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SUMMARY

Gene expression is controlled by the collective binding of transcription factors to cis-regulatory
regions. Deciphering gene-centered regulatory networks is vital to understanding and controlling
gene misexpression in human disease; however, systematic approaches to uncovering regulatory
networks have been lacking. Here we present high-throughput interrogation of gene-centered
activation networks (HIGAN), a pipeline that employs a suite of multifaceted genomic approaches
to connect upstream signaling inputs, #rans-acting TFs, and cis-regulatory elements. We apply
HIGAN to understand the aberrant activation of the cytidine deaminase APOBEC3B, an intrinsic
source of cancer hypermutation. We reveal that nuclear factor xB (NF-xB) and AP-1 pathways are
the most salient #rans-acting inputs, with minor roles for other inflammatory pathways. We
identify a cis-regulatory architecture dominated by a major intronic enhancer that requires
coordinated NF-xB and AP-1 activity with secondary inputs from distal regulatory regions. Our
data demonstrate how integration of cisand #rans genomic screening platforms provides a
paradigm for building gene-centered regulatory networks.
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Utilizing multi-faceted functional genomics technologies, Lin et al. present a high-throughput
pipeline to interrogate gene-centered activation networks. They perform in-depth profiling of c/s-
and frans-acting modules controlling the aberrant activation of the human cytidine deaminase
APOBEC3B, revealing that AP-1 and nuclear factor kB (NF-xB) signaling coordinatively activate
APOBEC3B through a strong intronic and weak distal enhancers.

INTRODUCTION

Signaling pathways act through frans-acting transcription factors (TFs) at c/s-acting
regulatory elements to alter gene expression in response to internal and environmental cues.
Understanding gene-regulatory mechanisms has tremendous implications in both
fundamental biology and the identification of druggable targets for therapeutic intervention.
However, methods such as chromatin immunoprecipitation sequencing (ChlP-seq) and yeast
one-hybrid assay remain low-throughput and fail to draw a causal link between the physical
TF-DNA binding and its functional impact on modulating gene expression. To complement
these observational approaches, we have used CRISPR-Cas9 technology to interrogate the
function of both the coding and regulatory genome /n situ through perturbing TFs and cis-
regulatory elements, offering scalable approaches to decipher gene-regulatory mechanisms.
Previous efforts have mainly focused on identifying in ¢/snon-coding elements without
connecting them to regulatory TFs (Canver et al., 2015; Diao et al., 2017; Fulco et al., 2016;
Gasperini et al., 2017; Klann et al., 2017; Korkmaz et al., 2016; Rajagopal et al., 2016;
Sanjana et al., 2016) or to study in frans effects of disrupting TF expression on global gene
expression without relating them to ci/s-regulatory sequences (Adamson et al., 2016; Dixit et
al., 2016; Jaitin et al., 2016). None of these previous approaches have provided a causal
structure that could connect upstream signaling pathways to their downstream TFs to
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specific cis-regulatory sequences mediating gene expression. Here we present high-
throughput interrogation of gene-centered activation networks (HIGAN), a pipeline that
allows the systematic, high-resolution mapping of c¢/s- and frans-acting regulators and their
functional relevance in controlling gene expression. HIGAN involves a CRISPRi-mediated
tiling cis-regulatory region screen (Figure 1A) in parallel with a frans-regulatory TF screen
(Figure 1B), followed by mutant tiled STARR-seq dissection of candidate regions (Figure
1C). With HIGAN, enhancer regions and signaling pathways are prioritized for further
evaluation and manipulation (Figure 1D). As a proof-of-concept demonstration of this
technology to obtain mechanistic insights into gene regulation, we applied HIGAN to study
the cancer-specific upregulation of the cytidine deaminase APOBEC3B.

APOBEC cytidine deaminases, originally identified as host antiviral genes, target single-
stranded polynucleotide substrate of hosts and pathogens and play an important role in the
innate immune system (Stavrou and Ross, 2015). More recently, it was shown that the
aberrant overexpression of APOBEC3B has been correlated with increased mutation burden
in various cancer types and also with poor prognosis and drug resistance (Alexandrov et al.,
2013; De Bruin et al., 2014; Law et al., 2016; Leonard et al., 2013; Sieuwerts et al., 2017;
Supek and Lehner, 2017; Taylor et al., 2013; Wang et al., 2018). In contrast, a recent study
has demonstrated that forced overexpression of APOBEC3B in tumor cells generates novel
neoantigens through APOBEC3B-mediated mutations that sensitize cancer cells to
checkpoint blockage immunotherapy (Driscoll et al., 2020). Although there are thus
compelling arguments for the therapeutic utility of modulating APOBEC3B expression, how
APOBEC3B expression is regulated in cancer cells remains incompletely understood. It has
recently been shown that, in breast cancer cell lines, DNA replication stress correlated with
APOBEC3 induction, which can be attenuated by inhibiting phosphatidylinositol 3-kinase
(PI3K) and mitogen-activated protein kinase (MAPK) signaling, suggesting that these
pathways are involved in APOBECS3 activation (Kanu et al., 2016). Recent studies have also
revealed an important role for both classical and alternative nuclear factor xB (NF-xB)
signaling pathways in regulating APOBEC3B (Leonard et al., 2015; Maruyama et al., 2016;
Tilborghs et al., 2017). However, owing to the fact that NF-xB members are ubiquitously
expressed, these previous studies did not pinpoint the specific coactivators and the cis-
regulatory loci that trigger dysregulated APOBEC3B expression in cancer cells. Thus, it is
as yet unclear how NF-xB cooperates with other pathways to induce APOBEC3B and why
only a subset of NF-xB-induced cancers upregulates APOBEC3B expression.

To decode the transcriptional dysregulation of APOBEC3B in cancer cells, we applied
HIGAN in two cancer cell lines. We identified 13 intronic and distal regions required for
APOBEC3B expression and mapped the network of TFs that functionally regulated
APOBEC3B expression involved in a number of inflammatory signaling pathways.
Furthermore, HIGAN systematically dissected c/s-regulatory modules and mapped these TF
candidates at high resolution to the functional binding elements. In a final step, we showed
that different signaling pathways orchestrated APOBEC3B gene activation through
validation by drug treatments. Collectively, we demonstrate that HIGAN is a robust,
generalizable screening pipeline, to interrogate gene-centric regulatory networks.
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CRISPR-Cas9 Tiling Screen Provides Candidate Regulatory Regions for APOBEC3B Gene

Expression

To investigate cis-regulatory inputs to APOBEC3B gene expression in its native locus, we
designed a library of 12,270 gRNAs tiling a 600-kb cis-regulatory region surrounding the
APOBEC3 gene family locus with a median inter-gRNA distance of 256 bp, together with
125 non-targeting gRNAs as negative controls (Figure 2A; STAR Methods) (Doench et al.,
2016). Next, we cloned the gRNA library into a Tol2 transposon-based vector containing a
hygromycin expression cassette allowing genome integration, gRNA expression, and
population selection (STAR Methods) (Shen et al., 2018). To facilitate a sensitive readout of
APOBEC3B gene expression, we generated EGFP knockin reporters of the APOBEC3B
locus linked by the self-cleaving P2A peptide in human U20S osteosarcoma and DLD-1
colorectal adenocarcinoma cells. These two cell lines have a relatively high expression of
APOBEC3B, allowing robust quantification of the APOBEC3B-GFP reporter (STAR
Methods) (Figures S1A and S1B). Next, we established a high-throughput protocol adapted
from previous tiled cis-regulatory CRISPR screening efforts (Fulco et al., 2019; Rajagopal et
al., 2016; Sanjana et al., 2016; Sher et al., 2019) to perform pooled screening with a
transposon-based delivery strategy (STAR Methods) (Figure 2B). We stably integrated the in
c/fs gRNA library into cancer cells, titrating the library in an empirically calculated ratio with
an empty plasmid to ensure that most cells integrate a single gRNA, followed by dCas9-
KRAB (CRISPRI) targeting through a second round of Tol2 transposon-based delivery with
blasticidin selection. Two weeks after dCas9-KRAB inhibition, we detected fractional loss
of EGFP in the bulk population, and then we performed fluorescence-activated cell sorting
(FACS) to enrich the EGFP-negative (EGFP™) population (Figure 2C). Next-generation
DNA sequencing (NGS) was performed on genomic DNA from the bulk population before
FACS and the enriched EGFP™ population after FACS, along with the bulk population prior
to Cas9 targeting (two independent pre-Cas9 biological replicates and two independent post-
Cas9 biological replicates for each pre-Cas9 pool).

We collected an average of ~1.6 million NGS reads per library, recovering 80%-100% of
gRNAs with over 10 reads in all unsorted replicates (Figure S1C) with Pearson’s correlation
coefficient (r) of normalized read counts for each gRNA between biological replicates and
cell lines ranging from 0.21 to 0.3 (Figure S1D). To identify gRNASs enriched in EGFP~
cells, we performed gRNA differential enrichment analysis using the MAGeCK pipeline
(STAR Methods) (Li et al., 2014) (Table S7). As expected, gRNAs targeting in the proximity
of transcription start sites of APOBEC3B (-1,000 to +100 bp, n = 31) were highly enriched
with consistent positive log, fold change (LFC) (U20S: 4.95 + 1.32; DLD1: 4.15 + 1.46),
confirming the sensitivity of our pooled screening strategy to detect sequences essential for
APOBEC3B expression (Figures 2D and 2E). In addition, we identified a number of
candidate distal non-coding regulatory regions that coincide with the active histone marks
H3K4me3 and H3K27ac (Abraham et al., 2017; Fishilevich et al., 2017; Mei et al., 2017;
Rokavec et al., 2017; Walz et al., 2014; Zheng et al., 2019). Interestingly, we also observed a
subset of distal candidate regions lacking active chromatin modification. Next, to prioritize
candidate regulatory regions for further validation, we identified 216 c/s-targeting gRNAS
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from U20S cells and 465 c/s-targeting gRNAs from DLD1 cells that showed statistically
significant positive enrichment by MAGeCK enrichment analysis (STAR Methods) using
four independent post-Cas9 biological replicates with a cutoff of false discovery rate (FDR)
< 0.2 (Figure 2F; Table S7). Among these enriched gRNAs, we observed 177 gRNAS
adjacent to other candidate gRNAs within 500 bp and identified 27 genomic regions (<2 kb)
clustered with multiple candidate gRNAs for further investigation.

