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A tiling-deletion-based genetic screen for cis-
regulatory element identification in mammalian cells

Yarui Diao®1%, Rongxin Fang!->10, Bin Lil"19, Zhipeng Meng>*, Juntao Yu!>, Yunjiang Qiul>2, Kimberly C Lin>4,
Hui Huang!%, Tristin Liu!, Ryan J Marina®, Inkyung Jung’, Yin Shen8, Kun-Liang Guan>* & Bing Ren!*°

Millions of cis-regulatory elements are predicted to be present
in the human genome, but direct evidence for their biological
function is scarce. Here we report a high-throughput method,
cis-regulatory element scan by tiling-deletion and sequencing
(CREST-seq), for the unbiased discovery and functional
assessment of cis-regulatory sequences in the genome.

We used it to interrogate the 2-Mb POU5F1 locus in human
embryonic stem cells, and identified 45 cis-regulatory
elements. A majority of these elements have active chromatin
marks, DNase hypersensitivity, and occupancy by multiple
transcription factors, which confirms the utility of chromatin
signatures in cis-element mapping. Notably, 17 of them are
previously annotated promoters of functionally unrelated
genes, and like typical enhancers, they form extensive

spatial contacts with the POU5F1 promoter. These results
point to the commonality of enhancer-like promoters in

the human genome.

Millions of candidate cis-regulatory elements have been annotated
in the human genome on the basis of histone modification, tran-
scription factor (TF) binding, and DNase I hypersensitivity!~°.
These putative regulatory sequences harbor a disproportionately
large number of sequence variants that are associated with diverse
human traits and diseases, supporting the hypothesis that noncod-
ing sequence variants contribute to common traits and diseases by
disrupting transcriptional regulation’~°. However, research on the
role of these putative functional elements in human development
and disease has been hindered by a dearth of direct evidence for
their biological function in the native genomic context.
High-throughput CRISPR-Cas9-mediated mutagenesis by sin-
gle guide RNAs (sgRNAs) has been used to functionally charac-
terize cis-regulatory elements in mammalian cells'®-1>. However,
current approaches are limited because (1) not all sequences are
suitable for CRISPR-Cas9-mediated genome editing, owing to the
lack of protospacer-adjacent motifs (PAMs), which are required

for targeting and DNA cutting by CRISPR-Cas9 (refs. 16-18);
(2) CRISPR-Cas9-mediated genome editing with individual
sgRNAs tends to cause point mutations or short insertions or
deletions, thus necessitating the use of an unrealistically large
number of sgRNAs to interrogate the human genome; and (3)
it has been challenging to distinguish cis- and trans-regulatory
elements. To overcome these limitations, we developed CREST-
seq, which allows the efficient discovery and functional charac-
terization of cis-regulatory elements through the introduction of
massively parallel kilobase-long deletions in the genome. Here
we provide evidence in support of the utility of CREST-seq for
the large-scale identification of cis-regulatory elements in human
embryonic stem cells (hESCs). We report the discovery of 45 reg-
ulatory sequences of POU5F1, and a surprisingly large number of
enhancer-like promoters.

RESULTS

CREST-seq identified cis-regulatory elements of POU5F1

In a CREST-seq experiment, a large number of overlapping
genomic deletions are first introduced to a genomic locus by
CRISPR-Cas9-mediated genome editing with paired sgRNAs!®
(Fig. 1a). Cells with reduced expression of the gene of interest
(Fig. 1b) are then isolated, and the enriched sgRNA pairs are
determined by high-throughput sequencing. From the enriched
sgRNA-pair sequences, one can infer the functional cis-regulatory
sequences of the gene of interest (Fig. 1a). We applied CREST-
seq to the 2-Mb POUS5FI locus in an hESC line in which one
POUSFI allele was genetically tagged with eGFP, which allowed
us to monitor the transcription level of this allele on the basis of
eGFP expression!® (Fig. 1b).

We designed a total of 11,570 sgRNA pairs (Supplementary
Table 1) to introduce the same number of genomic deletions
(Fig. 1a and Supplementary Fig. 1a) to the POU5FI locus. The
average size of each deletion was ~2 kb, with an overlap of 1.9 kb
between two adjacent deletions (Supplementary Fig. 1b) such
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Figure 1 | CREST-seq experimental design and application to the POU5F1 locus

in hESCs. (a) CREST-seq workflow. MOI, multiplicity of infection.

(b) Schematic of monoallelic or biallelic deletion of cis-regulatory elements of POU5F1. The eGFP-tagging allele was designated as P1, and the wild-type
allele as P2. (c) FACS analysis of H1 POU5F1-eGFP cells transduced with control lentivirus expressing Cas9 but not sgRNA (left) or with the CREST-seq
lentiviral library (right) 14 d after transduction. (d) The read counts of sgRNA pairs from the cis (left) and high (right) cell populations compared with
those from a non-sorted control population (ctrl). Fold changes represent the ratios between read counts in the cis or high population and the control
population. The significance of enrichment was calculated by negative binomial test. Gray crosses denote sgRNA pairs that were not significantly enriched.
(e) Genome browser screenshot showing CREST-seq positive sgRNA pairs (P < 0.05; top) and CREST-seq negative sgRNA pairs (P > 0.05; black bars),
genomic coverage of the CREST-seq library (blue track), the computed CREST-seq signals (red bars) (Online Methods), the genomic regions identified

as cis-regulatory sequences of POU5F1 (green bars) and the CRE sites selected for further in-depth validation (orange bars). The yellow shaded region
highlights a region enriched for CREs; a close-up view is shown in Figure 2b. Data in c-e are representative of five independent experiments.

that each nucleotide in the locus was covered by ~20 distinct
genomic deletions on average. As negative controls, we included
424 sgRNA oligos that lacked the PAM sequence necessary for
effective double-stranded DNA breaks. As positive controls,
we included six sgRNA pairs that target the eGFP gene coding
sequence (Supplementary Table 1). We constructed a lentiviral
library that expressed these sgRNA pairs (Supplementary Fig. 2)
and transduced it into the hESC line at a low multiplicity of infec-
tion (0.1), which ensured that the majority of cells received one or
no lentiviral particle (detailed in the Supplementary Protocol).

