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Abstract

Large genome-mapping consortia and thousands of genome-wide association studies have 

identified non-protein coding elements in the genome as a having a central role in various 

biological processes. However, decoding the function of the millions of putative regulatory 

elements discovered in these studies remains challenging. CRISPR–Cas9-based epigenome editing 

technologies have enabled precise perturbation of the activity of specific regulatory elements. Here 

we describe CRISPR–Cas9-based epigenomic regulatory element screening (CERES) for 

improved high-throughput screening of regulatory element activity within the native genomic 

context. Using dCas9KRAB repressor and dCas9p300 activator constructs and lentiviral sgRNA 

libraries targeting DNase I hypersensitive sites surrounding a gene of interest, we perform both 
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loss- and gain-of-function screens to identify regulatory elements for the β-globin and the HER2 

loci in human cells. CERES readily identified known and novel regulatory elements, some of 

which were dependent on cell type or direction of perturbation. This technology allows the high-

throughput functional annotation of putative regulatory elements in their native chromosomal 

context.

Understanding how the human genome transforms dynamic biological signals into complex 

patterns of gene expression remains a fundamental challenge for biological research. 

Overcoming that challenge is especially important for advancing our ability to treat human 

disease, since >90% of the genetic variation associated with complex disease falls within the 

non-coding genome1, 2. Large annotation efforts such as ENCODE3 and the NIH Roadmap 

Epigenomics Program4 have revealed millions of putative regulatory elements across >100 

human cell types that contribute to the transformation of biological signals into cellular 

responses and phenotypes1. The potential function of any one of those elements is typically 

unknown, however, because there are not sufficiently high-throughput assays to measure 

endogenous regulatory element activity or to link that activity to specific functions and target 

genes. High-throughput massively parallel reporter assays have been effective in quantifying 

the activity of regulatory elements in particular cell types5–7, but do not recapitulate 

regulatory element interactions at the native chromosomal locus and cannot identify target 

genes of each element. Until recently, directly interrogating these critical regulatory regions 

in their native chromosomal position has not been possible.

The type II clustered, regularly interspaced, short palindromic repeat/CRISPR-associated 

protein (CRISPR–Cas9) system is a versatile tool for genome engineering8–12. Genome 

editing tools, including Cas9 and pooled guide RNA (gRNA) libraries, have also been used 

for high-throughput loss-of-function screens of genes13–15 and regulatory elements16–21. 

Such CRISPR–Cas9 screens rely on ablating the activity of critical regions, such as 

transcription factor binding sites, by introducing short insertions or deletions (indels) of 

DNA following Cas9-induced cleavage of the genome and repair by non-homologous end 

joining (NHEJ). Consequently, a high density of gRNAs is needed to saturate all possible 

transcription factor binding sites in each regulatory element. In many cases, this degree of 

saturation is not possible because a protospacer adjacent motif (PAM) sequence is not 

located within the transcription factor binding sequence. Finally, screening regulatory 

elements with genome editing only examines loss-of-function by genomic disruption, and 

does not permit gain-of-function analyses22.

Nuclease-deactivated Cas9 (dCas9) can be fused to epigenome-modifying protein domains 

to precisely modulate gene expression from gene promoters and both proximal and distal 

genomic enhancer regions23–37. Additionally, repressor- or activator-domain fusions to 

dCas9 combined with pools of gRNAs targeting gene promoters have been used to perform 

genome-wide CRISPRi and CRISPRa screens28, 29. Here, we focus on the dCas9-based 

transcriptional repressor, dCas9KRAB, and activator, dCas9p300. Fusion of the KRAB 

(Krüppel-associated box) domain to dCas9 and targeting it to a promoter or enhancer causes 

highly specific gene repression by recruiting a host of factors that deposit H3K9 

trimethylation (H3K9me3) that ultimately results in heterochromatin formation24, 32. 
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Conversely, fusion of the E1A-associated protein p300 histone acetyltransferase (HAT) core 

domain to dCas9 and targeting it to either promoters or enhancers induces target gene 

activation concomitant with deposition of H3K27 acetylation (H3K27ac)30. Because 

screening with epigenome editing perturbs regulatory element activity directly rather than 

via DNA mutation, the approach offers several advantages over genome editing screens. 

Epigenome editing can modulate regulatory element activity even if there is not a PAM 

located precisely within a critical transcription factor binding motif. Fewer gRNAs may be 

needed to achieve robust modulation of each candidate regulatory element, enabling the 

screening of a larger number of genomic regions with a fixed gRNA library size 

(Supplementary Table 1). Finally, the dCas9p300 tool provides an opportunity to screen for 

gain of regulatory element function that is not possible with NHEJ-mediated genome 

editing, even if the specific transcription factors that bind the element when active are not 

present in the cell type being studied. The use of dCas9KRAB and dCas9p300 in parallel 

screens around the same loci uniquely facilitates the identification of elements that are 

necessary and sufficient, respectively, for target gene expression.

DNase I hypersensitivity sequencing (DNase-Seq) is a genome-wide, transcription factor-

agnostic measure of chromatin accessibility, corresponding to genomic loci where proteins 

are bound to DNA38, 39. Many of the ~2 million DNase I hypersensitive sites (DHSs) that 

have been identified across many human cell and tissue types are likely regulatory elements 

which influence gene expression, and many of these are cell-type-specific1. However, 

systematically identifying and quantifying the impact that these regulatory elements have on 

gene expression levels has not been possible. Here we demonstrate the utility of CRISPR–

Cas9-based Epigenomic Regulatory Element Screening (CERES) by targeting DHSs 

surrounding genes of interest to identify endogenous regulatory elements through loss- and 

gain-of-function epigenome editing.