In parallel, we performed a CRISPR-Cas9 knockout screen with the same cis-targeting
gRNA library together with 77 gRNAs targeting EGFP serving as positive controls. As
expected, positive control gRNAs were highly enriched in the EGFP~ population (Figure
S1F). However, we found that the enrichment of EGFP loss of individual cis-targeting
gRNAs was less consistent across matched replicates compared with the CRISPRI screen.
With the same FDR cutoff, we obtained only 16 gRNAs from the U20Scell line and none
from the DLD1 cell line, which might be because of the fact that the range of Cas9-induced
indels is more variable than the effective window of dCas9-KRAB (Gilbert et al., 2013,
2014; Radzisheuskaya et al., 2016). Thus, our result indicated that the CRISPRI strategy
outperformed CRISPR-Cas9 knockout in replicate consistency for profiling cis-regulatory
regions. To provide an overview of the gRNA enrichment from the CRISPR knockout
screen, we averaged the LFC of each gRNA within a 1-kb bin in the APOBEC3B + 300-kb
locus (Figure S1E). We still observed the strongest gRNA enrichment mapping to the
APOBEC3B promoter and gene body, confirming the sensitivity of the pooled knockout
screen to detect the core gene expression elements. We also observed the participation of
promoters for the neighboring gene APOBEC3C in regulating APOBEC3B expression in
both CRISPR knockout and inhibition (Figure S1G), consistent with previous findings from
cis-regulatory CRISPR screening (Fulco et al., 2016; Rajagopal et al., 2016).

Validation and Characterization of Key APOBEC3B cis-Regulatory Elements

To assess c/s-regulatory function of candidate regions prioritized from our CRISPRi screen,
we selected 18 distinct regions from the candidate regions and distal regions with DNase
hypersensitivity for further characterization. For each region, we used three experimental
methods to assess regulatory function: dual-gRNA CRISPR deletion (Diao et al., 2017,
Gasperini et al., 2017; Liu et al., 2018; Zhu et al., 2016), dual-gRNA CRISPR interference
(Fulco et al., 2016; Thakore et al., 2015), and a luciferase reporter assay, all of which are
orthogonal to our single-gRNA Cas9-based screen.

We performed gene region knockouts with a pair of gRNAs flanking each of the distal
candidate regions (averaged ~2-kb distance) to create site-specific deletion in the U20S
APOBEC3B-EGFP reporter cell line (Table S2). We observed significant loss of EGFP
reporter expression in ~30%—-40% of cells with positive control gRNA pairs targeting the
APOBEC3B gene promoter or gene body, while non-targeting gRNAs induce EGFP loss in
~19%-3% of cells. We observed loss of EGFP in 4%-18% of cells, with gRNA pairs
targeting candidate regulatory regions (Figures 3A and S2A), and 9/18 regions showed
statistically significantly increased loss of EGFP compared with cells treated with non-target
control gRNA pairs (FDR < 0.05, multi t test). Of note, in addition to the desired deletion,
CRISPR-Cas9 may also induce long-range chromosome deletion; thus, additional
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experiments were performed to further confirm that the validated candidate regions
contribute to APOBEC3B gene expression. We measured APOBEC3B mRNA expression in
U20S cells with distal paired gRNA deletions of DisEn21, DisEn23, and DisEn26, which
we confirmed to show deletion genotypes (Figure S2B). We sorted the cells into EGFP* and
EGFP~ bins. Noting that only one APOBEC3B allele has GFP knockin, the EGFP* bin may
contain both untargeted and single-allele targeted cells (Figure 3A, DisEn21 [5.6% EGFPT],
EisEn23 [4.9% EGFP™], DisEn26 [10.0% EGFP™]). Expression of APOBEC3B is partially
impaired in EGFP-positive cells and significantly ablated in the EGFP~ population with the
deleted candidate regions (Figure 3B), while the neighboring genes JOSD1 and SUN2
showed no significant changes upon distal targeting.

We additionally assessed the regulatory input of the candidate enhancer regions by using
dCas9-KRAB in U20S APOBEC3B-EGFP cells. We selected 10 candidate regions with
chromatin accessibility in U20S cells for CRISPR interference, using the gene promoter
region as positive control and two non-targeting gRNAs as negative controls (Figure 3C).
dCas9-KRAB targeting of the APOBEC3B promoter region induced significant, robust loss
of EGFP (~21.5% EGFP~, ~4.8% EGFPmed) (Figures S2C and S2D), while negative
control targeting caused little EGFP loss (~0.8% EGFP™, ~2.1% EGFPmed). Among all the
tested regions, we identified a strong enhancer localized in the second intron of
APOBEC3B, the targeting of which produced significant, robust partial reduction of reporter
intensity (~12.7% EGFP~, ~15.8% EGFPmed), and targeting of distal enhancer candidates
caused modest EGFP loss (~2% EGFP~, ~3% EGFPmed, 6/10 statistically significantly
increased over control gRNAs). Comparing the results from dual-gRNA deletion assay and
dCas9-KRAB inhibition, we observed that the gene promoter and intronic enhancer
contributed most strongly to APOBEC3B expression. Distal enhancer candidates yielded
less robust effects on gene regulation in both assays, but there was still concordance in
which distal regions had comparatively stronger effects.

We then asked whether these same 10 candidate regulatory regions contain enhancer activity.
We cloned 400- to 800-bp candidate regions into a luciferase reporter and measured their
luminescence intensity, using a APOBEC3B-adjacent DNase I-sensitive region without
statistically significant gRNA enrichment as a negative control (Figure 3D). Compared with
the negative control region, which showed no enhancer activity, 8/10 of the tested candidate
regions showed significant, robust enhancer activity in both cell lines. We found that the
intronic enhancer region exerted ~60- to 100-fold upregulation of luciferase reporter activity.
We identified multiple distal regions ~200 kb upstream or downstream of APOBEC3B, such
as DisEn4, DisEn5, DisEn21, and DisEn26, which also exhibited strong enhancer activity.
One region, DisEn23, significantly repressed luciferase expression, although this region
contained gRNA enrichment, and paired gRNA targeting also induced modest EGFP loss in
the APOBEC3B-GFP reporter cell line (Figures 3A and 3B). This indicates that not only
enhancers but also other types of c/s-regulatory modules might be involved in APOBEC3B
regulation. Taken together, these validations experiments converge on the conclusion that
APOBEC3B expression in U20S and DLD-1 cells is primarily controlled by the promoter
and a strong intronic enhancer, while a cohort of at least four distal enhancers provides
modest but significant inputs to expression in all assays.
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In trans TF-wide Screening Identifies Multiple Pro-inflammatory Pathways that Regulate
APOBEC3B Expression

We next sought to ask which in #rans-acting TFs are involved in regulating APOBEC3B
gene expression. We selected a collection of 7,210 gRNAs from Brunello CRISPRko library
targeting 1,803 annotated human TFs (Lambert et al., 2018). Meanwhile, we recruited 77
gRNA s targeting EGFP as positive control and 100 non-targeting gRNAS as negative control
(Figure 1A; STAR Methods). With the same screening strategy as was employed in the c¢/s-
targeting screen, we assessed loss of APOBEC3B-GFP expression upon CRISPR-Cas9-
mediated TF knockout in U20S and DLD-1 cell lines (Figure 2B). Similar to the c/s-
regulatory screen, we obtained a high coverage rate in the bulk population and obtained high
concordance between the biological replicates and cell lines (Figures S3A and S3C).
MAGeCK LFC was calculated per gRNA and also per gene for each biological replicate
through a standard pipeline (Figure S3B; Table S8; STAR Methods). As expected, gRNAs
targeting EGFP were highlighted with top enrichment; meanwhile, non-targeting control
gRNAs showed no evidence of enrichment (Figures 4A and S3D). We further prioritized
5%-8% of the TFs through a MAGeCK analysis pipeline based on enrichment LFC and
individual gRNA consistency across biological replicates (84 TFs from U20S and 156 TFs
from DLD-1) (Figures 4A and 4B; STAR Methods). A total of 13 TFs were found to be
enriched in both cell lines (NFKBI1, NFKBZ2, SNAI3, CREB3L2, IRF3, RFX2, ST18,
ZNF365, DVIL 1, SHPRH, MSX2, EZH1, and NR1H?).

To validate the importance of the candidate frans-regulatory TFs on APOBEC3B expression,
we first performed CRISPR-Cas9 targeting of two of the strongest hits, NFKB1 and NFKB2,
using two gRNAs per gene in APOBEC3B-expressing U20S cells (Figure 5A). Compared
with non-targeting controls, we observed a distinct EGFP™ population upon Cas9-mediated
targeting in NFKB1 and NFKB2 (Figure 5A); however, there was only a 1.5%-3% increase
in the frequency of APOBEC3B-GFP~ cells. We hypothesized that the surprisingly weak
effect of these knockouts on APOBEC3B expression, in light of the highly significant
identification of NFKB1 and NFKB2 in the in frans CRISPR-Cas9 screen (Figure S3E), may
be because of functional redundancy between NFKB1 and NFKB2. Thus, to overcome
possible genetic redundancy, we treated U20S cells with a 1xB kinase p (IKKp)-selective
inhibitor ML120B, which is known to block NF-xB upstream activation (Nagashima et al.,
2006; Wen et al., 2006). We observed that, compared with DMSO-treated cells, ML120B-
treated cells had ~32.5% as much APOBEC3B expression (p < 0.05), whereas expression of
neighboring genes APOBEC3C and JOSD1 was unaffected (Figure 5B), ruling out the
possibility that the APOBEC3B inhibition was due to a global transcriptional inhibition by
drug treatment. Next, we treated HCT116 cells, a low APOBEC3B-expressing cell line
(Figures S1A and S1B), with agents that activate NF-xB pathways, including the protein
kinase C (PKC) activator phorbol 12-myristate 13-acetate (PMA), pro-inflammatory
cytokine tumor necrosis factor a (TNF-a), and chemotherapeutic drug gemcitabine (Figure
5C) (Arora et al., 2013; Hernandez-Vargas et al., 2007; Holden et al., 2008; Nagashima et
al., 2006; Schitze et al., 1995). We found that NF-xB activation through each of these
agents elicited a significant increase in APOBEC3B gene expression with less robust
activation of APOBEC3C and no effect on JOSD1. Analysis of published data corroborates
this link (Janus et al., 2018; Zhao et al., 2018), showing that U20S cells treated with TNF-a
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or ionizing radiation upregulate APOBEC3B, and such upregulation can be suppressed by
siRNA inhibition of RELA (Figure S3F). Overall, these data validate that NF-xB signaling
is necessary and sufficient for inducing APOBEC3B expression and activation in cancer
cells, and that there is redundancy among NF-xB TFs.