630 | VOL.14 NO.6 | JUNE 2017 | NATURE METHODS

To isolate mutant cells with deletions in POU5FT’s cis-regulatory
sequences, we used fluorescence-activated cell sorting (FACS)
to sort out cells that showed reduced POUS5FI expression from
the eGFP-tagged allele but relatively unchanged expression from
the non-tagged allele (Fig. 1c). We refer to this eGFP"POU5F1*
subpopulation as the ‘cis” population (Fig. 1b,c). As a control,
we also collected a sample of cells before FACS. Finally, we col-
lected the eGFP*POUSF1* (‘high’) population (Fig. 1b,c and
Supplementary Notes 1-4). We purified genomic DNA from
each cell population, and then used massively parallel sequencing



© 2017 Nature America, Inc., part of Springer Nature. All rights reserved.

ARTICLES |

a, Promoter, 40% b, Enhancer, 13% c, DHS/DHS hotspot, 69% d, H3K36me3, 22% 1004 WT
e, CTCF/RAD21/ZNF143, 29% f, Pluripotency TFs, 16% g, Other ENCODE TFBS, 44% qDay2s " "
604r-01 — Monoallelic deletion on P1
012345 10 15 20 Unmarked CREs P>0.1 — Monoallelic deletion on P2
Number of peaks per site 11% 3 . ) )
a 204 — Biallelic deletion
0
b 100 E E
c CRE(-694) CRE(-652) CRE(-571)
{pay2s {Day 25 {pay 25
d 604P>01 4P>01 qpP>01 6
el 13 2[2] B 2 A8 AKE 2 S pa22x107® P<22x10
4 1 1 [ 2 1 1 1 1
204
om0 s 0eT e R0 NN 2las ; £ 3
3 E E E
SSORESAID B GEOI S "\,(\j\ PSS 40\4?@\'9@%"\@@";\%5(\7&";% ), @\ ?b:\fqt\@'i*bi@,@ 3| 190 crecesn CRE(-652) CRE(-571)
O R R X LSO q/ q/q/q/q/q/q/q/q/ = 4 Day 50 4 Day 50 4 Day 50
S S R S S S S S S R S e e e F s 2| g0l o 1o 1Y P 0
el
(5] 4
b hg19 chr6:31,452,972-31,879,804 50 kb 3| 20]
CREST | El %
oos _y | I | | : : = =
! | L L 1 L I L 2|10 CRE(-521) CRE(-449) CRE(+38)
Day 25 qDay 25 qDay 25
P>01 B 1 E
601p 22251070 Pzgzxm"6 ﬁzzg;xwo"ﬁ
o501 Ll Il ] ]
to-so1 LI [ | il L . a1 20
sl L 1 L 1 ° | |
(0-50] 41 u.d i Lol ey N 100 {cRe(s2r) CRE(-449) CRE(+38)
Day 50  Day 50 4 Day 50
MingBeg l h 1 1 60 {P<22x107 dp o010 {p<22x10®
[0-25] A ikl = l.ll M [V uh, 1 l ¥ | ‘ il ‘L
1 I F= T IE [ TR '- | 20
22 ENCODE | | H ! i | 1] | | il | ' o
ChiP-seq | | i il e fog bty 34 fny ' dieied 3 4 5 3 4 5 3 4 5
Gene mcai—ks, ATTVIOZe - LTAR, PRI e TSt RS oA Mo PSS | VWATHE S P HSPAIE o N Mg ZPTE 2P eGFP level (logq)

HSPAIL B

e N
DDX39B, HSPATA®

Goartdrs " ABHDTOA®Er MSHS-SAPGDT
NFKBIL bonecd

L ]
GPANK It LYggeet " MSHS-SAPCD et
CSNKaB o

3T N et

annotation

ERNIT2 ¢4

Figure 2 | CREs tend to be associated with canonical active chromatin markers of cis-regulatory elements and dense TF clusters. (a) The chromatin
features and TF binding sites (TFBS) at the 45 CREs. “Pluripotency TFs” includes POU5F1, SOX2, NANOG and PRDM14 (see Supplementary Table 5
for detailed features). (b) A close-up view of the region highlighted in yellow in Figure 1e, with tracks corresponding to the indicated chromatin
modifications. The height of the merged TF-binding site bars indicates the number of bound TFs. Yellow bars highlight regions where CREs overlap
with active chromatin marks and TF-binding site clusters. The green arrow at the top points to the CREs shown in Supplementary Figure 6a.

(c) Six CREs and one CREST-seq negative site (control) were selected (orange bars in Fig. 1e) for individual validation. We generated mutant clones
harboring biallelic deletion (ctrl), monoallelic deletion on the P1 allele (eGFP-containing allele), or monoallelic deletion on the P2 allele (non-eGFP
allele) at the indicated genomic loci. We carried out FACS analysis of all the mutant clones and wild-type (WT) cells at day 25 and day 50 after
CRISPR-Cas9 transfection. We quantified the FACS data with FlowJo, and calculated P values by two-sample t-test. P values are color-coded
according to the key to correspond to the P1 and P2 deletion mutants. Data in a and b are from five independent experiments; data in c are
representative of 27 independent CRE clones (listed in Supplementary Table 6).

to determine which sgRNA pairs were present in each subpopula-
tion (Supplementary Table 2). We carried out the experiment in
multiple replicates (Supplementary Table 2 and Supplementary
Fig. 3a), and observed that the abundance of sgRNA pairs was
highly reproducible between replicates (Pearson correlation
coefficient R = 0.90 for cis, 0.92 for control and 0.97 for high;
Supplementary Fig. 3b).

To identify cis-regulatory elements of POU5F1, we first com-
pared the abundance of sgRNA pairs between the cis population
and the control population (Supplementary Table 2) by using
a negative binomial test, and computed the fold enrichment
and P value of each sgRNA pair (Supplementary Table 3 and
Supplementary Fig. 3c). We found 495 sgRNA pairs that were
significantly enriched (P < 0.05 and log(fold change) > 1) in the
cis samples (Fig. 1d,e and Supplementary Table 3). As expected,
all six sgRNA pairs that targeted the eGFP gene sequence were
strongly enriched in the cis population (Fig. 1d). By contrast,
only 2 of the 424 negative control sgRNAs were enriched, cor-
responding to an empirical false discovery rate (FDR) of <0.5%.
Further supporting the effectiveness of our experimental design,
the sgRNA pairs with significant enrichment in the cis popu-
lation were generally depleted in the high-population samples
(Supplementary Table 3 and Fig. 1d). Next, we sought to identify
cis-regulatory sequences by taking full advantage of the tiling-
deletion design (Fig. le). We began by ranking all sgRNA
pairs on the basis of their enrichment levels in the cis popula-
tion relative to the control (Supplementary Table 3). We then