Results

Epigenetic Repression Recovers Known Regulatory Elements

We first designed pools of gRNAs to specifically target all DHSs in a particular segment of 

the genome. Protospacer sequences are identified within each DHS surrounding the gene of 

interest and ranked by possible off-target alignments (see Methods). The gRNA library pool 

is synthesized and cloned into a lentiviral expression vector used to generate a pool of 

lentiviral particles that deliver individual gRNAs to the target cells (Fig. 1a) 16, 17.

We screened for regulatory elements within the well-characterized β-globin locus. The β-

globin locus control region (LCR) contains five DHSs (HS1-5) upstream of five globin 

genes (HBE1, HBG1/2, HBD, HBB)40. This LCR controls the expression of each gene at 

different times throughout development in erythroid cells. The K562 myelogenous leukemia 

cell line highly expresses HBE1 and HBG1/2 and has accessible chromatin at all five DHSs 

in the β-globin LCR42. We previously demonstrated robust modulation of HBE1 expression 

by epigenome editing of the HS2 enhancer30, 32. To more easily monitor transcriptional 

modulation of HBE1, we generated an endogenous reporter in K562 cells by replacing the 

stop codon of HBE1 with a P2A-mCherry sequence via CRISPR–Cas9-mediated genome 

editing. These reporter cells were then transduced with a lentivirus encoding dCas9KRAB 
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and clonal isogenic populations were derived from single cells (Fig. 1a). To test for proper 

reporter activity, cells were transduced individually with four different gRNAs targeting the 

HS2 enhancer and flow cytometry was used to verify reduced mCherry expression 

(Supplementary Fig. 1 and Supplementary Table 2).

DNase-seq data from K562 cells43 was used to design a library of 10,739 gRNAs targeting 

281 DHSs in a 4.5 megabase region surrounding the β-globin locus and 1,733 control 

gRNAs targeting regions between DHSs in this region. The HBE1 reporter cell line was 

transduced at a low MOI to introduce one gRNA per cell and after two days blasticidin S 

was added for 12 days of culture to select for gRNA-containing cells. We performed 

fluorescence-activated cell sorting (FACS) to isolate the cells expressing the lowest and 

highest 10% of mCherry levels (Fig. 1b). As a control, we also collected unsorted cells. We 

then used high-throughput sequencing to estimate the relative abundance of each gRNA in 

the genomic DNA of each sample. We identified DHSs involved in HBE1 regulation by 

grouping gRNAs within a DHS as replicates and using linear regression to identify DHSs 

with significant differences in gRNA abundance between the high and low mCherry cell 

populations. Notably, the only DHSs significantly enriched within the low HBE1 library 

were four of the β-globin LCR enhancers, HS1-4, and the promoter of HBE1 (Figs. 1c and 

1d). The HBG1/2 promoters were significantly (FDR < 0.05) enriched in the high HBE1 
population, indicating that repression of the HBG1/2 promoters leads to upregulation of 

HBE1, potentially by relieving competition between the promoters for the HS1-5 enhancers.

As an alternative analysis strategy, we determined enrichment of individual gRNAs and 

detected similar trends, with the strongest enrichment in the HBE1, HBG1/2 promoter 

regions and HS1-4 enhancer regions (Supplementary Fig. 2). Control gRNAs outside of the 

regions of DNase I signal in K562 cells, including gRNAs interspersed between HS1-4, 

were not significantly enriched. We validated our results by individually delivering the most 

differentially enriched gRNAs of each significant DHS under the same conditions as used in 

the screen. We then measured the fold-change of mCherry expression and HBE1 mRNA 

levels by flow cytometry and RT-qPCR, respectively. We observed a high correlation of both 

measurements (Spearman ρ = 0.9429 and ρ = 0.8857, respectively) with the log2(fold-

change) of the individual gRNAs from the screen (Supplementary Fig. 3).

Epigenetic Repression Reveals Gene Regulatory Elements

We next extended this approach to identify regulatory elements of HER2 (ERBB2/Neu), an 

oncogene overexpressed or amplified in approximately 20–30% of breast cancers44. HER2-

positive breast cancer has the second-poorest prognosis rate of all subtypes. The HER2 

humanized monoclonal antibody trastuzumab is part of the standard of care treatment and 

can improve survival 20–25 months45. However, less than 35% of patients initially respond 

to treatment and 70% of those who first respond can develop resistance to the drug with 

resistance often arising due to protein regulation44, 46. This provides an attractive target to 

screen for the regulatory regions that may be controlling HER2 expression.