We also sought to validate the contribution of other TFs identified in the in frans screen.
Noting the increased robustness of small-molecule treatment over TF knockout in blocking
certain signaling pathways driven by redundant TFs, we treated U20S cells with five small-
molecule inhibitors that target signaling pathways in which at least one TF was a significant
in transhit in both cell lines. Treatment with GSK2033 (nuclear receptor antagonist blocking
NR1H2 and NR1H3), MRT67307 (IRF signaling inhibitor blocking IRF3 and STAT?2),
ML385 (Nrf2 inhibitor blocking NFE2L2 and NFE2L3), U0126 (MEK inhibitor blocking
ETV7 and EHF), and 666-15 (CREB inhibitor blocking CREB3L2) each induced mild
(47%-79% of DMSO control at the most effective dose) dose-dependent reduction of
APOBEC3B expression (Figure S4A). All of these pathways have been implicated in the
inflammatory response, bolstering the idea that APOBEC3B is regulated by pro-
inflammatory signals. Of note, in a collection of RNA-seq data from 1,036 cancer cell lines
(Ji etal., 2019), we observed significantly higher expression of APOBEC3B in cancer cell
lines with higher inflammatory levels, defined by expression of common targets of the
STAT3/NF-xB/AP-1 regulatory network, as compared with cell lines with low inflammatory
levels (Figure S4B).

To assess the significance of the in frans screening results on cancer-specific upregulation of
APOBEC3B, we calculated the correlation between expression of APOBEC3B and every
human TF in 1,156 cell lines profiled in the Cancer Cell Line Encyclopedia (CCLE) RNA-
seq database (Barretina et al., 2012) (Figure S4C). We find that TFs of the NF-xB and AP-1
families are the most strongly correlated with APOBEC3B across cancer cell lines.
Comparing the results of our in frans screen with the CCLE expression correlation
coefficients, we find that in both cell lines, NFKB1 and NFKB2 stand out as the most
critical APOBECS3B regulators (Figures 5E and 5F), consistent with previous work (Leonard
et al., 2015; Maruyama et al., 2016; Tilborghs et al., 2017) and expression profiling of
cancer biopsies from The Cancer Genome Atlas (TCGA) collection (Weinstein et al., 2013)
(Figure S4D). In addition to NF-xB, all five of the pathways represented by in frans hits
whose effects on APOBEC3B expression we validated above are represented among the TFs
most strongly correlated with APOBEC3B expression in CCLE cell lines. Often, the same
TFs whose knockout impairs APOBEC3B expression are strongly correlated with
APOBEC3B expression (such as NFKB2, NFE2L 3, and ETV7), but sometimes other related
TFs from that pathway are more strongly correlated (such as ETV4 and CREB3) (Table S8).
Thus, in trans screening effectively identifies TFs and signaling pathways required for robust
APOBEC3B expression.

The in trans screening platform does not address whether regulation occurs directly at the
APOBEC3B locus or indirectly; thus, we examined published NF-xBTF ChlP-seq at the cis-
regulatory loci we identified through in ¢/s CRISPR-Cas9 screening profiles (Chéneby et al.,
2018; Ibarra et al., 2016; Janus et al., 2018; Zhao et al., 2018) (Figures 5D and S4E).
Consistent with ReMap atlas and previous ChlP-seq profiling upon NF-xB activation, we
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observed TF binding peaks (NFKB1, NFKB2, RELA, and RELB) at most of the validated
cis-regulatory regions, including the APOBEC3B promoter upstream, intronic enhancer,
DisEn4, DisEn12, Disenl5 2, DisEnl8, DisEn21, and DisEn26, but not at DisSEn5 or in the
negative control regions. Overall, these data demonstrate direct involvement of the NF-xB-
mediated inflammatory cascade in regulating APOBEC3B gene activation through regions
identified in our in ¢fsscreening.

Tiling STARR-Seq Identifies AP-1 and NF-xB as the Dominant Regulators of Key Intronic
and Distal APOBEC3B Enhancers

To more systematically connect APOBEC3B in trans regulators with their c/is-regulatory
target sites, we devised a tiling STARR-seq strategy to fine-map the active TF binding sites
within key cis-regulatory regions identified in our CRISPR-Cas9 screen (Arnold et al., 2013)
(Figure 6A). In total, from 91 prioritized regions, as well as two negative control regions, we
designed a collection of 150-bp oligos containing wild-type sequences tiling each candidate
region with 30-bp gaps between adjacent tiles (Figure S5A). We further created five mutant
versions of each oligo by individually deleting adjacent 30-bp segments. Collectively, the
tiling STARR-seq library contained 2,000 oligos with wild-type sequences and 8,094 oligos
with sequences containing internal deletions, each represented by unique 15-bp barcodes
(Table S6). We employed an optimized STARR-seq strategy that limits cellular transfection-
induced artifacts (STAR Methods) (Muerdter et al., 2018).

We performed STARR-seq in U20S and DLD-1 cells, which express APOBEC3B strongly,
and weakly expressing HCT116 cells, each in two biological replicates. The vast majority
(~91%) of oligos were represented by RNA transcripts with five or more different barcodes,
and we observed an average of ~80 barcodes per oligo in DLD-1 cells and ~40 barcodes per
oligo in U20S and HCT116 cells (Figure S6A). The STARR-seq activity profiles were
highly similar between replicates within cell lines (Pearson’s r: ~0.85-0.95) and between
cell lines (Pearson’s r: ~0.45-0.67), indicating reproducible patterns of enhancer activity
(Figures S5B and S6B; Table S9). We observed no significant peak enrichment from either
negative control region in any cell line (Figure 6B, shaded in gray). In the APOBEC3B gene
locus, we observed the strongest enrichment of oligos tiling the intronic enhancer regions in
both U20S and DLD-1 cell lines, but not in HCT116 cells (Figures 6B and S6C), in accord
with their respective APOBEC3B expression levels. Oligos tiling distal enhancer candidates
also elicited different levels of enrichment, with particularly strong enrichment in DisEn11
and DisEn26, whose knockout was among the most deleterious to APOBEC3B expression
within distal enhancers (Figures 3A and S6C).

To pinpoint putative TF motifs driving expression from the top-enriched STARR-seq
regions, we developed a computational analysis pipeline to identify enriched wild-type
oligos in which the deletion of one or two contiguous 30-bp blocks reproducibly disrupted
activity (STAR Methods). The analysis pipeline incorporates a sequence scanning setup for
known motifs from JASPAR database. Using a database of 572 well-characterized motif
position weight matrices, we scan for motif sequences occurring more frequently than
expected by chance in a simulated random sequence matching the observed nucleotide
distribution of the APOBEC3B region. Strikingly, the 30-bp regions whose deletion most
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strongly disrupts oligo activity are highly enriched in strong predicted NF-xB and AP-1 TF
binding motifs (Figure 6C). ChlP-seq datasets at these sites from ReMap Atlas confirmed
the frequent co-occurrence of NF-xB and AP-1 binding at these regulatory regions (Figures
6D and S6D) (Cheneby et al., 2018). For instance, in both intronic enhancer and DisEn26
regions, NF-xB and AP-1 binding motifs were identified in close proximity (Figure 6E). The
AP-1 TF family is known to cooperate with NF-xB in triggering pro-inflammatory
responses through MAPK cascades (Stein et al., 1993; Zhu et al., 2001), and we found that
the expression levels of several AP-1 TFs were strongly correlated with APOBEC3B
expression in cancer cells, including FOSL1, which is the single most correlated TF with
APOBEC3B expression (Figure S4C). We note that, although the in #rans screening did
identify FOS as a weak candidate regulator in U20S cells (Figure 5F), the large number of
partially redundant AP-1 family members may have hampered our ability to identify the role
of AP-1 through gene knockout. Thus, the co-occurrence of AP-1 binding sites alongside
NF-xB sites at required APOBEC3B regulatory regions suggests cooperative interactions
between these two pathways in regulating APOBEC3B expression.

In addition, among other enriched motifs, we identified a nuclear hormone receptor (NHR)
response element at DisEn11 whose deletion ablated its enhancer activity (Figures 6B and
6C). Although we cannot directly link binding of NHR TFs to this site, our /n trans screen
identified two NHRs, NR1H2 and NR1H3, whose mutation and small-molecule inhibition
impair APOBECS3B activation, providing a possible binding factor at this site.

AP-1 and NF-xB TFs Must Both Bind to Activate APOBEC3B Expression at the Intronic and
Distal Enhancers

To explore the possible cooperation of NF-xB and AP-1 in APOBEC3B expression, we
treated U20S cells with the NF-xB inhibitor ML120B, the AP-1 inhibitor SR11302, or the
PI3K inhibitor Ly294002, which is known to block both NF-xB and AP-1 activity in cancer
cells through inhibiting the common upstream PI3K/Akt signaling (Kikuchi et al., 2008; Ma
etal., 2013; Reddy et al., 1997, 2000). Treatments of APOBEC3B-EGFP U20S cells with
Ly294002, ML120B, and SR11302 all induced significantly decreased reporter intensity by
FACS (Figure 7A). We observed a more substantial reduction in double treatment of
ML120B and SR11302 and also the Ly294002-treated cells than inhibition of either pathway
alone, which we validated at the transcript level, indicating a combinatorial effect between
NF-xB and AP-1 (Figure 7B). The neighboring expressed gene JOSD1 was not significantly
affected by the drug treatments. APOBEC3C transcription was attenuated by Ly294002 and
SR11302, but not by ML120B, which is likely due to the fact that the APOBEC3C promoter
upstream contains an AP-1 binding site (data not shown).