partitioned the 2-Mb POUS5FI locus into 50-bp bins, and used
robust rank aggregation?? to calculate a score for each bin to
indicate whether the ranks of deletions spanning that bin were
skewed toward the top of the sorted list (Online Methods and
Supplementary Table 4). In total, we identified 45 genomic
regions with a significant score (Fig. 1e and Supplementary
Table 5). Using the same criteria, we did not identify any genomic
region as positive in the high population (Supplementary
Fig. 4a). We named each of the 45 CREST-positive elements
(referred to hereinafter as CREs) according to its relative genomic
distance (in kilobases) from the transcription start site (TSS) of
POUS5FI, with a negative sign used to denote elements upstream
of POU5FI, and a positive sign used to indicate downstream
elements (Supplementary Table 5). The 45 CREs included 4 pre-
viously identified POU5FI-regulatory elements that act in cis:
its promoter (Supplementary Fig. 4b), an upstream enhancer?!
(Supplementary Fig. 4b) and two temporarily phenotypic
enhancers!3 (DHS_65 and DHS_108; Supplementary Fig. 4c).
The remaining 41 CREs were POU5FI-regulatory sequences
newly discovered in this study (Supplementary Note 5).

CREs cluster with active chromatin marks and TFs

To determine the chromatin features of the CREs, we examined
the publically available chromatin-accessibility data, TF-bind-
ing profiles and chromatin-modification data sets for the H1
hESC line®>. We also carried out assays for transposase-acces-
sible chromatin with high-throughput sequencing (ATAC-seq)??

NATURE METHODS | VOL.14 NO.6 | JUNE 2017 | 631
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Figure 3 | The core promoter regions of MSH5, NEU1 and PRRC2A are required for optimal POU5F1 expression in hESCs. (a) The core promoter regions of
MSH5, NEU1 and PRRC2A were deleted by two sets of distinct sgRNAs (deletions 1 and 2). Mutant cell clones harboring monoallelic deletions on the P1
allele (green curves) or P2 allele (magenta curves) were identified after genotyping and sequencing of the phased single-nucleotide polymorphisms.
FACS analysis was performed for all the mutant clones and wild-type cells (WT; black curves) at day 25 and day 40 after transfection. The FACS data
were quantified with FlowJo, and represent 40 independent core promoter mutant clones (listed in Supplementary Table 6). We computed P values by
two-sample t-test. (b,c) H1 POU5F1-eGFP cells were transfected with either control scrambled siRNA or siRNAs targeting the indicated genes. Each gene
was targeted by two sets of siRNAs (SMARTpool and WI design) with different sequences. The cells were analyzed 48 h after transfection. (b) Whole-cell
extract was collected and subjected to western blotting analysis with the indicated antibodies. (c) An aliquot of cells was dissociated into single cells
for FACS analysis. Black, magenta and green curves represent the data from cells treated with scrambled siRNA (ctrl), SMARTpool siRNA and WI-designed
(http://sirna.wi.mit.edu/) siRNA, respectively. Data in b and c are representative of three independent experiments.

and CTCF chromatin immunoprecipitation followed by sequenc-
ing (ChIP-seq) with the cell line used in the present study, and
ensured that the data closely resembled previously obtained data
sets for the same parental cell line® (Supplementary Fig. 5).
As expected, a majority of CREs were associated with biochemi-
cal features characteristic of cis-regulatory elements, including
DNase hypersensitivity (69%); TF occupancy; and active chroma-
tin marks such as acetylation of histone H3 on Lys27 (H3K27ac;
22%), methylation of histone H3 on Lys4 (H3K4me3; 31%)
and H3K4mel (22%) (Supplementary Table 5)°. Notably, CREs
were also enriched for binding sites of CTCF/RAD21 (29%),
which have been linked to DNA looping and topologically asso-
ciating domain boundaries?>?* (Fig. 2a,b and Supplementary
Table 5). It has been reported that TF binding in human cells
tends to lead to the formation of dense clusters?>-2”. Accordingly,
we found that the CREST-positive regions overlapped
with dense clusters of TF-binding sites (16% of CREs were bound
by essential pluripotency master regulators, and 44% by other
TFs; Fig. 2a,b and Supplementary Fig. 6a) and were bound by
more TFs on average than DNase hypersensitive sites (DHSs)
(Supplementary Fig. 6b; P < 6 x 10~!1). In general, CREST-
positive regions were significantly associated with TF binding
and the active histone modifications H3K4mel, H3K4me3 and
H3K27ac, and were depleted for the repressive chromatin marks
H3K9me3 and H3K27me3 (ref. 28) (Supplementary Fig. 6¢;
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P < 0.01; other features are described in Supplementary
Fig. 6d), consistent with the findings of previous studies
highlighting the role of clustered TF-binding sites in gene
regulation®>2°, Interestingly, five CREs lacked any canonical chro-
matin signatures associated with active cis-regulatory sequences
(Fig. 2a; unmarked region, 11%), which suggests the existence of
cis-regulatory elements without canonical epigenetic signatures,
as recently reported!2.

To validate the function of the novel POU5FI CREs, we selected
six for in-depth analysis (Fig. 1e). We chose regions that met three
criteria: (1) they were located at a wide range of genomic distances
(38-694 kb) from the POU5F1 TSS; (2) they were surrounded by
phased single-nucleotide polymorphisms so that allelic analysis
of gene expression could be performed; and (3) they represented
a wide range of CREST-seq signals, ranking 9th, 13th, 23rd,
24th and 37th out of 45 (Supplementary Table 5). Additionally,
whereas five CREs—CRE(-694), CRE(-652), CRE(-571),
CRE(—-449) and CRE(+38)—were marked by canonical chroma-
tin marks (Fig. 2a and Supplementary Fig. 7a), CRE(-521) was
unmarked (Fig. 2a and Supplementary Fig. 7a). As a control,
we tested a CREST-negative region (Fig. 1e and Supplementary
Fig. 7a). We applied CRISPR-Cas9 genome editing in the
hESC line to introduce monoallelic deletions 2-4 kb in length
to remove these regions (Supplementary Fig. 7a). All cell
clones with monoallelic deletion on the P1 (eGFP-tagged) allele
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showed a significant reduction in eGFP gene expression (Fig. 2¢
and Supplementary Fig. 7b; P < 2.2 x 107!°). By contrast,
clones bearing monoallelic deletions on the P2 (wild-type) allele
showed normal eGFP gene expression (Fig. 2¢), which indicates
that these sequences act in cis to regulate POU5FI expression.
We did not observe any change in eGFP gene expression in
clones that contained biallelic deletions of the negative control
region (Fig. 2¢). Notably, deletion of CRE(-521), which lacked
any canonical marks of regulatory sequences (Supplementary
Fig. 7a), also led to a decrease in POU5F1 expression in the cis
population. Interestingly, whereas the deletion of each of the five
CREs resulted in a durable reduction of POU5FI expression,
deletion of CRE(-652) led to only a temporary reduction of
eGFP gene expression that recovered fully by day 50 (Fig. 2c and
Supplementary Fig. 7b), which suggests that it is the type of tem-
porarily phenotypic enhancer that we recently reported!3. Taken
together, these results provided strong evidence that CREST-seq
can be used to identify cis-regulatory sequences of a specific target
gene in an unbiased and high-throughput manner.