To design the gRNA library, we generated DNase-seq data for the SKBR3 HER2-amplified 

breast cancer cell line and used the DHS coordinates as input for identifying gRNAs. The 

pooled gRNA library was generated as described above with the final library containing 
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12,189 gRNAs targeting 433 DHSs in a 4 megabase region surrounding HER2 and 283 

control gRNAs within that same region not targeting DHSs. As HER2 is a transmembrane 

protein, we used immunofluorescence staining to monitor expression as an alternative to 

generating an endogenous reporter cell line. A431 epidermoid carcinoma cells, which 

express moderate levels of HER2, were transduced with dCas9KRAB lentivirus and selected 

for stable expression. The selected, polyclonal A431-dCas9KRAB cells were then transduced 

with the gRNA library at low MOI and selected for the gRNA vector with antibiotic. Next, 

flow cytometry was used to sort cells with the lowest and highest 10% of HER2 (Fig. 2a). 

gRNAs were sequenced and enrichment analysis was performed. When comparing the 

highest to lowest HER2-expressing samples, we identified several DHSs containing 

individual gRNAs that were differentially represented between the two groups (Figs. 2b and 

2c), as well as DHS that were called when using individual gRNAs as replicates within a 

DHS (Supp. Fig. 4). Enrichment in the low HER2 population included the HER2 promoter, 

several DHSs in the first intron of HER2 including one previously identified regulatory 

element47, and several DHSs downstream of HER2 including one DHS in the first intron of 

GRB7. In high HER2 cells, we detected enrichment of gRNAs in two DHSs near the 

promoter of GRB7. We also showed that GRB7 mRNA was significantly (p < 0.05) reduced 

when targeting the promoter or first intron of GRB7 (Supplementary Fig. 5c). Therefore the 

regulation of HER2 levels via the DHSs in the GRB7 promoter may be due to relieving 

competition of distal enhancers or possibly due to post-transcriptional secondary effects, as 

GRB7 is involved in the phosphorylation of HER248. To validate the screen, several of the 

most enriched gRNAs were delivered individually to the same A431-dCas9KRAB cells. We 

again found a high degree of correlation between the fold-change of HER2 mRNA or 

protein levels, determined by RT-qPCR (Spearman ρ = 0.5175) or immunofluorescence 

staining (ρ =0.5701), respectively, and the log2(fold-change) of gRNA representation in the 

screen (Figs. 2e and Supplementary Figs. 5b, p < 0.05).

Epigenetic Activation Reveals Gene Regulatory Elements

One application of epigenome editing is the targeted activation of regulatory elements in 

their natural chromosomal position. This provides the unique opportunity to identify 

regulatory elements that induce the expression of a gene not normally expressed in a 

particular cell type. To extend CERES to gain-of-function screens for regulatory elements 

sufficient to activate target gene expression, we used the dCas9p300 activator30. Human 

HEK293T cells, which express low levels of HER2, were transduced with dCas9p300 

lentivirus and selected with antibiotic to obtain a polyclonal cell line stably expressing the 

transgene. The HEK293T-dCas9p300 cells were then transduced with the same gRNA library 

used in the A431-dCas9KRAB screen targeting the 4 Mb region around HER2. At two days 

after transduction, antibiotic selection was performed for seven days to select cells 

containing the gRNA vector. Cells were then sorted for high and low HER2 expression (Fig. 

3a). We observed a profile that largely mirrored the dCas9KRAB screen, with effects in the 

opposite direction, including enrichment of individual gRNAs (Figs. 3b and 3c) and DHSs 

(Supp. Fig. 6), using each gRNA as a replicate, in the promoter region and first intron of 

HER2. We individually validated the most enriched gRNAs in HEK293T-dCas9p300 cells 

and detected a high degree correlation of both mRNA fold-change (Spearman ρ = 0.7818) 

and protein abundance (ρ = 0.8545) with the log2(fold-change) of gRNA abundance in the 
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screen (Figs. 3d, 3e and Supplementary Figs. 7a, b). To confirm that gene regulation at these 

DHSs was associated with the intended epigenetic editing by dCas9KRAB and dCas9p300, we 

performed ChIP-qPCR to validate enrichment of H3K9me3 and H3K27ac, respectively (Fig. 

4).

Screen Results Depend on Cell Type and Direction of Perturbation

The strongest intronic DHS (DHS_1553) identified in the dCas9KRAB repressor screen in 

A431 cells was not identified to modulate HER2 expression in the dCas9p300 gain-of-

function screen in HEK293T cells, which we further validated with individual gRNAs 

(Supplementary Figs. 7c, d). However, when we performed the same gain-of-function screen 

in A431 cells (Supplementary Figs. 8–9), this intronic DHS was selected, indicating that 

although many of the regulatory elements we found were shared between cell types, some 

may be cell type-specific. (Fig. 5). This finding indicates that certain cell types have 

complex and possibly redundant patterns of regulatory element usage, and that CERES can 

be used to determine cell type-specific enhancer activity. Additionally, the DHSs near the 

GRB7 promoter that were identified in the dCas9KRAB screen were not enriched in the A431 

dCas9p300 screen (Fig. 6). This indicates that active regulatory elements may not be 

identified in gain-of-function screens and repressed elements may not be identified in loss-

of-function screens. This also underscores the need for the combination of repression and 

activation screens to provide a comprehensive description of gene regulation. Future 

iterations of the CERES technology, including combinatorial screens that combine activation 

and repression or target multiple regulatory elements simultaneously, may help to inform 

these patterns.

Discussion

New technologies are necessary to address the unique challenges of annotating the function 

of regulatory elements, in contrast to well-established methods for screening protein-coding 

genes. Current models of gene regulation often involve multiple regulatory elements that 

individually may have modest effects on promoter activity but collectively synergize to 

generate robust gene expression programs in response to complex cell environments and 

signals. In those models, the perturbations of individual elements in screens such as CERES 

are likely to have subtle effects, particularly compared to gene knockout screens or screens 

targeting gene promoters. Indeed, few of the gRNAs in our screens drive more than 2-fold 

change in gene expression (Fig. 2c, 3c). Nevertheless, targeted validation experiments 

confirm that these are in fact modulators of target gene expression (Supp. Figs. 5, 7, 9). 