We also asked whether any other signaling pathways we found to contribute to APOBEC3B
expression were independent of AP-1 or PI3K blockage (Figure S7A). In combinatorial
treatments with the AP-1 inhibitor, IRF signaling inhibition (MRT67307) more robustly
inhibits APOBEC3B expression. A mild combinatorial effect of other inhibitors with AP-1
inhibition was also observed. However, none of these compounds reduced APOBEC3B
expression further in combination with PI3K inhibition, suggesting that inhibition of the
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PI3K pathway predominantly blocks the integrated signaling inputs from all pathways we
identified to contribute to APOBEC3B expression.

We then asked whether activation of NF-xB and AP-1 signaling is sufficient to induce
APOBEC3B expression in HCT116 cells. We treated HCT116 cells with TNF-a, followed
by co-treatment with different inhibitors. We found that both NF-xB and AP-1 inhibitors led
to significant reduction in APOBEC3B gene activation, and the PI3K inhibitor Ly294002
caused slightly stronger inhibition (Figure 7C). Similarly, PMA-induced APOBEC3B
upregulation in HCT116 cells was inhibited in response to PI3K inhibitor (Figure S7B), but
APOBEC3B upregulation by chemotherapeutic agents hydroxyurea and gemcitabine was
unaffected by PI13K inhibition. These results suggest that a more complex signaling crosstalk
is involved in cytotoxicity-induced APOBEC3B upregulation, consistent with previous
findings (Kanu et al., 2016).

To address whether NF-xB and AP-1 act directly on the c/s-regulatory regions identified
using tiling STARR-seq, we first profiled the enhancer activity of c/s-regulatory regions in
response to NF-xB activation in HCT116 cells by performing tiled STARR-seq in the
presence of the NF-xB-activating drug gemcitabine. We observed modest intronic and distal
enhancer activity (DisEn14 and 12) in untreated HCT-116 cells that was significantly
increased upon gemcitabine treatment (Figure S7D, top 10 regions are shown). Among these
regions, the intronic enhancer showed the strongest induction upon gemcitabine treatment at
three overlapping wild-type STARR-seq oligos, and deletion of a 30-bp region containing
both NF-xB and AP1 binding sites eliminated gemcitabine activation from these oligos
(Figure S7E). This region drives strong activity in U20S and DLD1 cell lines as well
(Figure 6C). Overall, this experiment links gemcitabine treatment with NF-xB and AP-1 c¢is-
regulatory modules.

We next sought to dissect NF-xB and AP-1 pathways and their respective binding motifs in
regulating APOBEC3B activation. We found that, in U20S cells, enhancer activity of NF-
xB and AP-1 motif-containing regions within the intronic enhancer and DiSEn26 was
significantly suppressed by blocking either NF-xB or AP-1 pathways, and Ly294002 again
induced a slightly stronger reduction in the activity of both enhancer regions (Figure 7D).
These same two regions displayed activated expression in HCT116 cells treated with TNF-
a, PMA, hydroxyurea, or gemcitabine, with especially robust activation at the intronic
enhancer region (Figures 7E and S7C). To determine whether the NF-xB or AP-1 motifs are
indeed responsible for activating gene expression in these cis-regulatory regions, we created
three mutant versions each of the intronic enhancer and DisEn26 STARR-seq oligos with
either or both of the motifs scrambled. Interestingly, the destruction of either motif alone
nearly completely extinguished expression from these oligos (Figure 7F), indicating a
conditional logic in which NF-xB and AP-1 must both bind to APOBEC3B enhancers to
induce expression. This conditional logic was also identified from STARR-seq oligos in
which one or the other motif was deleted (Figure S7F). Previous studies have shown that
FOS/JUN can physically interact with NF-xB/p65, promoting DNA binding and
transactivation (Stein et al., 1993; Thomas et al., 1997). Our data provide a functional
demonstration of this cooperative relationship, showing that NF-xB and AP-1 must both
bind to adjacent motifs in several enhancer regions to induce APOBEC3B gene expression.
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DISCUSSION

In this study, we employ HIGAN, a suite of high-throughput pooled screens (consisting of
tiling cis-regulatory screening, trans-regulatory TF screening, and mutant tiled STARR-seq)
that connect in frans TF regulators with their in ¢/s binding sites to provide in-depth insight
into the regulation of the cytidine deaminase APOBEC3B, whose upregulation contributes
to cancer progression. Altogether, through connections forged by HIGAN, we show that
inflammatory cytokines (canonical NF-xB), PKC activation (alternative NF-xB), and
intrinsic genotoxicity (atypical NF-xB) converge through cooperative interactions between
NF-xB and AP-1 TFs acting at several c/s-regulatory regions to induce aberrant activation of
the oncogene APOBEC3B (Figure 7G).

By pairing a broad CRISPR-Cas9-mediated survey of required regulatory regions with fine-
mapping and functional interrogation of regions down to 30-bp resolution using STARR-seq,
we were able to identify and confirm functional regulatory motifs in high resolution. Neither
assay alone could have yielded such insights, because it is difficult to fine-map and assign
regulatory function with CRISPR-Cas9 screening while the lack of native genomic context
of plasmid-based STARR-seq assays prevents attribution of /n7 situ function to identified
regions. By further assessing the requirement of every human TF for APOBEC3B
expression and measuring the expression correlation between these TFs and APOBEC3B
across thousands of cancer cell lines, we were able to connect TF networks with their native
cis-regulatory binding sites, clarifying the direct regulatory interactions governing
APOBEC3B expression. Putting all of the three functional genomics assays together as an
integrated research pipeline, we are able to trace coherent threads in the regulatory logic of
APOBEC3B, for example, tracing pro-inflammatory extracellular cues such as TNF-a
through to TFs such as NFKB1 and NFKB2 that act cooperatively with AP-1 TFs at two key
cis-regulatory regions that are required for APOBEC3B expression in two cancer cell lines.

Performing such multi-modal genomics compensates for weaknesses in individual
approaches. For example, delivering dCas9-KRAB to intronic regions could impede the
transcriptional process, complicating discovery of intronic enhancer elements. STARR-seq
thus provides an orthogonal approach to verify the enhancer activity of intronic regions, in
this case providing strong support for our identification that APOBEC3B expression is
driven by a strong intronic enhancer. In contrast, the in frans screening largely misses the
importance of AP-1 in APOBEC3B regulation (FOS knockout weakly downregulates
APOBEC3B in U20S cells), presumably because of redundancies in the FOS and JUN
families. Because AP-1 binding sites are highly enriched in essential 30-bp STARR-seq tiles
and the expression of FOSL1 is the single most correlated TF with APOBEC3B expression,
however, we were able to recognize and validate the key role of AP-1 in APOBEC3B
expression using a pan-AP-1 small-molecule inhibitor. The STARR-seq assay employed
small-molecule inhibitors to block potential false-positive signals triggered by type I IFN
induction during cellular transfection, preventing us from assessing the role of IFN-related
TFs in this assay. Nevertheless, the in #rans screen allowed us to identify IRF3 and other
IFN-related TFs (IRF5, IRF6, and STAT2 in DLD-1 cells) as APOBEC3B regulators, which
we validated with a selective pan-IRF inhibitor MRT67307.

Cell Rep. Author manuscript; available in PMC 2020 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Linetal.

Page 13

Our work also demonstrates the challenge in building accurate, complete gene-regulatory
networks. We are able to confirm statistically significant roles for nine c/s-regulatory regions
using various validation methods, and using STARR-seq, we confirm the activity of >10
separable 30-bp regions within these regions. We implicate dozens of TFs in regulating
APOBEC3B (many of which are involved in only one of the two cell lines we test), and by
manipulating signaling pathways that use these TFs, we show that at least six signaling
pathways play a role in promoting APOBEC3B expression. Moreover, within regulatory
regions, there are complex relationships between TFs at individual binding sites, because we
show that the APOBEC3B intronic enhancer and a distal enhancer (DisSEn26) require
temporal synchronization of NF-xB and AP-1 inputs to function. Thus, although we can
provide distilled explanations such as that a number of inflammatory signaling pathways
contribute in stronger (NF-xB/AP-1) or weaker (IRF3, Nrf2, CREB) ways to APOBEC3B
expression, the reality is decidedly more nuanced. APOBEC3B does not possess an
abnormally large number of adjacent epigenetically marked c/s-regulatory regions, so it is
likely that most genes have evolved similarly multifaceted regulatory architectures.

In spite of this complexity, with HIGAN, we demonstrate that the most salient APOBEC3B
regulatory mechanism in U20S and DLD-1 cells is a requirement for the simultaneous
activity of NF-xB and AP-1 at two of the strongest enhancers, neither of which had been
recognized previously as key APOBEC3B regulatory regions (Chou et al., 2017; Mori et al.,
2015). A few previous studies have also provided evidence of the interdependency of NF-xB
and AP-1 in regulating specific cytokine expression (Thomas et al., 1997; Yasumoto et al.,
1992). A recent study showed that the majority (89%) of genomic NF-xB binding sites
overlap with AP-1 during breast cancer cell transformation, but there are a large number of
AP-1 binding sites without nearby NF-xB binding (Ji et al., 2019). This result is in line with
evidence that AP-1 TFs act as pioneer factors, opening chromatin to enable the binding of
other TFs at otherwise inaccessible adjacent binding sites (Biddie et al., 2011; Vierbuchen et
al., 2017). Thus, we posit that AP-1 binding may act to recruit NF-xB through opening
chromatin at NF-xB motifs, enabling the strong transcriptional enhancing activity of NF-xB
to activate an inflammation-related gene expression program. This requirement for joint
activity of NF-xB and AP-1 at dominant APOBEC3B enhancers may serve to prevent
activation of APOBEC3B under conditions of transient pro-inflammatory signaling,
reserving the activation of this potent yet dangerous anti-viral protein to cases of severe or
prolonged inflammation in which both pathways are activated. The identification of roles for
other inflammatory signaling pathways in regulating APOBEC3B, although with minor
impacts, provides further explanation for the differential APOBEC3B levels in different
tumors, suggesting that robust APOBEC3B upregulation occurs when there is a confluence
of inflammatory triggers. For instance, in cancer cell lines with high NFKB2 expression but
low APOBEC3B expression, we indeed observe significantly lower expression of a number
of pro-inflammatory TFs that we have implicated in APOBEC3B activation, including
RELA, FOSL1, IRF3, NFE2L3, CREB3L2, and NR1H2 (Figure S7G).