Promoters acting as distal enhancers
Results from the CREST-seq experiments showed that 18 gene
promoters, including the POU5F1 promoter, are necessary for
optimal POUS5FI expression in hESCs (Supplementary Table 5).
This is surprising because promoters have traditionally been
thought to mediate the transcription of their target genes’ imme-
diate downstream sequences. Although recent reports indicate
that some long noncoding RNA and mRNA promoters may act
as enhancers of their adjacent genes!'?3031, definitive evidence
illustrating a causative role of promoters acting as distal enhan-
cers is still lacking. The identification of CRE(—449), CRE(-571)
and CRE(-694) as cis-regulatory elements of POU5F1 suggests
that promoters of PRRC2A, MSH5 and NEUI may act as distal
enhancers of POU5F1 in hESCs (Supplementary Fig. 7a). To rule
out the possibility that promoter-proximal elements in these genes
were responsible for POU5F] regulation, we deleted 216-285-bp
core promoter sequences containing the TSS of each gene and
carried out allelic expression analysis in the resulting cell clones
(Fig. 3a and Supplementary Fig. 8). To avoid potential off-target
effects, we used two sets of sgRNA pairs (deletion 1 and deletion 2;
Fig. 3a and Supplementary Fig. 8) for the genome editing, and
we recovered a total of 37 independent clones carrying monoal-
lelic deletions for in-depth analysis (Supplementary Fig. 9 and
Supplementary Table 6). We found that all mutants with the P1
monoallelic deletion showed long-lasting reductions in eGFP gene
expression, whereas in mutant clones with the P2 monoallelic
deletion, eGFP levels were indistinguishable from those in the
wild type (Fig. 3a and Supplementary Fig. 9a,b; quantified in
Supplementary Table 6 and Supplementary Fig. 9¢). The reduced
eGFP gene expression could not be due to the loss of the PRRC2A,
MSH5 or NEUI gene products, because knockdown of each gene
using two sets of short interfering RNAs (siRNAs) (Fig. 3b,c) and
short hairpin RNAs (Supplementary Fig. 10a-c) did not affect
levels of POU5F1 mRNA (Supplementary Fig. 10d) or POUS5F1
protein (Fig. 3b and Supplementary Fig. 10e). Thus, the core
promoter sequences of PRRC2A, MSH5 and NEUI, but not their
gene products, are required for optimal POU5FI expression.

To further show whether these gene promoters could func-
tion as enhancers in a traditional reporter assay, we constructed
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Figure 4 | Analysis of chromatin interactions between enhancer-like
promoters and the POU5F1 promoter in hESCs. (a) The distribution of
pairwise Hi-C contact frequencies within the 2-Mb locus, and between

the POU5F1 TSS and the 17 POU5F1-regulating promoters. The gray bars
represent the s.d. of normalized Hi-C read counts at a given genomic
distance. (b) The s.d. of the Hi-C read counts between the POU5F1 TSS
and the promoter CREs compared with the expected value (0). (c) Receiver
operating characteristic curve showing that POU5F1-requlating promoters
could be separated from the other promoters in the 2-Mb region with high
accuracy (AUC = 0.89) with a random forest model built from binding sites
of 52 TFs, seven histone-modification profiles, gene expression profiles,
and maps of long-range chromatin interactions (Supplementary Table 7;
additional details are provided in the Online Methods). (d) The relative
importance of each feature to the random forest classifier for predicting
enhancer-like promoters.

reporter plasmids that contained the 360-bp POU5F]I core pro-
moter sequence driving a luciferase reporter gene, with the core
promoter fragments of PRRC2A, MSH5 or NEUI inserted down-
stream of the reporter!>32, We transfected these plasmids into H1
hESCs and assayed for luciferase activity 3 d after transfection.
All elements showed significant enhancer activity compared with
the control vector (Supplementary Fig. 10f).

To rule out the possibility that CRISPR-Cas9-mediated genome
editing affects POU5F]I expression through locus-wide, nonspe-
cific mechanisms, we carried out FACS analysis of the CRE-
deletion mutant clones to monitor levels of both POU5F1-eGFP
and HLA-C, located 100 kb upstream of the POU5FI TSS. We
found that deletion of a CRE resulted in downregulation of
POUS5F1-eGFP expression without any observable effect on levels
of HLA-C (Supplementary Fig. 11). To further rule out the
possibility that CRISPR-Cas9 leads to transcriptional silencing
induced by double-stranded DNA breaks in cells, we assessed
the presence of phosphorylated H2AX (YH2AX; a DNA-
damage marker) in the mutant clones®3-3°. We found that none
of the mutant clones stained positive for YH2AX at the time of
the experiments when downregulation of POU5F1 was detected
(25 d after transfection) (Supplementary Fig. 11a). Therefore, it
is not likely that our CREST-seq identification of multiple pro-
moters serving as distal enhancers of POU5FI was due to artifacts
of the experimental system.
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Table 1 | Comparison of CREST-seq data to published functional screens of noncoding regulatory sequences

Oligo Able to
Total density distinguish

Reference Target region oligos  (per kb) Coverage trans or cis?
Canver et al.10 4.2 kb, 3 DHSs and 1 exon 582 137 ~1x No
Korkmaz et al.1! 685 p53 ChIP-seq peaks 1,116 N.A. 1.3-1.6 oligos per ChIP-seq peak No
73 ChIP-seq peaks for ER-o. expressing enhancer RNA 97 N.A.
2-kb CDKN1A locus 197 98.5 <93.6%
Rajagopal et al.12  40-kb Tdgf1 locus 3,908 98 <93.1% No
Rpp25, Nanog and Zfp42 loci 3,908 N.A. N.A.
Diao et al.13 37.6 kb, 174 putative enhancers in 1-Mb POU5F1 locus 1,964 52 <49.4% No
Sanjana et al.14 200-kb NF1 locus 6,682 33.4 <31.7% No
200-kb NF2 locus 6,934 34.6 <32.9%
200-kb CUL3 locus 4,699 23.5 <22.3%
Fulco et al.1® 1.29-Mb GATA1 and MYC loci 98,000 76 ~64x No
CREST-seq 2-Mb POU5F1 locus 11,600 5.7 20x Yes

Here CREST-seq is compared with published screens of noncoding regulatory elements. The following aspects are compared: the size of the screen region, the total number of oligos required
to construct the library, the average number of oligos per kilobase in each screen, and the estimated coverage of the target region. To estimate the coverage of the target region, we assumed
that the PAMs were equally distributed across the genome and that each gRNA created a mean insertion/deletion size of 9.5 + 13.7 bp. To compute the coverage of the CRISPRi screen using
dCas9-KRAB, we assumed that the average size of H3K9me3 peaks introduced by dCas9-KRAB was about 850 bp. N.A., not available.