Furthermore, many of the other gRNAs in those DHS have a consistent direction of effect 

(e.g. Fig. 2c, DHS 1561; Fig. 3c, DHS 1563; and Supp. Fig. 10). Those findings are 

consistent with individual regulatory elements having a weak effect on target gene 

expression, and show the CERES protocol can reproducibly detect those weak effects. 

Nonetheless, it is possible that our current protocol may miss some of the weak effects of 

regulatory elements. That limitation may be addressed in the future by improvements to 

epigenome editing tools and by increasing sample size beyond four biological replicates as 

used here.
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Fulco et al. 49 recently reported a similar loss-of-function screen for regulatory elements 

using the dCas9KRAB repressor. That study used all gRNAs tiled along a particular genomic 

region, whereas we focused on putative regulatory elements, such as those defined by 

DNase-seq. Targeting DHSs allowed us to focus on a much larger genomic window per 

gRNA, which may be useful to find long range interactions or indirect effects of regulatory 

elements on a particular gene or phenotype. Although Fulco et al. observed strong 

correlation of functional regulatory elements with DNase-seq signal, other studies using 

Cas9-based saturation mutagenesis of non-coding regions found some hits in their screen 

that were not characterized by DNase I hypersensitivity18, 20. In the context of the gain-of-

function dCas9p300 screen, we compared our DHS-focused approach to a saturation screen 

that included all possible unique gRNAs in a 60 kb window around the HER2 TSS and all 

possible gRNAs in all DHSs that included any hits in the original screen (Supp. Figs. 11–

12). The results were largely overlapping with some differences, indicating that it is valuable 

to choose gRNA distribution that best suits a particular screen.

To better understand the differences of Cas9-based mutagenesis screens and epigenome 

editing–based screens, we used this same saturation library with an analogous Cas9 vector 

and compared the results with the original DHS-focused dCas9KRAB screen (Supp. Figs. 13–

15). The hits in the Cas9 screen were predominantly in the coding exons (Supp. Fig. 13) and 

even the known regulatory elements were missed in this screen (Supp. Fig. 14), supporting 

the advantages of an epigenome editing approach.

In summary, we show that CERES offers a highly scalable epigenome editing-based 

platform that enables parallel loss- and gain-of-function methods for screening the function 

of regulatory regions of the genome in their native genomic context. CERES can identify 

both proximal and distal regulatory elements that influence gene expression, some of which 

are located large distances from their target genes. Using CERES, we found all the known 

regulatory elements of the well-characterized β-globin locus, and also known and—to our 

knowledge— previously unknown elements controlling levels of the oncogene HER2. In 

addition to identifying enhancers, CERES also identifies regulatory elements that may act 

through direct competition with the promoter region or through downstream secondary 

mechanisms. The ability to switch between screens that utilize either epigenomic repression 

by dCas9KRAB or activation by dCas9p300 allows further mechanistic understanding of 

regulatory element activity and reveals unexpected dependencies between genes. In addition, 

these results further provide evidence that dCas9p300 is sufficient to activate gene expression 

from distal regulatory elements. Following large-scale screens to identify regulatory element 

function by CERES, saturation mutagenesis screens with genome editing could be 

performed on targeted regulatory elements to identify the essential transcription factor 

binding motifs that facilitate enhancer activity16–20, 50. Although this study used chromatin 

accessibility DNase-seq maps to define the regulatory element landscape, the gRNA library 

could be designed based on any input, including locations based on ChIP-Seq, Gro-Seq, or 

SNPs identified in genome-wide association studies or eQTL analyses. The gRNA library 

may target all putative regulatory elements or target elements with differential epigenetic 

signatures between cell types or treatments.
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Additionally, CERES could be used to screen for regulatory elements that impact cellular 

phenotype, including drug resistance or cell growth. Although we targeted gRNA libraries to 

putative regulatory elements within a region of the genome, scaling up to regulatory 

elements across the entire genome is feasible. Our study shows that epigenome editing-

based screening is a powerful tool for dissecting the regulatory networks that coordinate 

gene expression. Ultimately, we envision these methods will inform how altered regulation 

of gene expression contributes to disease, drug response, and regeneration. By illuminating 

the function of the non-coding genome, we also expect these technologies will provide a 

new class of drug targets for diverse indications.

Supplementary Methods

Plasmids

The lentiviral dCas9-KRAB plasmid was generated by cloning in a Hygromycin resistance 

gene driven by the PGK promoter after dCas9-KRAB using Gibson assembly (NEB, 

E2611L). The lentiviral gRNA expression plasmid was cloned by combining a U6-gRNA 

cassette with an EGFP-P2A-Bsr or DsRed-P2A-Bsr cassette into a lentiviral expression 

backbone using Gibson assembly. The donor plasmid was cloned by inserting homology 

arms (surrounding the HBE1 stop codon), amplified by PCR from genomic DNA of K562 

cells, flanking a P2A-mCherry sequence with a LoxP-puromycin resistance cassette using 

Gibson assembly. Individual gRNAs were ordered as oligonucleotides (IDT-DNA), 

phosphorylated, hybridized, and cloned via into the EGFP gRNA plasmid for the HBE1 

screen or DsRed gRNA plasmid for the HER2 screens using BsmBI sites.

