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Abstract

Due to plummeting costs, whole genome sequencing of patients and cancers will soon become
routine medical practice; however, we cannot currently predict how non-coding genotype affects
cellular gene expression. Gene regulation research has recently been dominated by observational
approaches that correlate chromatin state with regulatory function. These approaches are limited to
the available genotypes and cannot scratch the surface of possible sequence combinations, and
thus there is a need for perturbation-based approaches to better understand how DNA encodes
gene regulatory functions. CRISPR/Cas9 genome editing has revolutionized our ability to alter
genome sequence, and CRISPR/Cas9-based assays have already begun to contribute to new
paradigms of gene regulation. We discuss the variety of arenas in which current and future
CRISPR-based technologies will aid in developing predictive understanding of how genome
sequence leads to gene regulatory function.

“Once a new technology rolls over you, if you’re not part of the steamroller, you’re
part of the road.”

-Stewart Brand

CRISPR/Cas9 has hit the research community like a steamroller. Seemingly overnight,
manipulation of the genome has transformed from a daunting task into a simple CRISPR/
Cas9 targeting. While there has been much talk about the possible long-term implications of
genome editing on humanity, from designer babies to genetic control of ecosystems, a more
immediate revolution is underway in epigenetics research. CRISPR/Cas9 technology is
providing a new perturbation-based approach to this field that has been dominated by
observational research, promising to provide answers to questions that have been impossible
to ask previously. In this article, we review the current status of CRISPR/Cas9 gene
regulation research and what areas are most ripe for future insights from this disruptive
technology.
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The grand challenge in epigenetics

The advent of CRISPR/Cas9 follows on the heels of an equally momentous technological
breakthrough: the decrease in the cost of DNA sequencing. The cost of human whole
genome sequencing (WGS) has fallen from ~$10,000,000 in 2006 to $10,000 in 2011 to
$1,000 currently [1]. In spite of this precipitous drop, whole exome sequencing (WES),
sequencing only the 2% of the genome that codes for proteins, remains an order-of-
magnitude cheaper. As a result, many large-scale sequencing projects have opted to perform
WES [2]. Such large-scale WES has widened the list of disease-linked genes [2—-4];
however, information on how diversity of non-coding DNA sequence in normal and
cancerous genomes correlates with disease state has been slower because of the lack of data.

It seems that an inflection point where WGS becomes cheap enough to be the routine choice
over WES is approaching, and a torrent of human WGS data with corresponding phenotypic
data is not far off. Genomics England plans on sequencing 100,000 whole genomes by 2017
[5]; not to be outdone, the USA NIH’s Precision Medicine Initiative aims to sequence
1,000,000 genomes by 2020 [6]. Yet, making sense of this surge of data is not as
straightforward as with WES data where the rules of missense and frameshift mutations
simplify interpretation. We cannot currently predict how non-coding genotype affects
molecular phenotypes such as nearby gene expression and are even worse at predicting how
it affects organismal phenotypes such as disease susceptibility and cancer progression.

The approaching WGS revolution therefore creates an imperative to understand the rules by
which DNA sequence encodes gene regulation. The vast majority of current effort in this
arena is through correlative research. This is because observational epigenetic technologies
such as ChIP-Seq to detect transcription factor binding sites, DNase-Seq to profile open
chromatin, histone mark profiling to characterize chromatin states, and QTL studies to pair
SNPs with differing molecular phenotypes are much more mature than those that perturb
genome sequence.

While such observational research has vastly improved our understanding of epigenetics,
there are inherent limitations to this approach. First, there are more combinations of a dozen
nucleotides than there are people on earth, so even WGS and downstream molecular analysis
of every human on the planet will not scratch the surface of possible genotypes. Second, no
genotype exists in isolation, so it is not possible to control for the effects of differences in
surrounding sequences. Current genetic association studies have power to detect disease
links to single SNPs; however, detecting significantly disease-linked SNP combinations will
require exponentially more patients which may not be possible. Third, genomes are shaped
by evolution, which strongly confounds causal understanding of function. For example,
redundancy in important regulatory regions such as promoters is selected for, so key motifs
may be both causal to and dispensable for the formation of a particular promoter [7].

For all of these reasons, perturbational approaches to understanding genome sequence are
sorely needed, and CRISPR/Cas9 has revolutionized our ability to alter genome sequence at
just the right time (Figure 1). Below we describe how CRISPR/Cas9-based assays have
begun to shed light on gene regulation and how it might be employed to do so in the future.
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Deciphering DNA codes in the non-coding genome

Given that each person has a never-before-seen genotype, if we are to interpret human
genome sequencing data, we must be able to predict the full epigenetic consequences of an
arbitrary DNA base change at every genomic position. Considering that full epigenetic
consequences include binding of thousands of transcription factors in thousands of cell
states, this is a daunting task.