Enhancer-like promoters are spatially close to the POU5F1 TSS
To understand the potential mechanisms that allow the 17 CREST-
positive promoters, among promoters of ~120 genes in this
2-Mb locus, to specifically regulate POU5F1, we examined the 3D
chromatin organization of the locus, reasoning that long-range
chromatin interactions may allow these enhancer-like promoters
to act as distal cis-regulatory sequences. Indeed, analysis of H1
hESC Hi-C data®® indicated that 14 of the 17 POU5FI-regulating
promoters had significantly higher levels of chromatin interac-
tions with the POU5F1 TSS than would be expected to occur by
chance (Fig. 4a,b; P < 0.01). The enhancer-like promoters were
also characterized by other chromatin features that distinguished
them from other promoters in the region, such as high levels
of POL2 binding, H3K4me3 and H3K27ac (Supplementary
Fig. 12a,b; P < 0.01). In addition, mRNA transcription from these
promoters was significantly higher than that of other genes in the
same region (Supplementary Fig. 12¢; P < 0.01).

To further characterize the features of enhancer-like promoters,
we developed a random-forest-based classifier capable of predicting
which promoters are cis-regulatory sequences of POU5FI. As input,
we used data sets of TF binding sites (Supplementary Table 7),
histone-modification® profiles, gene expression profiles, and the
long-range chromatin contacts centered at POU5FI (ref. 36). We
evaluated the performance of the classifier by using leave-one-out
cross-validation. Strikingly, our model was able to distinguish
POUS5FI-regulating promoters from control promoters in the 2-Mb
screening region with high accuracy (Fig. 4¢; area under the curve
(AUC), 0.89; error rate, 6.3%; positive predictive value (PPV),
97.2%). We next determined feature importance by estimating the
average decrease in node impurity after permuting each predictor
variable, and found that the chromatin-interaction frequency was
the single most important predictor (Fig. 4d and Supplementary
Fig. 13). This result provides strong evidence that the enhancer-like
promoters specifically affect POUS5F]I expression through chromatin
interactions. This observation prompted us to use spatial proximity
alone to make a single-variable random forest model, which also
achieved high-accuracy predictions (AUC, 0.93; error rate, 9.0%)
but yielded a lower PPV (74.5%), thus suggesting that although
physical proximity is an important predictor for regulatory relation-
ships, other factors are also crucial (Supplementary Note 6).
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DISCUSSION

Our finding that nearly 40% of the cis-regulatory sequences of
POUS5FI correspond to promoters of other genes reveals the com-
monality and widespread use of promoters as distal enhancers.
Previous studies have suggested that promoters and enhancers
share common properties in terms of TF binding and the abil-
ity to produce RNA transcripts®’. Recently, it was shown that
the promoters of long noncoding RNAs and mRNAs can act as
enhancers of adjacent genes!>31:38, The current study adds to
the accumulating literature on the idea that distal promoters can
regulate the expression of a gene other than the gene immediately
downstream. Our results further show that one potential mecha-
nism by which promoters could act as enhancers is long-range
chromatin interaction (Supplementary Note 7). This is consistent
with previous studies that show extensive promoter—promoter
interactions in mammalian cells3%-3639-46 and reports that many
promoters indeed show enhancer activity in heterologous ectopic
luciferase reporter assays30:47.

CREST-seq is a highly scalable tool for the unbiased discovery
of cis-regulatory sequences in the human genome. Compared
with previous CRISPR-Cas9 screens, which have typically
required more than 100 gRNA-expressing oligos to ‘saturate’ a
target region, CREST-seq achieved 20x coverage for the entire
2-Mb POUS5F1I locus, with fewer than six sgRNAs per kilobase
(Table 1). CREST-seq also compared favorably to the dCas9-
KRAB-based CRISPRi (CRISPR interference) screen!® in which
the size of H3K9me3 peaks generated by dCas9-KRAB is less than
850 bp (ref. 48). Although the positive hits identified by CREST-
seq are usually larger in size than the elements or motifs identified
by single sgRNA approaches, by generating overlapping deletions
in a massively parallel fashion, CREST-seq allows the functional
interrogation of a large fraction of the genome with high sensitiv-
ity and specificity. More important, CREST-seq can distinguish
cis- and trans-regulatory sequences by enabling researchers to
monitor the allelic expression of a reporter gene without knowl-
edge of the haplotypes of the genome (Supplementary Figs. 14
and 15). Finally, it is feasible to design nested tiling deletions
across a whole chromosome or even across the genome. The
combination of CREST-seq and single sgRNA screen approaches
would allow for both high coverage and high resolution, thereby
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enabling truly comprehensive discovery of transcriptional regula-
tory sequences in the human genome.

METHODS

Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS
Step-by-step protocol. A protocol for CREST-seq is available as
a Supplementary Protocol and also in ref. 49.

Cell culture. The POU5F1-eGFP H1 hESC line was purchased
from WiCell (DL-02) and was described previously!®. The cells
were cultured on Matrigel-coated (Corning; 354277) plates and
maintained in TeSR-E8 media (STEMCELL Technologies; 05940),
and passaged by Accutase (STEMCELL Technologies; A1517001)
with 10-uM ROCK inhibitor Y-27632 (STEMCELL Technologies;
72302) supplement. The cells were tested by WiCell Research
Institute and the UCSD Human Stem Cell Core facility to confirm
that there was no mycoplasma contamination.

