysed by single-end 76 bp sequencing using the NextSeq (lllumina) system.

RNA-seq analysis

Raw reads were aligned to the human transcriptome (GRCh38-release 108) using Kallisto (v 0.46.1). For differential gene expression
analysis, read counts were analyzed using DESeq2 (v. 1.40.2), comparing knockout samples of IkB{ and OCT2 to control sgROSA
with 5 different guides as biological replicates for the IkB¢ knockout, 3 different guides for OCT2 knockout, and 2 different guides for
sgROSA. Atechnical replicate was also used for each sample, and the two technical replicates were combined in the transcript quan-
tification step in Kallisto. The differential expression gene analysis was performed using a gene expression cutoff of >2 TPM. Signif-
icantly down- or up-regulated genes were determined using a cut of p.adj <0.1 in DESeqg2, and are provided in Table S4.

Generation of IkB{-activated gene signature and gene set enrichment analysis

Genes were ranked based on differential gene expression following 1kB{ knockout and the top 200 downregulated genes were
selected as “IkB¢-activated gene signature” (gene list provided in Table S5). The differentially expressed gene list following OCT2
knockout was analyzed using gene set enrichment analysis (weighted GSEA Pre-ranked tool v4.3.2). 1,000 gene set permutations
were applied and the IkB¢-activated gene signature was used as gene set.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad PRISM version 9.5.1. was used to generate the graphs and perform the statistical analysis in Figures 3 and S3. Data were
plotted as mean + standard deviation (SD). All experimental assays were performed in duplicate or triplicate. RT-qgPCR data (Figures 3
and S3) were analyzed through unpaired two-tailed t test, as detailed in figure legends and respective STAR Methods section.
P values were depicted on the figures and p<0.05 was considered statistically significant. Bioinformatics-associated analyses (Fig-
ures 4 and S4) were performed in R (version 4.1.1) using the tools, algorithms, and software indicated in respective STAR Methods
section. Cutoff values and other statistical parameters were indicated in figure legends, figures, and respective STAR Methods
section.
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