There are compelling studies to motivate the therapeutic upregulation (Driscoll et al., 2020;
Wang et al., 2018) or repression (Law et al., 2016; Sieuwerts et al., 2017) of APOBEC3B as
part of cancer therapy. Our study provides valuable information to guide such efforts. For
instance, we show that the US Food and Drug Administration (FDA)-approved
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chemotherapy agents gemcitabine and hydroxyurea dramatically increase APOBEC3B
expression, presumably leading to genomic hypermutation and neo-antigen creation, and
thus suggesting that these agents might be particularly suited to sensitizing tumor cells for
followup checkpoint immunotherapy. Meanwhile, the first recently FDA-approved PI3K
inhibitor Pigray (alpelisib) has shown significant improvement of outcomes in a clinical trial
for hormone receptor (HR)-positive breast cancer therapy (André et al., 2019). We show that
PI3K inhibition potently inhibits APOBEC3B expression, and thus we predict that Pigray
treatment should dampen the metastatic potential of these cancers. In sum, the increased
molecular understanding of APOBEC3B gene regulation provided by this study has the
potential to influence the rationale for certain cancer treatment regimens, and the model for
APOBEC3B gene regulation revealed by our HIGAN pipeline provides a paradigm for
understanding gene-regulatory mechanisms in an unbiased manner.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Richard Sherwood
(rsherwood@rics.bwh.harvard.edu)

Materials availability—This study did not generate new unique materials.

Data and code availability—Raw data including CRISPRi fastq sequencing datasets,
original gel pictures and bar plots presented in this study are available at Mendeley dataset
deposit with https://doi.org/10.17632/b4wczz76gfil; Code for processing /n-cistiling library
and MAGeCK is available at: https://github.com/maxwshen/mera_tiling. gRNA oligo
design, raw read counts for /n-cis screen and processed MAGeCK analysis is available in
Tables S4 and S7. gRNA oligo design, raw read counts for /n-trans screen and processed
MAGeCK analysis is available in Tables S5 and S8; Tiling STARR-seq library design and
normalized expression is available in Tables S6 and S9.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Human cell lines U20S (ATCC® HTB-96), DLD-1 (ATCC® CCL-221) and
HCT116 (ATCC® CCL-247) were obtained from ATCC and cultured according to protocols
recommended by ATCC. U20S and HCT116 cells were grown at 37°C in GIBCO McCoay’s
5A (Modified) Medium (GIBCO 26600023) supplemented with 10% fetal bovine serum.
DLD-1 cells were grown at 37°C in GIBCO RPMI 1640 Medium (ATCC Modification)
(GIBCO A1049101) supplemented with 10% fetal bovine serum. Cells were regularly tested
for mycoplasma. APOBEC3B C-terminal P2A-GFP fusion knockin lines were constructed
using a previously published protocol with cell line Nucleofector Kit (Lonza) (Arbab et al.,
2015).

METHOD DETAILS

gRNA library design—For cis- screening library, gRNAs were designed to tile —300 kb
to +300 kb proximal region around the APOBEC3B promoter at 22g13.1 chromosomal
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region (Table S5). gRNAs were filtered if they contained quadruple homopolymers, resided
in genomic repeat regions, or if its SpCas9 cutsite was 3 or fewer nucleotides to another
SpCas9 gRNA’scutsite, or if its Azimuth score was below 0.35. If the number of gRNAs
remaining was greater than 12,270, we removed gRNAs in ascending order of their distance
to another gRNA in the library. Following these steps, gRNAs were designed to match the
following properties:

Guide RNAs should have 19-20 bp of homology to the genome immediately preceding the
NGG “PAM” sequence:

a. If the genome sequence is GNNNNNNNNNNNNNNNNNNN NGG
(GN1gNGGQG), the guide RNA sequence should be
GNNNNNNNNNNNNNNNNNNN (GNjg)

b. If a is not satisfied but GNNNNNNNNNNNNNNNNNN NGG (GN1gNGG) is
satisfied, the guide RNA sequence should be GNNNNNNNNNNNNNNNNNN

(GNyg)

c. If a and b are not satisfied, the guide RNA sequence should be
GNNNNNNNNNNNNNNNNNNNN (GNyg) where the genomic sequence is
NNNNNNNNNNNNNNNNNNNN NGG (NogNGG) - it does not matter if the
first G is in the genome.

For trans- screening library, 7210 gRNAs targeting 1803 human annotated transcription
factors were collected from human CRISPR Brunello genome-wide knockout pooled
libraries (Doench et al., 2016), and then a list of 100 non-target control gRNAs and 77
gRNAs targeting EGFP was also included in the frans- screening library (Table S6).

We purchased the gRNA oligos from CustomArray, Inc (GenScript, WA) with the following
format:

Oligo Structure:
ATATATCTTGTGGAAAGGACGAAACACCI[GN
18-20] G TTTAAGAGCTATGCTGGAAACAGCATAGC

gRNA library preparation and transfection—Both /n-cis and in-trans screening oligo
pools were first PCR with the following primers to extend the homolog arm for cloning:

010415 gRNAG0ObpFw:
TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACG
AAACACCG 010415 _sgRN A_60bp_rv:
GTTGATAACGGACTAGCCTTATTTAAACTTGCTATGCTGTTTCCAGCATAGCT
CTTAAAC

All primer sequences are listed in Table S1.

PCR conditions:
NEBNext® High-Fidelity 2X PCR Master Mix: 25uL

Pooled oligo library template: final concentration of 0.04ng/uL
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-010415 gRNA_60bp_Fw (10uM): 2.5 uL
-010415_sgRNA_60bp_rv (10uM): 2.5 uL
DMSO: 1.5uL

RNase-free water: 17.5 uL

PCR was run with annealing temperature at 68 degrees for 20 cycles, with extension time for
1min. PCR product was then run on a 2% agarose gel and purified for the specific 137bp
band, using the QIAquick gel extraction kit followed by PCR purification kit (-QIAGEN).
Backbone plasmid p2TU6sg2XBbsIFE was digested with Bbsl-HF (New England
Bioscience) and gel purified. Gibson assembly was set up according to the reaction ratios
below:

Purified linear vector: 330ng (0.083pmols for 6kb)

Purified PCR inserts:50ng (0.55pmols for 140bp, 6.6x more than vector (5-10x
recommend))

2x Gibson assembly Master Mix: 10uL
H20O: fill up to 20uL

Reaction mixture was then incubated at 50 degrees for 1h, and then 4 degrees for Gibson
assembly reaction. Assembled plasmids were purified by isopropanol precipitation with
GlycoBlue Coprecipitant (Thermo Fisher) and resuspended in Nuclease-free water and
transformed into NEB10beta (New England Biolabs) electrocompetent cells according to the
manufacturer’s directions. Following recovery, a small dilution series were plated to assess
transformation efficiency and the remainder was grown in liquid culture in LB medium
overnight at 37°C, followed by maxiprep with PureLink® HiPure Plasmid Filter Maxiprep
Kit (Thermo Fisher). For stable Tol2 transposon plasmid integration, previous protocol was
used with Lipofectamine 3000 (Thermo Fisher) (Shen et al., 2018). Selection with the
respective agents at an empirically defined concentration (Blasticidin, Hygromycin)
(Thermo Fisher) was performed starting 48 hours after transection and continuing for 1~2
weeks.

Genomic DNA extraction—For genomic DNA isolation, cell cultures were first
trypsinized and collected. Based on the estimated cell number, cells were then split into
multiple reactions for further lysis and purification to keep the starting material below the
maximum range of purification column, which was subjected to DNeasy Blood & Tissue Kit
(QIAGEN) following the manufacturer’s protocol. The concentration was then measured
using a Nanodrop (Thermo Fisher).

Sequencing library preparation—To amplify the gRNA fragments integrated in the
genomic DNA for lllumina high-throughput sequencing, we performed two-step PCR
amplification using primers flanking the gRNA protospacers. For each sequencing library,
16ug of genomic DNA was used. PCR1 was performed using the primers with stagger
barcodes to maintain sequence diversity across the flow-cell. PCR2 was performed to add
full-length Illumina sequencing adapters using custom primers with index for multiplexing.
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All PCRs were performed using NEBNext polymerase (New England Bioscience). To avoid
overamplification, between PCR1 and PCR2, we performed gPCR to gauge how much
product we have and calculate the number of cycles of PCR2 to be performed. The pooled
samples were sequenced using NextSeq (Illumina) at the Utrecht Sequencing Facility.

All primer sequences are listed in Table S3.

Flow cytometry cell sorting and analysis—FACS of screening was performed on BD
FACSJazz cell sorter and BD Influx cell sorter (BD Bioscience). For cells that need to be
collected back for culture, cells were sorted in complete cell culture medium with Pen-Strep
(GIBCO) and ROCK inhibitor (Y-27632, final concentration of 10uM). For cells subjected
to analysis, we performed FACS with analysis buffer that is comprised of 5SmM EDTA,
25mM HEPES and 1% BSA in DPBS. FACS analysis was performed with CytoFLEX
benchtop flow cytometer (Beckman), and analyzed with FlowJo software.

Luciferase assay—Selected regions were PCR amplified from genomic DNA of U20S
cell line, cloned into pGL4.23[luc2/minP] and verified by sequencing (Table S1 for genomic
coordinates and primers). Individual constructs were tested by co-transfecting cells in a 96-
well format at ~80% confluency with the respective firefly construct (50ng) and a Renilla
control plasmid (10ng) using lipofectamine 3000 (Thermo Fisher). Using the Promega Dual
Luciferase Assay kit (Promega), we measured luciferase activity at a microplate
luminometer (Centro LB 960, Berthold) and normalized firefly luciferase to Renilla
luciferase activity.

Tiling STARR-seq plasmid library preparation—Oligo pool for STARR-seq was
purchased from Twist Bioscience (CA) (Table S7). Oligo pool was designed in 150bp format
with 25bp homolog arm at both 5" and 3" end to facilitate cloning.