Design of sgRNA pairs for CREST-seq. The CREST-seq library
design is available online (http://crest-seq.ucsd.edu/web/) and
included the following steps: (1) all 20-bp potential sgRNA
sequences followed by the PAM ‘NGG’ within the 2-Mb screened
region were first identified; (2) Bowtie®® was used to map these
20-bp sgRNA sequences to the reference genome (hg19) with the
parameter -t -a -f -m 1000 --tryhard -v 3, which outputs align-
ments for up to 1,000 candidates with fewer than four mismatches;
(3) to prevent off-target binding, an sgRNA sequence was filtered
out if it (a) mapped perfectly to another region on the genome,
(b) had suboptimal alignment with one or two mismatched bases
outside the sgRNA ‘seed’ region (i.e., the 10-bp sequence adjacent
to the PAM)°! or (c) had suboptimal alignment with three mis-
matches, but all three mismatched bases were 17 bp farther from
the PAM sequence; and (4) the identified sgRNA sites were paired
to generate 2-kb deletions evenly across the 2-Mb region. On the
basis of the distribution of the filtered sgRNAs, we selected a chain
of unique sgRNAs as follows: first, the initial sgRNA was picked,
and the next sgRNA was chosen according to a predetermined
distance cutoff (D; e.g., 100 bp) and an odd-number step size
(S; e.g., 15) such that the distance between the target sequences of
the two sgRNAs was no less than D; the procedure was repeated
until no more unique sgRNAs were found. Next, we designed the
first sgRNA pair using the 1st sgRNA and the 16th (1 + S) sgRNA,
then the second pair using the 3rd and 18th (3 + S) sgRNAs; we
repeated this procedure to the end of the chain. The distance
cutoff D and step size S were both adjustable to allow for different
deletion sizes and genomic coverage. For example, with D = 100
and S = 15, the deletion size would be a minimum of 1,500 bp, and
an average of 2,000 bp in the current design. The average cover-
age was (1 + §)/2, or eight times with S = 15, as there were eight
sgRNAs (1Ist, 3rd, ..., 15th) with crossover to eight guide RNAs
on other side (16th, 18th, ..., 30th) for any region in the middle.
Three different sets of deletions/steps were used: 100/15, 200/13
and 500/13. A unique guide RNA was not used if it had been
used in a previous selection. After a pair of dual CRISPR guide
RNAs—namely, {a, b}—had been selected, we used the following
template to link two guide RNAs: TGTGGAAAGGACGAAACA
CC{a}GTTTAGAGACG{rnd}CGTCTCACCTT{b}GTTTTAGA
GCTAGAAATAGCAAGTT.

Note that if a guide RNA started with A, C or T, a G was added in
front. {rnd} represents the random bases that were selected from all
combinations of 8-bp nucleotide sequences excluding numbers of GC
segments less than 4 or more than 6, or including any subsequence
within: {AAAA, CCCC, TTTT, GGGG, GAGACG, or CGTCTC}.

NATURE METHODS

Oligo synthesis and library cloning. The CREST-seq oligo
library with sequences shown in Supplementary Figure 2a was
amplified with the following primers:

Forward primer: CTTGTGGAAAGGACGAAAC
Reverse primer: TTTTAACTTGCTATTTCTAGCTCTAAAAC

The PCR product was size-selected and gel-purified with
NucleoSpin gel and a PCR clean-up kit (Clontech; 740609), and
then inserted into BsmblI-digested lentiCRISPRv2 plasmid by
Gibson assembly (Addgene, 52961). The end product was elec-
trotransformed into 5-a. electrocompetent Escherichia coli (NEB;
C2989K) and grown on agar plates. About 20 million independent
bacterial colonies were collected, and the plasmids were extracted
with the Qiagen Plasmid Giga Kit (12191). The resulting plasmid
DNA was linearized by Bsmbl digestion, gel-purified, and ligated
with a DNA fragment (the complete IDT gBlocks sequence is
in Supplementary Table 8) containing tracRNA(E/F) and the
mouse U6 promoter (mU6). The ligate was electrotransformed
into 5-o electrocompetent E. coli and plated on agar plates. About
20 million bacterial colonies were collected and purified with the
EndoFree Plasmid Giga Kit (Qiagen; 12391).

Lentiviral library production. The CREST-seq lentiviral library
was prepared as previously described®?, with minor modifica-
tions. Briefly, 5 pg of lentiCRISPR plasmid library was cotrans-
fected with 4 pg of PsPAX2 and 1 pg of pMD2.G (Addgene,
12260 and 12259) into a 10-cm dish of HEK293T cells in DMEM
(Life Technologies) containing 10% FBS (Life Technologies)
by PolyJet transfection reagents (Signagen; SL100688). Growth
medium was replaced 6 h after transfection. The supernatant of
the cell culture media was harvested at 24 h and 48 h after trans-
fection, and filtered through Millex-HV 0.45-um PVDF filters
(Millipore; SLHV033RS). The viruses were further concentrated
with 100,000 NMWL Amicon Ultra-15 centrifugal filter units
(Amicon; UFC910008).

For viral titration, 0.5 million POU5F1-eGFP hESCs were
seeded per well on a six-well plate. 12 h later, different amounts
(1, 2, 4 and 8 pl) of concentrated virus-containing media were
added to the cell culture media to infect the hESCs accord-
ing to the same protocol described in the section on lentiviral
screening. The same number of noninfected cells was seeded
and not treated with puromycin as the control. 24 h post-infec-
tion, the infected cells were treated with 500 ng/ml puromycin
(Life Technologies; A1113802) for another 72 h. We counted the
number of puromycin-resistant cells and control cells to calculate
the ratio of infected cells and the viral titer. In the screening, about
10 million POU5F1-eGFP hESCs were used in each independent
screening replicate and infected with viral particles at a low mul-
tiplicity of infection (MOI; 0.1) to make sure each infected cell
got one viral particle.

Lentiviral transduction and FACS. Briefly, the screening was
carried out according to a previously described protocol!3, with
minor modifications. In each independent screen, about 10 mil-
lion cells per 12-well plate were spin-infected with the CREST-seq
lentiviral library at an MOI of 0.1. 24 h post-infection, the cells
were dissociated with Accutase and plated into a 15-cm culture
dish coated with Matrigel (4 million cells per dish). The cells
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were treated with E8 media containing 250 ng/ml puromycin for
7 d, and then cultured for another 7-d without puromycin treat-
ment. For CREST-seq screen FACS sorting, the cells were dissoci-
ated and coimmunostained with phycoerythrin (PE)-conjugated
anti-POU5F1 and allophycocyanin (APC)-conjugated anti-eGFP.
The eGFP"POUS5F1*, eGFP*POUS5F1* and non-sorted control
cells were collected by FACS for further analysis.