The lentiviral dCas9-p300 construct was generated by PCR-amplification of Cas9 from 

lentiCRISPRv251 (Addgene #52961) with primers generating D10A and H840A mutations 

in overlapping fragments. The p300 core effector domain was PCR-amplified from Addgene 

#6135730, with a C-terminal FLAG epitope included. These fragments were cloned into a 

lentiCRISPRv2 backbone lacking the U6/sgRNA cassette using Gibson assembly (NEB, 

E2611L).

Cell Culture

K562, HEK293T, and A431 cells were obtained from the American Tissue Collection 

Center (ATCC) via the Duke University Cancer Center Facilities. K562 cells were 

maintained in RPMI 1640 media supplemented with 10% FBS and 1% penicillin-

streptomycin. HEK293T and A431 cells were maintained in DMEM High Glucose 

supplemented with 10% FBS and 1% penicillin-streptomycin. All cell lines were cultured at 

37 °C and 5% CO2.

The K562-dCas9KRAB HBE1 reporter cell line was generated by electroporation of 2 × 106 

cells with a donor plasmid (6.67 μg), a HBE1 stop codon-targeting gRNA plasmid (6.67 μg), 

and a Cas9 plasmid (6.67 μg), as described previously32. Transfected cells were selected 

with puromycin (Sigma, P8833) at a concentration of 1 μg/mL, beginning 2 days after 

electroporation, for 7 days. To remove the puromycin selection cassette, cells were 

transfected with a CMV-CRE plasmid (20 μg) and cultured for 10 days without antibiotic 
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selection. Next, the cells were transduced with a lentivirus containing dCas9KRAB in media 

containing 4 μg/mL polybrene (Santa Cruz, sc-134220). Cells were selected with 

Hygromycin B (200 μg/mL) for 7 days. Cells were then clonally isolated via serial dilutions 

to obtain a single clone harboring the knocked-in reporter without the puromycin cassette 

and dCas9KRAB.

The A431-dCas9p300 and HEK293T-dCas9p300 cell lines were derived by transducing either 

A431 or HEK293T cells with a lentivirus containing dCas9p300-P2A-puromycin and, two 

days after transduction, selected with puromycin for 7 days.

DNase-Seq

DNase-seq was performed on SKBR3 cell line as previously described52, with the addition 

of phosphorylation modification to linker 1b to increase ligation efficiency.

gRNA Library Design and Cloning

DNase I hypersensitive sites (DHS) for the K562 cell line were downloaded from 

www.encodeproject.org while SKBR3 DHS regions were obtained as described earlier and 

used to extract genomic sequences as input for gRNA identification. For each cell line’s set 

of DHSs, we used the gt-scan algorithm to identify gRNA protospacers within each DHS 

region and identify possible alignments to other regions of the genome53. The result is a 

database containing all possible gRNAs targeting all DHSs in the given cell line and each 

gRNA’s possible off target locations. For both libraries, gRNAs were selected based on 

minimizing off target alignments. For the HBE1 library, 10,739 gRNAs were selected, 

targeting 281 DHSs surrounding HBE1, limited to a maximum of 50 gRNAs per DHS. For 

the HER2 library, 12,189 gRNAs were selected, targeting 433 DHSs surrounding HER2, 

limited to a maximum of 30 gRNAs per DHS. For each library, controls were designed by 

searching for gRNAs in non-DHS regions. For the HBE1 library, 1,733 gRNAs were 

selected, and for the HER2 library, 283 gRNAs were selected. For the saturation library 

targeting a 60 kilobase region surrounding the HER2 promoter and DHSs containing at least 

one significantly enriched gRNA identified in the dCas9KRAB and dCas9p300 screens, all 

gRNAs within those regions were selected except those that had a perfect alignment to 

another area of the genome. All libraries were synthesized by Custom Array and the oligo 

pools were cloned into the lentiviral gRNA expression plasmid using Gibson assembly as 

described by Shalem et al., with minor modifications13.

Lentivirus Production and Titration

For the gRNA libraries and dCas9KRAB, lentivirus was produced by transfecting 5×106 

HEK293T cells with the lentiviral gRNA expression plasmid pool or dCas9KRAB plasmid 

(20 μg), psPAX2 (Addgene, 12260, 15 μg), and pMD2.G (Addgene, 12259, 6 μg) using 

calcium phosphate precipitation54. After 14-20 hours, the transfection media was exchanged 

with fresh media. Media containing produced lentivirus was collected 24 and 48 hours later. 

The lentivirus was concentrated 20X the initial media volume using Lenti-X concentrator 

(Clontech, 631232), following manufacturer’s instructions.
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The titer of the lentivirus containing either the HBE1 or HER2 pool of gRNAs was 

determined by transducing 4×105 cells with varying volumes of lentivirus and 4 days later, 

measuring the level of GFP or DsRed using the MACSQuant VYB flow cytometer (Miltenyi 

Biotec) to determine the percent transduction.

For dCas9p300, 15×106 HEK293T cells were transfected with dCas9p300 plasmid (120 μg), 

psPAX2 (90 μg), and pMD2.G (36 μg) using calcium phosphate precipitation. After 14–20 

hours, the transfection media was exchanged with fresh media, and 24 hours later, the media 

was harvested. The lentivirus was pooled using ultracentrifugation (Beckman) at 24,000 rpm 

for 2 hours at 4 °C. The lentiviral pellet was resuspended in 1X PBS overnight to achieve a 

concentration of 400x.