Oligo format:

TAGATTGATCTAGAGCATGCACCGG- [150bp oligo] -
TGGAGTTCAGACGTGTGCTCTTCCG

STARR-seq oligo pools were amplified by two-step PCR with the following primers to
extend the homolog arm for cloning: PCR1 primers:

20180720_GA_STARR60bp _fw:

ACTCTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATTGATCTAGAGCA
TGCACCGG

20180720_GA_UMI_Read2_rv:

GTATCTTATCATGTCTGCTCGAAGCGGCCGGCCGAATTCGTCGA-[15nt
UMI]-AGATCGGAAGAGCACACGTCTGAACTCCA

PCR2 primers:
20180720_GA_STARR_left_fw: ACTCTTCACTGGAGTTGTCCCAATT
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20180720_GA_STARR_rightAmp_rv:
GTCCAAACTCATCAATGTATCTTATCATGTCTGCTCGAAGC

The amplified product was then run on a 2% agarose gel and purified as previously
described. STARR-seq backbone plasmid: hSTARR-seq_ORI vector (Addgene: #99296)
was digested with Agel-HF and Sall-HF (New England Bioscience) and purified for Gibson
assembly reaction.

Gibson assembly was set up according to the reaction ratios below:
Purified linear vector: 130.1ng (0.083pmols for 2537bp)
Purified PCR inserts:106.7ng (0.55pmols for 314bp)
2x Gibson assembly Master Mix: 10uL
H20: fill up to 20uL

Reaction mix was further purified, electroporated, and maxiprep as previously described.

Deep sequencing to determine STARR-seq barcode-oligo dictionary—We used
two-step PCR amplification to prepare sequencing library from plasmid libraries to create
barcode-oligo dictionary. PCR1 was performed with the pool of the following forward and
reverse primer sets with stagger random nucleotides to maintain sequence diversity across
the flow-cell.

Forward primers:

20190114 Nextera_halfreadl_staggered_fwl.:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG NNN
TGATCTAGAGCATGCACCGG

20190114 Nextera_halfreadl_staggered_fw2:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG NNNN
TGATCTAGAGCATGCACCGG

20190114 Nextera_halfreadl_staggered_fwa3:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG NNNNN
TGATCTAGAGCATGCACCGG

20190114 Nextera_halfreadl_staggered_fw4:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG NNNNNN
TGATCTAGAGCATGCACCGG

Reverse primers:

20190114 half Nextera_rv1:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNCATGTCTGCTCGAA
GCGGCC

20190114 half Nextera_rv2:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNCATGTCTGCTCGA
AGCGGCC
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20190114 _half_Nextera_rva:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNCATGTCTGCTCG
AAGCGGCC

20190114 _half_Nextera_rv4:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNNCATGTCTGCTC
GAAGCGGCC

PCR2 was performed with the following primers to extend for full-length adapters.

20190114 P5 Nextera fw:
AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTC

20180720 _P7_Nextera_rv:
CAAGCAGAAGACGGCATACGAGATGTCTCGTGGGCTCGG

Sequencing was performed with NextSeq 2X150 MidOutput (Illumina) for 243bp read-
length of Read1, and 73bp read-length of Read2. A custom Read2 sequencing primer was
used: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG.

STARR-seq library transfection and transcript sequencing library preparation
—TFor each biological replicate, two 15-cm dishes of cell culture with ~80% confluency was
transfected with 40ug STARR-seq plasmid library per plate through Lipofectamine 3000
(Thermo Fisher). After 6hrs incubation with transfection mixture, culture medium was
changed back to normal culture medium without antibiotics for 12hrs, meanwhile C16 and
BX-795 inhibitors were added to the cells (final concentration 1 mM/inhibitor). Next, total
RNAs were harvested through TRIzol-chloroform extraction (Thermo Fisher). 75ug of total
RNA was used as starting material to enrich mRNA with Dynabeads® Oligo (dT)»5
(Thermo Fisher) according to the manufacturer’s directions. The poly(A)* RNA was then
treated with RQ1 DNase (Promega), followed by purification with RNeasy MinElute kit
(QIAGEN). Reverse transcription was performed using the purified mRNA with Superscript
I11 (Thermo Fisher), and the following RT primer was used:

CCCTACACGACGCTCTTCCGATCT- [10 random nucleotide UMI]-
CTCATCAATGTATCTTATCATGTCTG.

Next, the first-strand cDNA reaction mixture was treated with RNaseA and purified with
MinElute PCR purification kit (QIAGEN). We performed two-step PCR amplification to
construct transcript sequencing library. PCR1 was performed with the following junction
primers to capture cDNA generated from STARR-seq transcripts:

20180720_JuncPCR_fw: TGAGGCACTGGGCAGG*T*G*T*C*C
(*phosphorothioate bond modified)

20180720_JuncPCR_rv: ACACTCTTTCCCTACACGACGCTCTTCC

PCR2 was performed to extend the full-length Illumina sequencing adapters using the
NEBNext Index Primer Sets 1 (New England Bioscience). Pooled library from different
conditions was sequenced with NextSeq 1X75bp high output (lllumina).
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All primer sequences are listed in Table S1.

Reverse transcription quantitative PCR (RT-gPCR)—Cell culture that subjected to
different treatment were washed with PBS, followed by TRIzol incubation for 10min at
room temperature. Cell lysis were then collected for purification or storage at — 80 degrees.
We performed phenol-chloroform phase separation on cell lysis and collected the RNA-
containing aqueous for ethanol precipitation. The precipitated mixture was then subjected to
purification with RNeasy Mini Kit (QIAGEN), following the manufacturer’s protocol. RNA
was resuspended and quantified with Nanodrop (Thermo Fisher), and subjected to DNase
treatment with RQ1 RNase-Free DNase (Promega), following the manufacturer’s protocol.
Two methods were used to generate cDNA from DNase-treated total RNA. Method 1: for
samples to profile gene expression, we used 1~2 ug of DNase-treated RNA for each reverse
transcription reaction with random hexamer from ProtoScript® First Strand cDNA Synthesis
Kit (NEB); Method 2: for samples to quantify the STARR-seq construct transcriptional
levels, we used up to 4ug of DNase-treated RNA for each reverse transcription reaction with
Oligo (dT)og primer via SuperScript 111 Reverse Transcriptase (Thermo Fisher). Afterward,
cDNA was subjected to gPCR using DyNAmo Flash SYBR Green qPCR mastermix
(Thermo Fisher) or iQ SYBR® Green supermix (BioRad) with CFX Connect Real-Time
PCR machine (BioRad). For gene expression profiling, gPCR was performed with gene-
specific qPCR primers. For STARR-seq construct, we used STARR-seq junction forward
primer and regions-specific reverse primer. Ct readouts of each gene were first normalized
with housekeeping gene GAPDH (ACt), and the relative expression of individual genes
versus the expression levels in control conditions was then calculated with 2-2ACt method.
The relative expression levels of STARR-seq constructs were also were calculated by
comparing the normalized expression of profiling regions with negative control region using
27AACt method.

All gPCR primers were listed in Table S1.

Drug treatment for cancer cells—Stock solutions for small molecules were prepared
according to manufacturer’s recommendation. For single drug treatment, treatments were
performed for 48 h. For dose-dependent treatment, combinatory treatment or rescue
experiment, treatments were performed for 24 h. For STARR-seq transfection in
combinatory with drug treatment, incubation was performed in line with STARR-seq
protocol for 12hrs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Demultiplexing and read preprocessing—For CRISPR screen:

Reads were demultiplexed requiring a perfect match to a designed 8-nt index and up to 1
mismatch to a designed 3-nt to 9-nt barcode residing at the beginning of the read. gRNAs
were counted by requiring a perfect match to a designed 19-nt, 20-nt, or 21-nt gRNA in the
library. Conditions corresponding to technical replicates were combined by summing their
gRNA counts.

For constructing STARR-seq oligo-barcode dictionary:
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Pooled reads were demultiplexed and quality filtered. Reads with mean Illumina scores Q <
30 were discarded. Paired-end reads were then used for construction of an oligo-barcode
dictionary identifying unige plasmid DNA molecules. In the aggregate pooled data, 5041642
barcode-oligo pairs were detected in paired-end reads of plasmid DNA. Each oligo-barcode
pair allowed us to associate a known oligo sequence from STARR-seq plasmid library with a
randomized barcode, facilitating the later matching with transcript unique molecular
identifiers (UMIs) to quantify the expression of each plasmid molecule.

gRNA enrichment analysis (MAGeCK)—MaGeCK was run with default parameters
for both /in-cisand in-trans screens. For cis-regulatory screen, we collected an average of
~1.6 million NGS reads per library, recovering 80%-100% of gRNAs with over 10 reads in
all unsorted replicates. For frans-regulatory screen, we collected an average of ~7.7 million
NGS reads per library, which managed to maintain a 100% coverage of gRNA diversity in
all pre-Cas9 population replicates with a threshold of over 10 reads per gRNA. For the bulk
population after Cas9 targeting, we obtained 99-100% coverage for U20S cell line and 83—
96% coverage for DLD-1 cell line. To identify /in-trans acting candidate APOBEC3B
regulators, we performed the following steps: 1) We filtered the genes with at least two
gRNAs that showed true abundance in at least two biological replicates for each cell line; 2)
Filtered gene lists were then ranked by their MAGeCK LFC relative to their abundance in
reporter-negative populations with a threshold >0.85 (Log?2) in at least three biological
replicates for both cell lines.

STARR-seq transcript enrichment analysis—Unique molecules were identified by
the incorporation of 10bp UMIs during reverse transcription of mRNA transcripts from
STARR-seq plasmid treated cells. Redundant sequencing reads having identical plasmid
barcodes and RNA molecule UMIs were discarded. In total, we identified ~2.1 million
unique transcripts from U20S biological replicates, ~3.5 million unique transcripts from
DLD1 biological replicates and ~1.8 million unique transcripts from HCT-116 replicates.
Transcript UMI counts were averaged over all barcodes matched with each oligo to compute
a mean expression rate of each oligo in each experiment, representing the normalized
enrichment of transcripts from each STARR-seq oligo.

STARR-seq tiling motif scanning—Using a database of 572 well-characterized motif
position weight matrices, we scanned for putative transcription factor binding sites by
scanning for motif sequences using a position weight matrix-based scoring method at all
positions of each oligo from STARR-seq library with a window size of 60bp. A motif
significance score was computed using a modeled, random distribution of simulated DNA
sequences matching the observed nucleotide distribution of the APOBEC3B region. Motif
hits were identified permissively, identifying motifs with with motif scores passing either a
modeled false discovery threshold of 5%, or identified as 2 standard deviation (STD)
significant.