Sequencing library construction. Genomic DNA was extracted
from eGFP"POUS5F1*, eGFP*POUS5F1* and non-sorted control
cell populations. The sgRNA inserts were then amplified from
genomic DNA by PCR using the following primers:

Forward: AATGGACTATCATATGCTTACCGTAACTTGAA
AGTATTTCG
Reverse: GGACTGTGGGCGATGTGCGCTCTG

The PCR products were gel-purified and subjected to a second
PCR reaction to add the Illumina TruSeq adaptor sequence with
the following primers:

Forward: AATGATACGGCGACCACCGAGATCTACACTC
TTTCCCTACACGACGCTCTTCCGATCTctTGTGGAAAGG
ACGAAAC

Reverse (“N” indicates the index sequence): CAAGCAGAAG
ACGGCATACGAGANNNNNNGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATCTTTTTAACTTGCTATTTCTAGCTC
TAAAAC

Sequencing and processing of CREST-seq libraries. CREST-
seq libraries were sequenced using HiSeq 4000 in pair-ended
mode with 100-bp read length. An sgRNA pair {a, b} was con-
sidered valid if it matched the initial sgRNA design and met
the following criteria: (1) a subsequence of read 1 matched
GGACGAAACACCG, followed by 19 or 20 nt (namely, {a}), and
GTTTAAGAGCTATGCTG; (2) a subsequence of read 2 matched
AAAC, followed by 19 or 20 nt (namely, {b’}), and CAA; (3) {a}
exactly matched {a’} if the length of {a’} was 20 nt, or {a} exactly
matched G + {a’} if the length of {a’} was 19 nt; and (4) {b} exactly
matched the reverse complementary sequence of {b’} if the length
of {b’} was 20 nt, or {b} exactly matched the G+ reverse comple-
mentary sequence of {b’} if the length of {b’} was 19. Those sgRNA
pairs with total read counts less than 30 among all samples were
filtered out. In the end, we kept 10,159 sgRNA pairs for further
analysis (Supplementary Table 4).

Peak-calling in CREST-seq data. For each sgRNA pair, the
MAGeCK algorithm?® was used to estimate the statistical sig-
nificance (using a negative binomial test) of enrichment in the
cell population relative to the control population. Next, we ranked
sgRNA pairs in increasing order, using the equation log (NB P)
x sign (log(exp/control)) (NB, negative binomial). Third, we
partitioned the 2-Mb screened region into a set of non-overlap-
ping 50-bp bins, B = (by, ..., b,)); a bin was considered positive if
many of the sgRNA pairs spanning it ranked near the top of the
sorted list. A robust rank aggregation (RRA) algorithm®3 was then
used to identify the positive bins. Specifically, we let R; = (r;, ...,
rix) be the vector of ranks of sgRNA pairs that spanned bin b;,
and we normalized R; into percentiles U; = (u;y, ..., u;), where
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ujj = ry/ M (where M is the total number of sgRNA pairs). The goal
was to identify the bins for which the normalized rank vector U;
skewed strongly toward zero. Under the null hypothesis where the
normalized ranks follow a uniform distribution between 0 and
1, the jth smallest value among (u;1, ..., #;) is an order statistic
p(uj) that can be calculated by the B-distribution B (j, k + 1 — j)
We defined the final score for the rank vector U; as the minimum
of the negative score:

p(Ui) = min p(uij)

i=l—k

The p (U;) score was converted to a P value by permutation test, as
proposed by Li et al.?%, and finally the P value was adjusted to an
FDR by the Benjamini-Hochberg procedure. A bin was considered
as significant if its FDR was smaller than a custom threshold.

Calculation of enrichment test score. We downloaded DHSs and
peaks of ChIP-seq data sets from H1 hESCs from the ENCODE
data portal®. Enhancers were predicted by RFECS*4, and pro-
moter coordinates were based on RefSeq gene annotation. The
observed overlap ratio o; of feature i was computed as the fraction
of CREST-seq peaks that overlapped with that feature. We then
randomly shuffled CREST-seq peaks in the region using shuf-
fleBed>>, and counted the expected overlap rate e; as the fraction
of shuffled peaks that overlapped with feature i. Fold enrichment
was computed as o0;/e;. We repeated this process 1,000 times for
each feature and defined the enrichment test score as the fraction
of tests in whcih the fold enrichment was >1. The significance of
enrichment was determined by y? test.

Analysis of chromatin signatures of POU5FI-regulating pro-
moters. We randomly shuffled CREST-seq peaks in the 2-Mb
POUSFI region using shuffleBed*® and kept only those permuta-
tions with 18 peaks overlapping promoter regions. The expected
overlap rate for each shuffle was counted as the fraction of per-
mutations that contained an active promoter signature (Pol2/
H3k4m3/H3k27ac). We repeated this process 1,000 times and
calculated the permutation P value as the percentage of tests in
which the overlap rate was >0.78.

Classification of POU5FI-regulating promoters by random
forest. We downloaded RefSeq-annotated promoters (2,000 bp
upstream from the TSS) within the screened region from the
UCSC genome browser. Promoters were divided into positive and
control groups on the basis of their overlap with CREs. RNA-seq
data were taken from previously published work, and gene expres-
sion was estimated with the software Cufflinks for each transcript.
A random forest implemented by the R package “randomForest”
was applied to classify positive promoters from the negative ones
with default parameter settings, without further model selection.
Prediction performance was evaluated by leave-one-out cross-
validation. We estimated feature importance on the basis of the
average decrease of node purity by permuting each variable.

CRISPR-Cas9-mediated deletion. CRISPR-Cas9 constructs tar-
geting the genomic loci indicated in Supplementary Figure 6a
were made according to a previously described protocol!3. The
oligos used for cloning are listed in Supplementary Table 8.
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The designed sgRNA sequence was cloned into the pX330-U6-
Chimeric_BB-CBh-hSpCas9 vector (Addgene, 42230). After vali-
dating the sgRNA sequences by Sanger sequencing, we mixed a
pair of plasmids targeting the 5" and 3’ boundaries of the same
element at a 1:1 ratio and cotransfected plasmid expressing
mCherry into POU5F1-eGFP cells with hESC Nuclearfector Kit
2 (Lonzo; VPH-5022) according to the manufacturer’s instruc-
tions. To knock out POU5FI-regulatory core promoters, we used
in vitro-synthesized CRISPR c¢rRNA and CRISPR tracrRNA
(IDT) with the sequence specified in Supplementary Table 8. The
Cas9 recombinant protein was purchased from NEB (M0386M),
and the Cas9/crRNA/tracRNA was assembled in vitro accord-
ing to a published protocol®®. The RNP complex was electro-
transfected into the POU5F1-eGFP hESC reporter line with the
Neon Transfection System 10-ul kit (Thermo Fisher Scientific;
MPK1096) with default electrotransfection protocol #9.

