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Here we describe a competitive genome editing method that 
measures the effect of mutations on molecular functions, 
based on precision CRISPR editing using template libraries 
with either the original or altered sequence, and a sequence 
tag, enabling direct comparison between original and mutated 
cells. Using the example of the MYC oncogene, we identify 
important transcriptional targets and show that E-box muta-
tions at MYC target gene promoters reduce cellular fitness.

The current genome editing tools, such as CRISPR–Cas9, have 
proven to be robust and efficient tools for many sequence manipula-
tions. They have been extensively used for mutating specific genomic 
loci in single-gene studies1 as well as genome-wide screens2–4. 
However, resolution of the CRISPR–Cas9 editing is limited by the 
suitable protospacer adjacent motif (PAM) sequences found in close 
proximity of the region of interest. Homology-directed recombina-
tion (HDR)-mediated precision editing can be used to introduce 
genetic alterations exactly at the intended loci, but this method suf-
fers from strong DNA damage response, low efficiency and incom-
patibility with pooled CRISPR screening approaches. Because of the 
low efficiency of precision genome editing, pooled screens com-
monly use lentiviral introduction of libraries of guide RNAs to cell 
lines that express either Cas9 nuclease alone that generates a series 
of insertion and deletion alleles or nuclease-dead Cas9 fused to tran-
scriptional repressor (CRISPRi) or activator (CRISPRa) domains5–7. 
These methods do not have single-base or single-allele resolution, 
and their precision is limited because they use an indirect measure, 
inferring the perturbation from the presence of a guide sequence 
integrated into the cells at a (pseudo)random genomic position.

Furthermore, interpreting the functional consequence of tar-
geted Cas9-induced mutations is confounded by the DNA damage 
introduced by Cas9 and the off-target effects of the Cas9 nuclease8. 
In particular, double-strand breaks (DSBs) at on-target or off-target 
loci cause DNA damage and genomic instability, resulting in paused 
cell cycle or apoptosis9–11. These problems are particularly acute 
in analysis of small intergenic features, such as transcription fac-
tor (TF) binding sites. This is because non-coding sequence is 
commonly repetitive, and single guide RNAs (sgRNAs) target-
ing small binding motifs cannot be selected from a large number 
of possible sequences predicted to have the same effect. Here we 
describe a competitive precision genome editing (CGE) approach 
using CRISPR–Cas9 genome editing at precise loci to accurately 
analyze the effect of mutations on cellular properties and molecu-
lar functions, such as fitness, TF binding and mRNA expression.  

The experimental design in the CGE approach mitigates the con-
founding factors associated with CRISPR experiments, such as the 
hampering effect of double-strand DNA break itself on cell pro-
liferation, enabling dissection of the effect of individual sequence 
features on cellular fitness. Here, we use the CGE method for dis-
secting the transcriptional network downstream of the master regu-
latory oncogene MYC.

MYC is a basic helix-loop-helix (bHLH) TF that forms a het-
erodimer with another bHLH protein, MAX, and regulates a large 
set of target genes by binding to regulatory elements containing 
E-box (CACGTG) motifs12–14. MYC is indispensable for embryonic 
development15, but, in normal cells, its expression is tightly con-
trolled. The importance of tight regulation of MYC activity is high-
lighted by the fact that it is one of the most frequently deregulated 
oncogenes across multiple human cancer types16. MYC regulates 
major pathways promoting cell growth and proliferation, such as 
ribosome biogenesis and nucleotide biosynthesis17. However, owing 
to the large number of MYC targets, identifying direct transcrip-
tional targets of MYC has been challenging. It has been proposed 
that MYC, instead of being a regulator of a particular transcriptional 
programs, is a universal amplifier of gene expression that increases 
transcriptional output at all active promoters18,19. Conversely, it has 
been shown that MYC can selectively regulate specific sets of genes, 
including those involved in metabolism and assembly of the ribo-
some20–22. Nevertheless, despite its well-known phenotypic effects 
on cellular growth and proliferation, the precise MYC target genes 
accounting for its oncogenic activity are still elusive. We reasoned 
that the most effective way to dissect the gene regulatory network 
downstream of MYC would be to individually assess the role of 
each target gene by mutating the MYC binding sites at its regulatory 
regions, which we have done here using the CGE method.

The CGE method uses CRISPR–Cas9 technology combined with 
a library of HDR templates with sequence tags enabling lineage 
tracing of the targeted cell populations. The HDR templates harbor 
two types of mutations: experimental variants targeting a genomic 
feature of interest and silent or near-silent mutations that introduce 
variable sequence tags (Fig. 1a). One of the key design features of 
the CGE method is the use of at least two experimental variants. 
One of them (control) reconstitutes the wild-type sequence of the 
region of interest by harboring the original genomic sequence, 
whereas the other replaces it with desired mutated sequence, such 
as non-functional TF binding site (Fig. 1a). In addition to the 
experimental variants, each individual HDR template molecule has  
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ABSTRACT

This paper presents the Planck Multi-frequency Catalogue of Non-thermal (i.e. synchrotron-dominated) Sources (PCNT) observed between 30 and
857 GHz by the ESA Planck mission. This catalogue was constructed by selecting objects detected in the full mission all-sky temperature maps
at 30 and 143 GHz, with a signal-to-noise ratio (S=N) > 3 in at least one of the two channels after �ltering with a particular Mexican hat wavelet.
As a result, 29 400 source candidates were selected. Then, a multi-frequency analysis was performed using the Matrix Filters methodology at the
position of these objects, and �ux densities and errors were calculated for all of them in the nine Planck channels. This catalogue was built using a
di�erent methodology than the one adopted for the Planck Catalogue of Compact Sources (PCCS) and the Second Planck Catalogue of Compact
Sources (PCCS2), although the initial detection was done with the same pipeline that was used to produce them. The present catalogue is the �rst
unbiased, full-sky catalogue of synchrotron-dominated sources published at millimetre and submillimetre wavelengths and constitutes a powerful
database for statistical studies of non-thermal extragalactic sources, whose emission is dominated by the central active galactic nucleus. Together
with the full multi-frequency catalogue, we also de�ne the Bright Planck Multi-frequency Catalogue of Non-thermal Sources (PCNTb), where
only those objects with a S=N > 4 at both 30 and 143 GHz were selected. In this catalogue 1146 compact sources are detected outside the adopted
Planck GAL070 mask; thus, these sources constitute a highly reliable sample of extragalactic radio sources. We also �ag the high-signi�cance
subsample (PCNThs), a subset of 151 sources that are detected with S=N > 4 in all nine Planck channels, 75 of which are found outside the Planck
mask adopted here. The remaining 76 sources inside the Galactic mask are very likely Galactic objects.
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