To produce lentivirus for individual gRNA validations, 2×105 cells were transfected with 

gRNA plasmid (200 ng), psPAX2 (600 ng), and pMD2.G (200 ng) using Lipofectamine 

2000 following the manufacturer’s instructions. After 14 to 20 hours, transfection media was 

exchanged with fresh media. Media containing produced lentivirus was harvested 24 and 48 

hours later, centrifuged for 10 minutes at 800xG, and directly used to transduce cells.

Lentiviral gRNA Screening

For all screens, 6.236×106 cells were transduced during seeding in a 15 cm dish in 20 mL of 

media supplemented with 4 μg/mL of polybrene across 4 replicates, except the A431-

dCas9p300 HER2 screen targeting DHSs, which was performed across 3 replicates. Cells 

were transduced at an MOI of 0.2 to try and achieve 1 gRNA per cell and 100-fold coverage 

of each gRNA library. After 2 days, cells were treated with Blasticidin S (ThermoFisher, 

A1113903) at a concentration of 20 μg/mL. For the dCas9KRAB screen targeting DHSs of 

the HBE1 locus, cells were grown for an additional 12 days, for the dCas9KRAB screen 

targeting DHSs of the HER2 locus in A431 cells, an additional 9 (Supplementary Figure 16) 

or 17 days, and for the dCas9p300 screen targeting DHSs or saturating a 60 kilobase region 

of the HER2 locus in HEK293T or A431 cells, an additional 7 days. For the Cas9 screen 

targeting a 60 kilobase region surrounding the HER2 promoter and all DHSs containing 

enriched gRNAs in the dCas9KRAB screen with all possible gRNAs in A431s, cells were 

grown an additional 9 days. Cells were passaged to ensure adequate fold coverage of the 

gRNA library to maintain representation. After culturing, 5×107 K562 cells were harvested, 

washed once with PBS, and resuspended in DMEM without phenol red and supplemented 

with 100 units of DNase I (NEB, M0303S) for sorting. For HEK293T or A431 cells, 5×107 

cells were harvested using 0.25% Trypsin-EDTA (ThermoFisher, 25200056) and 

resuspended in 5% goat serum in PBS to block for 30 minutes at 4 °C. Next, cells were 

incubated in 125 μg of HER2 primary antibody (Monoclonal Mouse IgG2B Clone 191924, 

R&D Systems) in 5 mL of 5% goat serum in PBS for 30 minutes at 4 °C. Cells were then 

washed once in PBS and resuspended in secondary antibody (Goat anti-Mouse IgG2b 

Secondary Antibody, Alexa Fluor 488 conjugate, ThermoFisher A-21141) diluted 1:500 in 5 

mL of 5% goat serum in PBS and incubated for 30 minutes at 4 °C. Finally, cells were 

washed once with PBS and resuspended in DMEM without phenol red supplemented with 

100 units of DNase I for sorting.
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An aliquot of 1.3×106 cells was taken before sorting for a bulk unsorted sample for each 

screen. The highest and lowest 10% of cells were sorted based on mCherry signal for the 

dCas9KRAB screen of HBE1 in K562 cells, or Alexa Fluor 488 signal for all HER2 screens. 

1.3×106 cells were sorted for each group. Cell sorting was performed using a MoFlo Astrios 

(Beckman Coulter) or SH800 (Sony Biotechnology). After sorting, cells were harvested for 

genomic DNA using the DNeasy Blood and Tissue Kit (Qiagen, 69506).

Genomic DNA Sequencing

To amplify the gRNA libraries from each sample, 8.3 μg of gDNA was used as template 

across 8 100 μL PCR reactions using Q5 hot start polymerase (NEB, M0493L). 

Amplification was carried out following the manufacturer’s instructions using 25 cycles at 

an annealing temperature of 60 °C using the following primers:

Fwd 5′-

AATGATACGGCGACCACCGAGATCTACACAATTTCTTGGGTAGTTTGCAGTT

Rev 5′-CAAGCAGAAGACGGCATACGAGAT (6 bp index sequence) 

GACTCGGTGCCACTTTTTCAA

Amplified libraries were purified using Agencourt AMPure XP beads (Beckman Coulter, 

A63881) using double size selection of 0.65X and then to 1X the original volume. Each 

sample was quantified after purification using the Qubit dsDNA High Sensitivity Assay Kit 

(ThermoFisher, Q32854). Samples were pooled and sequenced on a MiSeq (Illumina) with 

21bp paired-end sequencing using the following custom read and index primers:

Read1 5′-GATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG

Index 5′-GCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC

Read2 5′-

GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

Data Processing and Enrichment Analysis

FASTQ files were aligned to custom indexes (generated from the bowtie2-build function) 

using Bowtie255 with the options -p 32 --end-to-end --very-sensitive -3 1 -I 0 -X 200. 

Counts for each gRNA were extracted and used for further analysis. All enrichment analysis 

was performed using R. For DHS level analysis, gRNAs for each DHS were grouped 

together and a linear regression model (normalized_gRNA_count = β1*(sorted_bin)+ 

β2*(replicate)) was used to detect differences between the high and low conditions using the 

Holm method for multiple hypothesis correction. For individual gRNA enrichment analysis, 

the DESeq256 package was used to compare between high and low, unsorted and low, or 

unsorted and high conditions for each screen.