72 h after transfection, the mCherry-positive cells were collected
by FACS. mCherry-positive single cells were plated into a Matrigel-
coated plate at low density (about 1,000 cells per 10-cm coated
petri dish) and cultured in E8 media supplemented with 10 uM
ROCK inhibitor. After 10-14 d, the surviving sorted single cells
formed colonies. Individual colonies were picked and expanded,
and then subjected to genotyping and in-depth analysis.

Genotyping of mutant clones. The cells from mutant clones were
collected and treated with QuickExtract DNA extraction solution
(Epicentre; QE0905T), and then subjected to genotyping PCR
using the primers listed in Supplementary Table 8. We then car-
ried out Topo cloning (Life Technologies; K2800-20) and Sanger
sequencing to verify the sequences.

FACS analysis. To directly monitor eGFP expression lev-
els, we dissociated wild-type or mutant POU5F1-eGFP cells
with Accutase and subjected them to FACS analysis with a BD
FACSAria II. To examine the levels of HLA-C protein, we stained
the cells with PE-conjugated antibody that specifically recognized
HLA-C (Millpore; MABF233). For immunostaining of eGFP,
POUS5F1 or YH2AX, the cells were fixed with 2% PFA for 30 min
and then subjected to overnight permeabilization in methanol
at =20 °C. The treated cells were stained with the appropriate
antibodies. PerCP-cy5.5-conjugated mouse anti-H2AX(pS139)
was purchased from BD Biosciences (564718), PE-conjugated
anti-human OCT4(OCT3) was from STEMCELL Technologies
(60093PE.1), and APC-conjugated anti-GFPuv/eGFP was from
R&D Systems (IC4240A).

Luciferase reporter assays. Luciferase assays were conducted as
previously described®’. Briefly, for tests of the enhancer activity
of CREs with the native POU5F1 promoter, the 360-bp POUS5F1
minimal promoter3? (hgl8 Chré6: 31,246,377-31,246,736) was
synthesized as gblock by IDT and cloned into the pGL3-pro-
moter vector to replace the original SV-40 promoter. The core
promoter regions of pPRRC2A, pMSH5, pNEU1 and pTFC19
were PCR-amplified from H1 hESC genomic DNA and cloned
into a modified pGL3-POUS5F1 vector (Promega) in which the
SV-40 promoter had been replaced by a 360-bp minimal POU5F1
promoter by in-fusion cloning. The primer sequences are listed in
Supplementary Table 8. After validation by Sanger sequencing,
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the constructs were cotransfected with pRL-SV40 Renilla reporter
vector in H1 hESCs with Fugene HD (Roche) at a 4:1 reagent-
to-DNA ratio. The transfected cells were cultured for an addi-
tional 2 d before being harvested for reporter assay. We used a
dual-luciferase reporter assay kit (Promega; E1960) according to
the manufacturer’s protocol. The adjusted firefly luciferase activ-
ity of each sample was normalized to the average of the activities
of three negative control regions.

RNA interference. The siRNAs were purchased from Dharmacon
in the format of ON-TARGETplusSMARTpool-Human targeting
MSHS5, NEUI and PRRC2A. We also designed siRNAs by using
the WI siRNA selection program. siRNA sequences are listed in
Supplementary Table 8. The siRNAs were transfected into hESCs
with Human Stem Cell Nucleofector Kit 2 (Lonza) per the manu-
facturer’s instructions.

Western blotting. We carried out western blotting according to a
previously described protocol®. Briefly, whole cell extracts (WCEs)
were collected and quantified with a Pierce BCA protein assay kit
(23225). 30 g of WCE of each sample was subjected to western
blotting analysis with antibodies specifically recognizing NEU1
(Thermo Scientific; PA5-42552), PRRC2A (Abcam; ab188301),
MSHS5 (Abcam; ab130484), histone H3(Abcam; ab1791), POU5F1
(Abcam; ab19875) and eGFP (Abcam; ab190584).

ATAC-seq experiment and analysis. ATAC-seq was carried
out according to a previously described protocol?2. Briefly, each
library started with 100,000 cells, which were permeabilized with
NPB (0.2% NP-40, 5% BSA, 1 mM DTT in PBS with one complete
proteinase inhibitor) at 4 °C for 10 min, and then spun down at
500g for 5 min at 4 °C. The resulting nuclei were resuspended in
20 pl of 1x DMF (33 mM Tris-acetate, pH 7.8, 166 mM potassium
acetate, 10 mM magnesium acetate, 16% DMF). For chromatin
tagmentation, 0.5 pl of Tn5 (provided in the Nextera DNA kit,
[lumina) was added to 10 ul of solution for 30 min at 37 °C.

We processed our ATAC-seq data in the following steps: (1)
ATAC-seq sequencing reads were mapped to the hgl9 reference
genome using Bowtie in paired-end mode; (2) poorly mapped,
improperly paired, and mitochondrial reads were filtered; (3)
PCR duplications were removed using Picards MarkDuplicates
(http://broadinstitute.github.io/picard); (4) mapping positions of
reads were adjusted to account for Tn5 insertion; (6) reads were
shifted 75 bp, and peaks were called with MACS2 (ref. 59) with
the parameters -q 0.01 --nomodel --shift 175 --B --SPMR --keep-
dup all --call-summits; and (7) ATAC-seq signal was normalized
into reads per kilobase of transcript per million mapped reads
(RPKM), using deeptools®® for visualization.

PCA. We first extracted all 478 H1 DHSs within the
screened regions and counted the average RPKM for each
site using 122 public DHS data sets (Supplementary Table 8)
and our own ATAC-seq data set. Pairwise Pearson correla-
tion between the data sets was calculated and used as input
for principal component analysis. We found that the first two
principal components accounted for 80% of the variance,
and therefore we used them for 2D visualization as shown in
Supplementary Figure 5b.
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Code availability. The program and database for whole-genome
CRISPR design is available at https://github.com/bil022/CRISPR-
web. The computer code used in this study is available at
https://github.com/r3fang/CRESTseq.

Data availability. Sequencing data have been deposited in the
NCBI Gene Expression Omnibus (GEO) under accession number
GSE81026. Additional materials, data, code and associated pro-
tocols are available upon request.
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