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Abstract

Only ~2% of the human genome encodes proteins. The functions of the vast majority of non-coding sequences,
transcribed or non-transcribed, remain largely unknown. Powered by next generation sequencing and evolving high
through-put biochemical technologies, continuing efforts have been devoted to the biochemical annotation of
genomic regions based on their transcription activity, DNase-| hypersensitivity, transcription factor binding, chromatin
modifications and replication domains. However, biochemical annotation does not equal functional roles in molecular
control or cellular behavior. While these genome-scale biochemical data pave the way for deciphering the non-
coding genome, high-throughput mapping technologies are required to assign functional roles to specific noncoding
elements. Here, we review the use of CRISPR-based technologies in functional screens of noncoding genomic

elements, with a focus on the Molecular Chipper technology.
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Forward Genetics and CRISPR-Cas9 Screening

Earlier efforts in dissecting genome-wide loss-of-function biological
phenotypes involved screening shRNA libraries that targeting >16,000
human and mouse genes, aided by microarray or next generation
sequencing [1-8]. This approach is limited by the effectiveness of
targeting by shRNA, and not all target genes can be nearly completely
knocked-down. The recent clustered regularly-inter spaced
palindromic  repeats (CRISPR)-Cas9  technology,  using
computationally designed and chemically synthesized single-guide-
RNA (sgRNA) libraries of coding and non-coding genes, can
completely inactivate both alleles of target genes, thus leading to new
possibilities in functional screenings [9-11].

The sgRNASs in these libraries (~1 x 10° in total number) have been
rationally designed to target N-terminal of ~20,000 known protein-
coding genes and ~1,000 miRNAs. Such libraries were generated by
chemical synthesis wusing high throughput microarray-based
oligonucleotide synthesis, followed by cloning into viral vectors [9-11].
Functional screens have been carried out by infecting mammalian cells
to screen for mutants affecting a phenotype, recovering sgRNAs in
mutants, and deep sequencing to reveal sgRNA enrichment in the
genes that the sgRNAs were designed against (Figure 1A).

One limitation in these libraries seems to be sgRNAs targeting the
N-terminal of proteins, generating in-frame functional variants to
obscure genetics screening. An improved design of sgRNAs targeting
functional domains in target proteins increased null mutant rates and

improved negative-selection screens, utilizing a large number of
sgRNAs per gene [12]. To go beyond mutating only one gene in each
cell, a recent study screened a library of 23,409 barcoded dual sgRNAs,
generated by combinations out of 153 gRNAs targeting 50 epigenetic
genes, and identified gene pairs that inhibited ovarian cancer cell
growth [13].

Screens of Functional Non-coding Elements by
CRISPR-Cas9

Aided by CRISPR-Cas9-based screens, recent attempts have taken
on the challenge of interrogating functional non-coding genomic
elements (Figure 1B). Earlier work by Qi et al. showed that specific
sgRNAs blocking key transcriptional factor binding sites can interfere
with gene activation when a catalytically dead Cas9 was used [14].
Using a library of 702 sgRNAs covering a 12 kb region in the enhancer
of region of human BCL11A, critical minimal features and discrete
vulnerabilities for the expression of fetal hemoglobin in erythroid cells
were identified [15].

Employing ~18,000 sgRNAs targeting a total >700 kb of noncoding
sequences flanking three cancer resistance genes, specific noncoding
locations near genes were identified to modulate drug resistance when
mutated [16]. An elegantly designed multiplexed editing regulatory
assay (MERA), developed to ensure only one sgRNA expressed per
mutant cell and with knocked-in green fluorescence protein (GFP) as a
readout, was able to screen 3,908 sgRNAs tiled across ~40 kb cis-
regulatory regions of Tdgfla and identify functional proximal and
distal regulatory elements [17].
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Genome-wide transcription factor binding data or genetic traits
such as SNP association data can aid the design of sgRNA libraries to
target and study the detailed functions of a sub set of genomic sites
[18,19]. For example, screening 1,116 sgRNAs targeting 685 p53
genomic DNA binding sites, functional enhancers were identified to
regulate p53, including two sites near CDKNIA, a well-known
mediator of p53-induced cell cycle arrest [18].

CRISPR-Cas9 Molecular Chipper

Due to cost and special bioinformatics expertise involved in
conventional sgRNA library generation by microarray synthesis, only a
limited number of labs can make customized sgRNA libraries adapted
to customized screenings for functional non-coding regions [19].
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Figure 1: Methods to generate coding and non-coding sgRNA
libraries. Conventional array synthesis methods can generate
coding sgRNA libraries (A) and tiling non-coding sgRNA libraries
(B) Molecular Chipper method can generate near base-resolution
tiling non-coding sgRNA libraries (C). The gray plate on the left
represents microarray oligonucleotide synthesis, and the wavy lines
of different colors on the plate represent different sgRNA
oligonucleotides synthesized. Thinner wavy lines on the right
represent different 19 bp double-stranded DNA fragments, to be
cloned to serve as targeting portion of different sgRNAs, which are
released from both ends from different random fragments of input
genomic DNA that are achieved by sonication and represented by
thicker lines. Dotted lines at both ends represent position and
action by type III restriction enzyme EcoP15I used to release 19 bp
fragments from both ends with the help of ligated adaptor
containing EcoP15] site and spacer (not indicated) [20].