Individual gRNA Validations

The protospacers from the top enriched gRNAs found in each screen (listed in 

supplementary table 3) were order as oligonucleotides from IDT and cloned into a lentiviral 

gRNA expression vector as described earlier. The same modified cell lines used in the 

corresponding screen were used for the individual gRNA validations. The cells were 
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transduced with individual gRNAs and after 2 days were selected with Blasticidin S (20 μg/

mL). Samples with combinations of gRNAs were transduced by delivering equal volume 

viral supernatant of each gRNA. Cells were selected for 12 days for the HBE1 dCas9KRAB 

screen hits, 9 days for HER2 dCas9KRAB screen hits, and 7 days for the HER2 dCas9p300 

screen hits.

For all screen validations, mRNA expression was done in triplicate. Total mRNA was 

harvested from cells using the Qiagen RNeasy Plus Mini kit (Qiagen, 74136). cDNA was 

generated using the SuperScript VILO cDNA Synthesis Kit (ThermoFisher, 11754250). 

qRT-PCR was performed using the Perfecta SYBR Green FastMix (Quanta Biosciences, 

95072-012) with the FX96 Real-Time PCR Detection System (Bio-Rad) with the primers 

listed in supplementary table 4. The results are expressed as fold-increase mRNA expression 

of the gene of interest normalized to GAPDH expression by the ΔΔCt method.

For flow cytometry analysis of the HBE1 dCas9KRAB screen validations, cells were 

harvested, washed once in PBS, and resuspended in PBS. For the HER2 dCas9KRAB and 

dCas9p300 screen validations, cells were harvested, washed once with PBS, then 

resuspended in 5% goat serum in PBS and blocked for 30 minutes at 4 C. HER2 primary 

antibody (Monoclonal Mouse IgG2B Clone 191924, R&D Systems) was then added and 

allowed to incubated for 30 minutes at 4 C. Cells were then washed once in 5% goat serum 

in PBS. Secondary antibody (Goat anti-Mouse IgG2b Secondary Antibody, Alexa Fluor 488 

conjugate, ThermoFisher A-21141) was then added and cells were allowed to incubate at 4 

C for 30 minutes. Cells were then washed once in PBS. All cells were analyzed using the 

MACSQuant VYB flow cytometer (Miltenyi Biotec).

ChIP qPCR

The same cell lines used in the screens described earlier were used for ChIP-qPCR 

experiments: H3K27ac samples used HEK293T cells expressing dCas9p300 and H3K9me3 

samples used A431 cells expressing dCas9KRAB. Cells were transduced with lentivirus 

containing gRNAs and allowed to grow for 9 days for H3K27ac samples or 11 days for 

H3K9me3 samples. Cells were fixed in 1% formaldehyde for 10 minutes at room 

temperature. The reaction was quenched with 0.125 M glycine, and the cells were lysed 

using Farnham lysis buffer with a protease inhibitor cocktail (Roche). Nuclei were collected 

by centrifugation at 2,000 rpm for 5 minutes at 4°C and lysed in RIPA buffer with a protease 

inhibitor cocktail (Roche). The chromatin was sonicated using a Bioruptor Sonicator 

(Diagenode, model XL) and immunoprecipitated using the following antibodies: anti-

H3K27ac (abcam, ab4729) and anti-H3K4me3 (abcam, ab8580). The formaldehyde 

crosslinks were reversed by heating overnight at 65°C, and genomic DNA fragments were 

purified using a spin column. qPCR was performed using SYBR Green Fastmix (Quanta 

BioSciences) with the CFX96 Real-Time PCR Detection System (Bio-Rad). 1 ng of 

genomic DNA was used in each qPCR reaction. The data are presented as fold change 

gDNA relative to negative control and normalized to a region of the ACTB locus.
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Data Availability

DNase-seq and gRNA library sequencing data is deposited in the NCBI’s Gene Expression 

Omnibus and is accessible through GEO Series accession number GSEXXXXX.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CRISPR–Cas9-based Epigenetic Regulatory Element Screening (CERES) identifies 

regulatory elements of the β-globin locus in a loss-of-function screen. (a) CERES involves 

the design and synthesis of libraries of gRNAs targeted to all candidate gene regulatory 

elements in a genomic region, in this case as defined by DNase I hypersensitive sites (DHS) 

identified by DNase-seq. Lentiviral vectors encoding the gRNA library are delivered to cell 

lines expressing the dCas9KRAB repressor, for loss-of-function screens, or the dCas9p300 

activator, for gain-of-function screens. The cells can then be selected for changes in 

phenotype, such as gain or loss of expression of a target gene. Sequencing the gRNAs in the 

selected cell subpopulations and mapping them back to the genome reveals regulatory 

elements involved in controlling the selected phenotype. In the example shown here, a 

gRNA library was designed to all DHSs in a 4.5 Mb region surrounding the β-globin locus, 

and introduced into human K562 cells expressing dCas9KRAB and containing an mCherry 

reporter at the HBE1 gene. (b) Representative flow cytometry data of the HBE1 reporter 
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cells containing the gRNA library, and expression levels of cells sorted for gRNA 

enrichment. (c) Manhattan plot of a high-throughput screen for regulatory elements in the 

4.5 Mb surrounding the globin locus using the dCas9KRAB repressor. (d) Enriched DHSs 

following selection for decreased HBE1 expression were found only in the HBE1 promoter 

and enhancers (HS1-4), while the promoters of HBG1/2 were enriched in cells with 

increased HBE1 expression. Diamonds indicate adjusted p-value < 0.05 and gray circles 

represent adjusted p-value > 0.05. Red indicates DHS fold change < 0 and blue indicates 

DHS fold change > 0.
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Figure 2. 
A dCas9KRAB loss-of-function screen in A431 cells identifies regulatory elements of HER2. 

