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CRISPR-SURF: discovering regulatory elements 
by deconvolution of CRISPR tiling screen data
To the Editor – Tiling screens that use 
CRISPR–Cas technologies provide a 
powerful approach for the mapping of 
regulatory elements to phenotypes of 
interest1–6. Here we present CRISPR 
screening uncharacterized region function 
(CRISPR-SURF), a deconvolution 
framework that can be used to identify 
functional regulatory regions in the genome 
from data generated by CRISPR–Cas 
nuclease, CRISPR interference (CRISPRi), or 
CRISPR activation (CRISPRa) tiling screens. 
CRISPR-SURF can be run as a stand-alone 
command line utility (https://github.com/
pinellolab/CRISPR-SURF) or as a web 
application (http://crisprsurf.pinellolab.org/) 
(Supplementary Note 1).

The methodology underlying the 
CRISPR-SURF framework leverages the 
concept that single guide RNAs (sgRNAs) 
represent a functional readout for base 
pairs within the perturbation range. This 
range depends on the CRISPR screening 
approach used: CRISPR–Cas nucleases 
introduce insertion and deletion (indel) 
mutations of varying lengths (typically < 
30 bp, although potentially varying with 
cell type), whereas CRISPRi and CRISPRa 
strategies may remodel chromatin structure 
across hundreds of nucleotides. Importantly, 
each CRISPR technology offers its own 
advantage: CRISPRi and CRISPRa strategies 
increase the likelihood of detecting 
regulatory elements, given their larger 
perturbation ranges, whereas CRISPR–Cas 
nucleases provide higher resolution on 
the boundaries of regulatory elements, 
given their sharper perturbation windows. 
Because each sgRNA perturbs variable-size 
regions around its target site, the sgRNA 
data from CRISPR tiling screens can be seen 
as imprecise measurements of an underlying 

genomic regulatory signal. To address 
this variable, we model these imprecise 
measurements by means of a convolution 
operation that accounts for the perturbation 
profiles associated with different  
CRISPR technologies.

CRISPR-SURF deconvolves tiling screen 
data to find the genomic regulatory signal 
that best explains the observed sgRNA 
scores given the perturbation profile and 
sgRNA spacing (Fig. 1). The CRISPR-
SURF framework accounts for overlapping 
perturbation profiles between neighboring 
sgRNAs and leverages shared information 

to infer the underlying genomic regulatory 
signal even from noisy measurements.  
The exact sgRNA targeting coordinates  
are also taken into account, thus allowing  
for location-dependent statistical tests  
with a power that reflects the local density  
of sgRNAs in a region. This enables  
CRISPR-SURF to estimate perturbation-
specific and position-specific statistical 
power for CRISPR tiling screens 
(Supplementary Note 2).

We evaluated the performance of 
CRISPR-SURF by using three published 
CRISPR tiling screens spanning CRISPR–
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Fig. 1 | CrIsPr-surF deconvolution framework. An illustration of the deconvolution based on sgRNA 
targeting positions, different perturbation profiles (CRISPRi/a and CRISPR–Cas), and enrichment scores.
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Cas91, CRISPRi2, and CRISPRa3 modalities. 
For all three datasets, CRISPR-SURF 
reliably identified all of the experimentally 
validated regulatory elements. CRISPR-
SURF further identified potentially novel 
regulatory regions supported by both 
chromatin accessibility and epigenetic 
marks (Supplementary Notes 3 and 4, 
Supplementary Figs. 1–3). We elaborate on 
key differences between CRISPR-SURF and 
the analysis methods used in these previous 
studies in Supplementary Notes 5 and 6.

Furthermore, we carried out two matched 
CRISPR tiling screens using CRISPR–Cas9 
(SpCas9) and CRISPRi (dCas9–KRAB) on 
the BCL11A locus (Supplementary Note 7) 
and found that significant regions identified 
within previously validated functional 
enhancers1,7,8 were narrower in the CRISPR–
Cas9 screen than in the CRISPRi screen, 
consistent with the narrower perturbation 
profiles of CRISPR–Cas9 indel mutations 
compared with those of CRISPRi epigenetic 
modifications (Supplementary Fig. 4). In 
summary, CRISPR-SURF leverages the 
broad CRISPRi and CRISPRa perturbation 
profile for efficient enhancer discovery 
and the narrow CRISPR–Cas perturbation 
profile for high-resolution mapping of 
critical elements within enhancers.

reporting summary
Further information on research design is 
available in the Nature Research Reporting 
Summary linked to this article.

data availability
The data are available at SRA under project 
number PRJNA494935.
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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection No software was used to perform data collection.

Data analysis Custom code was used to analyze the data and can be found at: https://github.com/pinellolab/CRISPR-SURF

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The data are available at SRA under project number PRJNA494935.
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Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined based on previous tiled pooled CRISPR screens (PMID: 26375006 and PMID: 28218758). A total of 3 biological 
replicates was sufficient to distinguish expected differences between the positive and negative controls.

Data exclusions No data were excluded.

Replication No replication attempts failed.

Randomization Randomization was not relevant to this study given that a FACS sorting strategy was used to select two distinct populations according to the 
phenotype of interest.

Blinding Blinding was not relevant to this study. Same reason as above.

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The HUDEP-2 cell line is from PMID: 23533656.

Authentication Authentication includes karyotype and mycoplasma testing.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No ICLAC listed cell line was used.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Cells were fixed, permeabilized, and stained for intracellular fetal hemoglobin expression.  Cells were sorted by flow cytometry to 
isolate HbF+ cells.

Instrument BD FACSAria III

Software BD FACSDiva software

Cell population abundance Populations of cells with the top and bottom 10% of expression of HbF were sorted by FACS.

Gating strategy Control cells exposed to a non-targeting sgRNA sample and BCL11A exon 2 were used as negative and positive controls, 
respectively, to establish flow cytometry conditions.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