To circumvent this challenge, we recently reported a new technique,
named Molecular Chipper, that was based on standard molecular
biology procedures to generate a tiling sgRNA library from a total of 10
kb input genomic DNA of covering miRNA genomic regions [20]. We
used this library and identified novel cis-regulatory elements

controlling miR-142 biogenesis [20]. The high-density and nearly base-
resolution of the sgRNA library was achieved by random
fragmentation of input genomic DNA piece(s), and the 19 bp ends of
the DNA fragments are released to serve as targeting region of sgRNAs
through adaptor ligation and type III restriction enzyme digestion.
These ends were further ligated to sgRNA backbone and cloned into a
viral expression vector (Figure 1C). Using a cell line with constitutive
Cas9 expression and a GFP reporter for the loss of endogenous
miR-142 expression, we infected the library and FACS-sorted GFP+
miR-142-inactvated cells, recovered sgRNAs from the genomic DNA,
and identified enriched sgRNAs that led to miR-142 inactivation. We
successfully identified a 5> and a 3’ cis flanking regions as candidate
regulatory regions for miR-142 expression. Subsequent mechanistic
studies revealed these two cis regions control pri-miR-142 processing.
To facilitate the analysis of sgRNA enrichment in noncoding regions,
we also designed an algorithm called ESC Scanner to scan DNA
regions of interest for clusters of enriched sgRNAs. This approach may
be widely applicable for the identification of functional noncoding
genomic elements.

The Future Perspectives of Molecular Chipper

The success of screening selected noncoding regions on the genome
raised the possibility that true-genome-wide noncoding region screens
could be performed at high resolution using the CRISPR system.
However, achieving such a goal requires new advances to overcome key
technical bottlenecks. One of the limiting bottlenecks is the large
numbers of sgRNAs required for the genome-coverage. For the human
genome of 3.2 x 10° bp [1], assuming that the protospacer adjacent
motif (PAM) of nucleotide sequence “NGG” for Streptococcus
pyrogenes (sp) Cas9 is present in the double-stranded genome at an
average of 8 bp (16 bp for each strand), 1X coverage for the genome
will require ~4 x 10% sgRNAs [21]. Due to cost problem, it is currently
near impossible to use microarray-based synthesis of such a large
number of sgRNAs. An alternative approach is the synthesis of random
19mers for generating completely randomized sgRNAs. This approach,
although feasible by chemical synthesis, suffers from a huge amount of
inactive sgRNAs- it would contain 419 or 2.75 x 10'! sgRNAs, with
only 0.145% sgRNAs having NGG as the PAM sequence and thus
>99% are not useful by Sp-Cas9. At this moment, Molecular Chipper-
based sgRNA library generation holds the potential for achieving high-
density genome-wide sgRNA libraries. This method can be
theoretically scaled using longer input DNA [20]. We are modifying
the Molecular Chipper technology to clone only NGG-PAM specific
sgRNAs from the input DNA. In this regard, because each human cell
has 6.96 pg of genomic DNA, 4 x 10% 19 bp sgRNA DNA fragments
from the human genomic DNA only weighs 6.96*19/16 or 8.27 pg, and
cloning of 8.27 ng of the DNA fragments would easily cover the
genome at 1000X. However, a number of technical challenges need to
be resolved before this goal can be realized.

One limitation of the published Molecular Chipper approach is that
only one-sixteenth of the sgRNAs in this base resolution library are
followed by PAM sequence NGG and thus useful in reporter cell line
screening with wild type Cas9. Interestingly, we showed that the VQR
(mutations D1135V, R1335Q, and T1337R) Cas9 variant using
nucleotide sequence NAG as PAM sequence is compatible with this
library, and indeed reporter cell line expressing both the wild type and
the VQR variant was capable of generating more GFP+ mutants when
infected with the library [22]. This suggest that, given multiple Cas9
variants with altered PAM or a Cas9 variant requiring no PAM, most if
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not all of the sgRNAs could be functional to generate mutants. This
would be particularly useful for identifying very small cis DNA
elements. In addition to using multiple Cas9 variants, efforts are
underway to generate sgRNA libraries consisting only NGG-PAM
sgRNAs by modifying the current Molecular Chipper technology. Such
future improvements can help the cloning of sgRNA libraries for long
input DNA, such as eventually toward the genome-scale.

The second challenge is associated with the number of cells required
to perform functional screens with libraries of at least 4 x 108
complexity. A 100x coverage would require >101° cells. Nevertheless, it
could be possible with hematopoietic cells, which can be cultured at
high density. For example, BaF3 cells can be routinely cultured at
million/ml. Using large containers with ~1 liter volume, it could be
possible to achieve sufficient cell numbers for a true-genome-wide
screen.

In general, the CRIPSR-Cas9 coding gene screen relies on stable cell
lines expressing sgRNAs and Cas9, high-specific and high-efficient
sgRNAs to generate loss-of-function mutations of both alleles, and
sgRNA enrichment rather than actual mutations in screening cells and,
moreover, the CRIPSR-Cas9 efficiency varies in species, cell types,
mutation types and target types [23,24]. Advances in these areas
should benefit applications of Molecular Chipper-based CRISPR
functional non-coding screens. Although both euchromatin and
heterochromatin can be efficiently targeted by sgRNAs [25], recent
careful studies indicate that chromatin conformation affect the
CRISPR-Cas9 gene editing efficiency by a few to 10-fold. If this is true,
it may complicate sgRNA enrichment analysis in screening genome-
wide functional non-coding elements. Future Molecular Chipper-
based studies involving large genomic DNA input or the whole genome
should help to understand how differentially sgRNAs target
euchromatin and heterochromatin regions efficiently and if this
complication is manageable by separately analyzing sgRNA
enrichment in the two types of regions.
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