CCLE and TCGA datasets—For gene expression correlation calculation, we used
Cancer Cell Line Encyclopedia (CCLE) (DepMap 2018) (18Q3 release). Six cohorts of
TCGA Pan-Cancer Atlas (PanCanAtlas) RNA-seq datasets (BRCA_HiSeqV2_PANCAN,
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BLCA_HiSeqV2_PANCAN, HNSC_HiSeqV2_PANCAN, LUAD_HiSeqV2_PANCAN,
LUSC_HiSeqV2_PANCAN, LIHC HiSeqVv2_PANCAN) (Weinstein et al., 2013) were also
recruited in this study. Patient IDs with the corresponding tumor and normal tissues can be
found in Mendeley dataset deposit with https://doi.org/10.17632/b4wczz76gfil.

Statistical analyses—Data are presented as means with standard error of the mean
(SEM) to indicate the variation within each experiment unless otherwise noted. Statistics
analysis was performed in Prism and R. Two-tailed t test was used for the comparison
between two different conditions. For experiments with more than two conditions, ANOVA
test was used to calculate significance. Annotation for p values in figure legends regardless
of statistical test type are: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Tiling CRISPR-Cas9 screening identifies c/s-regulatory modules of human
APOBEC3B gene

Transcription factor CRISPR screening reveals inflammatory activators of
APOBEC3B

Tiling STARR-seq identifies AP-1 and NF-xB binding clusters at
APOBEC3B enhancers

AP-1 and NF-xB signaling orchestrate APOBEC3B expression and activation
in cancer cells
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B CRISPR-Cas9 screen on trans-acting TFs
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Figure 1. Workflow of High-Throughput Interrogation of Gene-Centered Activation Networks

(HIGAN) Pipeline

This pipeline consists of: (A) Tiled CRISPRi screening of c/s-regulatory region, (B) TF-
wide CRISPR knockout screen on #rans-regulatory modulators, (C) tiling STARR-seq assay
with mutant tiles designed from identified regulatory regions, (D) signaling validation
through small molecule perturbation, (E) HIGAN output converged to reconstruct a gene-

centered activation network.
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Figure 2. CRISPR-Cas9-Based Screening ldentifies In cis- and In trans-Acting Regulatory
Elements of APOBEC3B in Cancer Cells

(A) Schematics of cisand frans screening design.

(B) Schematic of screening workflow.

(C) Representative FACS plot analyzed from cancer cells undergoing screening before and
after enriching the EGFP™ cell population.

(D) Dot plot showing the representative distribution of MAGeCK LFC for gRNAs of in ¢/s
screening library from U20S and DLD-1 cell lines. Red dots indicate gRNAS targeting
APOBEC3B TSS locus (1,000 to +100 bp).

(E) Stacking plot depicting the LFC of cis-targeting gRNAs across the APOBEC3B + 300
kb locus. A zoomed-in view of the gRNA enrichment covering APOBEC3B gene locus in
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proximity to promoter is plotted on top; gRNA coverage of in ¢/sscreening library; gene
annotation; normalized signal tracks of H3K4me3; and H3K27Ac ChlP-seq from both
U20S and DLD-1 cell lines.

(F) Volcano plot depicting the statistics cutoff for candidate gRNAs based on MAGeCK
pipeline. Violin plot summarizing the MAGeCK LFC of candidate gRNA versus the other
cls-targeting gRNAs. Statistics analysis is conducted by unpaired t test with Welch’s
correction, ****p < 0.0001.

See also Figure S1 and Table S1.
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Figure 3. Individual Validation of Selective In cis Screening Candidate Regions
(A) FACS quantification of EGFP expression in APOBEC3B reporter cells upon paired

gRNA targeting of candidate regions.

(B) Relative gene expression of JOSD1, SUN2, and APOBEC3B in EGFP-positive and -
negative populations upon targeting with paired gRNAs for candidate regions.

(C) A multi-region view of the candidate regions showing the following in track order from
top to bottom: gene annotation, gRNA library coverage, tracks showing the rolling averages
of MAGeCK LFC enrichment from five gRNAs in proximity in U20S cell line, DNase-seq
peak generated from U20S cell line, and normalized tracks of active histone mark ChlIP-seq
generated from the U20S cell line.

(D) Relative luciferase activity for candidate enhancer regions over a negative control region
in both U20S (yellow) and DLD-1 (blue) cell lines.

In all bar plots, data are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001. (A) Statistics analysis is conducted by one-way ANOVA; EGFP~ population is
compared with pool of non-targeting controls, with Q= 5%, n = 3 for each paired gRNA
targeting. (B) Statistics analysis is conducted by one-way ANOVA, with Q=5%, n = 4. (D)
Luciferase readouts from empty vector and each construct are compared with negative
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region construct within each cell line using one-way ANOVA, with Q= 5%, n = 4. See also
Figure S2 and Table S1. The complete chromosome coordinates of the regions highlighted in
this figure can be found in Table S3.
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Figure 4. TF-Wide CRISPR Screen Identifies In trans-Acting Regulators of APOBEC3B
Expression
(A) Boxplot showing the top enriched TF candidates of in frans screening library from

U20S (yellow) and DLD-1 (blue) cell lines based on averaged MAGeCK LFC. Positive
controls of gRNA targeting EGFP are shown in red, while non-targeting gRNA controls are
shown in gray.

(B) Venn diagram on top showing the TFs identified by fulfilling enrichment criteria in
U20S (yellow) and DLD-1 (blue) cell lines. Boxplots below showing the common TF hits
and their respective MAGeCK LFC from different experiments (n = 4).

See also Figures S3 and S4.
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Figure 5. Validation of the Potent Role of NF-xB in Activating APOBE3B Gene Expression
(A) Representative FACS plots of APOBEC3B reporter intensity in U20S cells with Cas9-

mediated non-targeting controls, NFKB1-targeting gRNAs, or NFKB2-targeting gRNAs. A

pool of two gRNAs was used for each targeting. Right panel is a bar plot of quantification

for each targeting experiment.

(B) gRT-PCR quantifies the APOBEC3B mRNA expression levels in the U20S cell line in

response to different doses of IKKp-selective inhibitor ML-120B compared with DMSO

control.

(C) gRT-PCR quantifies the relative APOBEC3B mRNA expression levels in the HCT116

cell line in response to different upstream activators of NF-xB signaling compared with
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DMSO control: PMA (PKC activator, 200 ng/mL), TNF-x (pro-inflammatory cytokine, 200
ng/mL), gemcitabine (DNA synthesis inhibitor, 2 uM), and combinatorial treatments.

(D) A multi-region view of the validated enhancer regions with the candidate TF binding
peaks. Plots showing the following in track order from top to bottom: gene annotation;
MAGeCK LFC enrichment of cis-targeting RNAs in proximity from U20S cells; DNase-seq
peak generated from U20S cell line; ChiP-seq peak datasets of candidate TFs from ReMap
database, including NFKB1, NFKB2, RELA, RELB, IRF3, EZH1, and NR1H2; RELA
ChiIP-seq peaks from U20S cells with TNF-a or radiation-mediated NF-xB activation
(Janus et al., 2018).

(E and F) Dot plot showing the comparison between TF-APOBEC3B expression correlation
coefficients and their respective MAGeCK enrichment LFC in U20S and DLD-1 cell lines.
Dots highlighted indicate the candidate TFs derived from each cell line: U20S (yellow) and
DLD-1 (blue).

In all barplots, data are shown as mean = SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. (B)
Statistics analysis is conducted by one-way ANOVA, with Q= 5%, n = 3. (C) Statistics
analysis is conducted between each gene profiling of individual drug treatment versus
DMSO control by two-way ANOVA, using the two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli, with Q =5%, n = 3.

See also Figures S3 and S4.
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Figure 6. Tiling STARR-Seq Assay ldentifies Both Intronic and Distal Enhancers with AP-1 and
NF-xB Binding Motifs

(A) Schematic of tiling STARR-seq assay design.

(B) Dot plots showing the normalized enrichment of wild-type STARR-seq oligos from each
biological replicate. Negative control regions are shaded in gray; candidate regions
previously highlighted from in c¢/sscreening are shaded in red.

(C) Dot plots showing the normalized enrichment of the key 30-bp regions from STARR-
seq. Annotation of the top-scored putative JASPAR motifs were included for regions
previously validated with CRISPR screening and knockout validation.

(D) TF occupancy in APOBEC3B promoter region and intronic enhancer and distal
enhancer regions. ATAC-seq generated from U20S cell line from previous literature was
plotted to visualize open chromatin (Oomen et al., 2019). ChlP-seq peaks from the ReMap
database were plotted within the STARR-seq window with the key 30-bp regions, including
TFs from the NF-xB gene family (NFKB1, NFKB2, RELA, RELB) and IRF3 and TFs from
the AP-1 gene family (FOS, FOSL1, FOSL2, JUN, JUNB, JUND).
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(E) Diagram showing the sequences of NF-xB and AP-1 putative motifs in APOBEC3B
promoter, intronic enhancer, and one example of the distal enhancer regions: DiSEn26.
See also Figures S5 and S6. The complete chromosome coordinates of the regions
highlighted in this figure can be found in Table S3.

Cell Rep. Author manuscript; available in PMC 2020 December 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Linetal.