(a) Flow cytometry for HER2 expression in A431 cells expressing dCas9KRAB and a gRNA 

library targeted to all DHSs in 4 Mb surrounding HER2 detected in the HER2-

overexpressing SKRB3 breast cancer cell line. (b) Manhattan plot showing regulatory 

elements affecting HER2 expression. (c) A detailed view of the region around HER2. When 

comparing high and low HER2-expressing cell populations, gRNAs are enriched in the 

promoter and an intronic DHS of HER2, as well as surrounding DHSs including the 

promoter of GRB7, an adapter protein that associates with tyrosine kinases. (d) HER2 

mRNA fold-change in response to the most enriched gRNAs from (b) relative to treatment 

with a control gRNA. * indicates samples are significantly different from control as 

determined by one-way analysis of variance followed by Dunnett’s Test; adjusted P < 0.05. 

(n = 3 biological replicates, mean ± SEM). (e) HER2 mRNA log2 fold-change in response to 

gRNA treatment versus log2 fold-change of the abundance of the corresponding gRNA in 

the HER2 dCas9KRAB screen (Spearman correlation ρ = 0.5175).
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Figure 3. 
A dCas9p300 gain-of-function screen in HEK293T cells identifies regulatory elements of 

HER2. (a) Flow cytometry for HER2 expression in HEK293T cells expressing dCas9p300 

and a gRNA library targeted to all the DHSs in a 4 Mb region surrounding HER2 found in 

the SKBR3 HER2-overexpressing breast cancer cell line. (b) Manhattan plot showing the 

results of a screen for regulatory elements affecting HER2 expression. (c) A detailed view of 

the region around HER2. When comparing high and low HER2-expressing cell populations, 

gRNAs are enriched in the promoter and three intronic DHSs of HER2 as well as several 

nearby DHSs. (d) HER2 mRNA fold-change in response to the most enriched gRNAs from 

(b) relative to treatment with a control gRNA. * indicates samples are significantly different 

from control as determined by one-way analysis of variance followed by Dunnett’s Test; 

adjusted P < 0.05 (n = 3 biological replicates, mean ± SEM). (e) HER2 mRNA log2 fold-

change in response to gRNA treatment versus log2 fold-change of the abundance of the 

corresponding gRNA in the HER2 HEK293T dCas9p300 screen (Spearman correlation ρ 
=0.9429).
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Figure 4. 
dCas9p300 and dCas9KRAB remodel epigenetic marks near novel regulatory elements 

identified from screens. (a) Genomic tracks displaying the qPCR amplicon regions for the 

H3K27ac ChIP-qPCR assay, DNase-seq signal, and DHS sites for SKBR3 cells near HER2. 

(b) dCas9p300 targeted to a DHS with a gRNA enriched in the screen (1548.4) in HEK293T 

cells leads to H3K27ac enrichment near the DHS, in contrast to gRNA 1548.5 targeting the 

same DHS but was not enriched in the screen. (c) Genomic tracks displaying the qPCR 

amplicon regions for the H3K9me3 ChIP-qPCR assay, DNase-seq signal, and DHS sites for 

SKBR3 cells near HER2 and GRB7. (d) dCas9KRAB targeted to a DHS with a gRNA 

enriched in the screen (1561.8) in A431 cells deposits H3K9me3 near the DHS. A gRNA 

that was not significantly enriched in the screen (1561.19) also deposits similar amounts of 

H3K9me3 near the DHS. * indicates samples are significantly different from control as 

determined by one-way analysis of variance followed by Dunnett’s Test; adjusted P < 0.05 

(n = 3 biological replicates, mean ± SEM). All fold enrichments are relative to transduction 

of a control gRNA and normalized to a region of the ACTB locus.
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Figure 5. 
Comparison of HER2 activation screens between different cell types. (a) Log2 fold-change 

gRNA abundance in the dCas9p300 screen in HEK293T cells versus A431 cells. (b and c) A 

detailed view of the region around HER2 for the dCas9p300 screens in (b) A431 cells or (c) 

HEK293T cells. Several of the same DHS contained enriched gRNAs in both screens, 

including the promoter region, but others, such as an intronic DHS highly enriched in the 

dCas9KRAB screen in A431 cells, were only enriched in a single screen and may be cell-type 

specific enhancers.
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Figure 6. 
Comparisons between HER2 activation and repression screens. (a) Log2 fold-change of the 

gRNA abundance in the dCas9KRAB screen versus the dCas9p300 screen in A431 cells. (b 
and c) A detailed view of the region around HER2 for the (b) dCas9p300 or (c) dCas9KRAB 

screens in A431 cells. Several DHSs contain enriched gRNAs in both screens, including the 

promoter and an HER2-intronic DHSs. However, DHSs in the GRB7 promoter region are 

only enriched in the dCas9KRAB screen.
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