Normalized Counts

9]

Relative Gene Expression (vs DMSO0)

Page 38

O 1.5+ B = OMSO
aE) - L
[=} . = = ML120B
1007 g —1 g WL1085SR 1302
=
801 ' _ g2
60 4 & § :
(o]
40 4 'g 0.5+ d g
20 4 § g :
0 § 0.0- £ 0 7 Py P
10 10°  10¢ 10° b P o & g ¢ &
—— APOBEC3B-EGFP —3 e PV & &
&
D E F
APOBEC38 == DMSO TNFa
= HPRT — L)Q94332 == DMSO
ML12
15_HCT116 sR11302 o HOT116 .
§ ] ER =
10+ £8 : E Fr 5%
ts 8 - ¢
g g 8
S‘ T 3 S’
g 2 3 2 4 u
5 £2 ? é_?
8 g ®e o] 8
5 g = gg
= = 14
0 0 =
".’ﬁ + + + ¥+ 6o\ é]?
ers ga S o éﬁ &
3 R
Qggg‘g w éégb .{,\“é\ %\6&\
G Alternative
Inflammatory cytokines: NF-kB pathway
TNFa, IL-1, IL-6... PMA

L¥294002

ML120B

R
Canonical - R o S Atypical
NF-xB pathway 'N@' | SR11302 NF-kB pathway
|
J Genatoxicily response:

o Chematherapy

Cytoplasm Qi% B ':wj: (ih@: lonizing radiation

@8 Cemcitabine

AP-‘{_ _ J\ / Hydroxyurea
i ‘)
-
s

/ —h-[ Promoter DisEn11  DisEn26

w1 o NF«B Ialnclng site Ap-ﬂundi!g

Distal enhancers
T Intronic enhancer
Nucleus N i
—g

APOBEC3B locus

Figure 7. AP-1 and NF-xB Orchestrate APOBEC3B Activation Directly through Its Intronic and
Distal Regulatory Elements

(A) Representative FACS plots of APOBEC3B reporter intensity in U20S cells upon drug
treatment (left). Bar plot showing the quantification of the relative mean EGFP intensity of
the reporter cells upon drug treatment (right): Ly294002 (PI13K inhibitor, 40 uM), SR11302
(AP-1 inhibitor, 40 uM), and ML120B (IKKp-selective inhibitor, 40 uM) for 48 h.

(B) gRT-PCR quantification of APOBEC3B inhibition upon treatments of NF-gB and AP-1
inhibitors in the U20S cell line for 24 h.
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(C) gRT-PCR quantification depicting the ablation of TNF-a-induced APOBEC3B
activation by NF-xB and AP-1 inhibitors in the HCT116 cell line: TNF-a. (200 ng/mL),
SR11302 (2 uM), ML120B (40 uM), and Ly294002 (20 puM).

(D) gRT-PCR quantification of the relative enrichment of STARR-seq constructs containing
negative control region, intronic enhancer, and DisEn26 in response to NF-xB and AP-1
inhibitors in the U20S cell line: Ly294002 (20 pM), ML120B (40 pM), and SR11302 (40
UM).

(E) gRT-PCR analysis of the relative enrichment of STARR-seq constructs containing
negative control region, intronic enhancer, and DisSEn26 in response to TNF-a (200 ng/mL)
in the HCT116 cell line.

(F) gRT-PCR quantification of the relative enrichment of STARR-seq constructs containing
wild-type intronic enhancer and DisEn26 sequences or sequences with scrambled TF
binding sites in the U20S cell line.

(G) A schematic representation of the upstream signaling pathways triggering APOBEC3B
expression activation through the binding of NF-xB and AP-1 to its cis-regulatory motifs.
Pro-inflammatory cytokines, such as TNF-a, and PKC activator PMA signal via canonical
NF-xB, PI3K, and MAPK pathways, leading to recruitment of NF-xB and AP-1 TF at
APOBEC3B intronic and distal enhancers. Chemotherapeutic agents gemcitabine and
hydroxyurea trigger genotoxicity, inducing atypical activation of NF-xB through ATM-
NEMO interaction, in turn promoting APOBEC3B activation.

In all bar plots, data are shown as mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001. (A and B) Statistics analysis is conducted by one-way ANOVA, with Q=5%, n =
3. (C-F) Statistics analysis is conducted by two-way ANOVA, using multiple comparisons
with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli, with Q = 5%,
n=3(C, E, and F); n =4 (D). Akt, Protein Kinase B; IKKa, IxB kinase a; IxB, NF-xB
inhibitor; IKKB, IxB kinase p; NEMO, 1B kinase y; PI3K, phosphatidylinositol 3-kinase.
See also Figures S6 and S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial Strains

One Shot TOP10 Chemically Competent £. coli ThermoFisher Cat#C404003
NEB® 5-alpha Electrocompetent £. coli NEB Cat#C2989K
Chemicals

DPBS, no calcium, no magnesium GIBCO Cat#11875-093
RPMI 1640 Medium (ATCC Modification), HEPES, GIBCO Cat#A1049101
Liquid

McCoy’s 5A (Modified) Medium GIBCO Cat#26600023
Fetal Bovine Serum Sigma-Aldrich Cat#F7524
Opti-MEM | Reduced Serum Medium GIBCO Cat#11058021
Penicillin-Streptomycin (10,000 U/mL) GIBCO Cat#15140122
Lipofectamine® 3000 ThermoFisher Cat#15212475
Hygromycin B (50mg/ml) ThermoFisher Cat#10687010
Blasticidin S HCI (10mg/mL) ThermoFisher Cat#A1113903
Trypsin-EDTA (0.25%), phenol red ThermoFisher Cat#25200072
Recombinant RNasin® RNase Inhibitor, 10,000 U Promega Cat#N2515
RQ1 RNase-Free DNase, 1,000 U Promega Cat#M6101
SuperScript 111 Reverse Transcriptase 10,000 U ThermoFisher Cat#18080085
ProtoScript® First Strand cDNA Synthesis Kit NEB Cat#E6300L
Agel-HF NEB Cat#R3552L
Sall-HF NEB Cat#R3138L
BbsI-HF NEB Cat#R3539S
Gibson Assembly Master Mix NEB Cat#E2611L
MinElute PCR Purification Kit (50) QIAGEN Cat#28004
DNeasy Blood & Tissue Kit QIAGEN Cat#69506
Dynabeads Oligo(dT)25 ThermoFisher Cat#61005
TRIzol Reagent ThermoFisher Cat#15596026
RNeasy Mini Kit (250) QIAGEN Cat#74106
QIAquick Gel Extraction Kit QIAGEN Cat#28706
NEBNext® High-Fidelity 2X PCR Master Mix NEB Cat#M0541L
NEBNext® Ultra Il Q5® Master Mix NEB Cat#MO0544L
Agilent High Sensitivity DNA Kit Agilent Cat#5067-4626
Qubit dsDNA HS Assay Kit ThermoFisher Cat# Q32851
GeneRuler 1 kb Plus DNA Ladder ThermoFisher Cat#10101240
Qubit dsDNA HS Assay Kit ThermoFisher Cat#Q32854
SYBR Safe DNA Gel Stain ThermoFisher Cat#S33102
BX-795 hydrochloride Sigma-Aldrich Cat#SML0694
Imidazolo-oxindole PKR inhibitor C16 Sigma-Aldrich Cat#19785
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant human TNFa InvivoGen Catf#rcyc-htnfa
ML120B Sigma-Aldrich Cat#SML1174
SR11302 Cayman Chemical Cat#16338
LY?294002 Cayman Chemical Cat#70920
Gemcitabine hydrochloride Sigma-Aldrich Cat#G6423
Hydroxyurea Sigma-Aldrich Cat#H8627
CREB Inhibitor, 666-15 Sigma-Aldrich Cat# 5383410001
GSK2033 Sigma-Aldrich Cat# SML1617-5MG
ML-385 Cayman Chemical Cat# 21114-5
U0126 Sigma-Aldrich Cat# 662005-5MG
MRT67307 Sigma-Aldrich Cat# 5063060001
Y-27632 Sigma-Aldrich Cat#688000
NEBNext® Multiplex Oligos for lllumina® (Index NEB Cat#E7335L
Primers Set 1)
DyNAmo Flash SYBR Green qPCR Kit ThermoFisher Cat#F-415L
Dual-Luciferase® Reporter Assay System Promega Cat#E1910
SYBR® Green | staining reagent DNA free PanReac AppliChem Cat#A8511.50625
iQ SYBR® Green Supermix BioRad Cat#1708887
Cell Line NucleofectorTM Kit V Lonza Cat#VCA-1003
Nuclease-Free Water (not DEPC-Treated) ThermoFisher Cat#AM9937
GlycoBlue Coprecipitant (15 mg/mL) ThermoFisher Cat#AM9515
PureLink® HiPure Plasmid Filter Maxiprep Kit ThermoFisher Cat#K210016
Deposited Data
RNA-seq and ChIP-seq in U20S cell line in response to https://www.ncbi.nlm.nih.gov/gds GSE110387
TNFa and ionizing radiation
RNA-seq and ChlP-seq in lymphoma B cell line in https://www.ncbi.nlm.nih.gov/gds GSE117259
reponse to TNFa
ChIP-seq peaks from ReMap 2018 http://remap.univ-amu.fr/ NA
download_page#remap2018tab
DNase-seq peak generated from U20S cell line https://www.ncbi.nlm.nih.gov/gds GSE87831
ATAC-seq generated from U20S cell line https://www.ncbi.nlm.nih.gov/gds GSE121840
Code for processing /n-cistiling library and MaGeCK https://github.com/maxwshen/mera_tiling NA

analysis

Recombinant DNA

APOBEC3B cis-regulatory gRNA library

GenScript

Custom Design Table S5

Human transcription factor-wide gRNA library

GenScript

Custom Design Table S6

APOBECS3B tiling STARR-seq oligo library

Twist Bioscience

Custom Design Table S7

sgBbsl (p2Tol-U6-2xBbsl-sgRNA-HygR) Addgene Cat#71485
spCas9-BlastR (pCBhCas9-BlastR) Addgene Cat#71489
hSTARR-seq_ORI Addgene Cat#99296
pGL4.23[luc2/minP] Promega Cat#E841A

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

FlowJo software 10.4 FlowJo https://www.flowjo.com/

Prism 8.2.0 GraphPad https://www.graphpad.com/
scientific-software/prism/

String 11.0 Reference https://string-db.org/

MAGeCK Reference https://sourceforge.net/p/mageck/
wiki/Home/

Rstudio Rstudio https://rstudio.com/

Experimental Models: Cell Lines

U20S ATCC Catalog Number: HTB-96

DLD-1 ATCC Catalog Number: CCL-221

HCT116 ATCC Catalog Number: CCL-247

Oligonucleotides

gPCR primers This paper Table S1 Primer collection

APOBEC3B /n-cis gRNA library This paper Table S4 APOBEC3B /n-cis gRNA
library

TF in-trans gRNA library This paper Table S5 TF in-trans gRNA library

Tiling STARR-seq oligo design This paper Table S6 Tiling STARR-seq oligo

design
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