The predominant approach used to date is to train a computational algorithm with genome-
wide data for the epigenetic characteristic of interest in a particular cell state (e.g. DNase |
hypersensitivity in lymphoid cells) and then test this algorithm’s ability to predict this
epigenetic characteristic in held-out regions of the genome or alternate genotypes. It is
assumed that this performance on held-out sequences equates to the algorithm’s general
predictive power for novel sequences. One recent example of the state-of-the-art is DeepSea
[8], which trains a deep learning algorithm on 690 TF binding profiles for 160 different TFs,
125 DHS profiles and 104 histone-mark profiles generated by the ENCODE and Roadmap
consortia [9,10] and demonstrates impressive predictive power. However, algorithms like
DeepSea are still far from the goal outlined above. They perform poorly or remain untested
at the following tasks that will be required for bona fide gene regulatory codebreaking
algorithms: predicting the magnitude of sequence-dependent changes in epigenetic
characteristics; predicting cell type-specific epigenetic characteristics, especially of cell
types without corresponding training data [11]; predicting the functional consequences of
sequence changes on cells and organisms [8].

It is our belief that this approach of training algorithms on genome-wide epigenetic profiling
data is approaching a limit to its accuracy unlikely to be overcome by more genomic data or
more sophisticated algorithms. The genome is not large or random enough and there are not
enough variant individuals to gather sufficient training data to predict epigenetic outcomes
accurately. A solution is to alter genome sequence in high-throughput using CRISPR/Cas9,
opening up a limitless trove of new training data to improve modeling accuracy.

Approaches that alter DNA sequence in high-throughput and assess epigenetic outcomes
pre-date CRISPR. Libraries of DNA sequence variants have been used productively in
reporter assays to assess the gene activation potential of each sequence [12-14] although the
use of unintegrated episomal vectors likely alters the interpretation of such data. Such high-
throughput library screening has cleverly been extended to improve prediction of RNA
splicing [15] and protein translation [16], proving the benefits of training predictive models
on perturbation-based data.

CRISPR/Cas9 has begun to be used in several ways to expand genotypic training data in a
controlled fashion. The first approach employs CRISPR/Cas9 cleavage followed by non-
homologous end-joining (NHEJ), an error-prone form of DNA damage repair that creates
random indels and thus shuffles the local genotype at a precisely defined locus. Inducing
CRISPR/Cas9-based NHEJ repair at an enhancer region in millions of cells followed by
flow cytometric separation of cells based on reporter gene expression yields millions of
variant genotypes paired with their gene regulatory phenotypic consequence. Deep
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sequencing of the enhancer region in such flow cytometrically separated populations has
enabled the precise mapping of functionally important bases at a TF motif in that enhancer
[17]. A similar approach was recently reported using zinc finger nuclease-dependent NHEJ
[18].

The second approach employs CRISPR/Cas9 cleavage followed by homology-directed
repair (HDR) to generate an array of local genotypes precisely determined by the library of
input sequences. This approach was used to perform saturation replacement of two codons in
the BRCAL gene [19], an approach that could be extended to non-coding regions. Also
recently, CRISPR/Cas9-based HDR was used to insert a library of 12,000 175-bp sequences
into a defined genomic locus with minimal prior chromatin accessibility, and DNase |
hypersensitivity analysis was used to assess how each of the DNA sequences encodes
accessibility in this controlled context [11].

Comparing the NHEJ and HDR approaches reveals trade-offs. NHEJ can be performed
efficiently at any locus in any cell type, can be multiplexed easily, and the number of
resulting alleles is essentially limitless; however, the spectrum of CRISPR/Cas9-induced
NHEJ mutations is dominated by short deletions and does not resemble the most common
germline genotypic changes. HDR enables control of genotypes, yet it is more technically
arduous, difficult to multiplex, and repair efficiency is lower and limited to certain cell types
that undergo efficient HDR. Additionally, library oligonucleotide synthesis approaches
currently allow a maximum of ~200 bp, limiting the breadth of what genomic HDR can
address until synthesis improves [20]. Thus, both approaches will likely be useful in the
future.

High-throughput /n7 situ genome replacement assays should be paired in the future with a
diverse set of downstream assays detecting TF binding, histone marking, and DNA
methylation [21]. Importantly, testing the same sequences in different cell types will
improve prediction of cell type-specific functions. An additional mode of CRISPR/Cas9-
induced sequence change was recently developed by fusing Cas9 with a cytosine deaminase
to enable spatially controlled C—T substitution in the genome [22]. By allowing predictable
sequence change at each targeted locus, CRISPR/Cas9 base editing is ideally suited to
multiplexed screens to assess the importance of SNPs (at least C—T SNPs) on gene
expression and cellular phenotype. These approaches, by allowing controlled assessment of
how an arbitrarily large collection of DNA sequences give rise to epigenetic phenotypes,
will improve our ability to predict how genome sequence leads to gene regulatory
phenotypes.

The elements of gene regulation

TFs bind in clusters known as promoters and enhancers, the chief functional units of gene
regulation. Deciphering how such regulatory elements convey information is one of the key
outstanding challenges in gene regulation research [23]. The workhorse assay to
understanding the function of cis-regulatory sequence is the reporter assay. It can be scaled
up to examine millions of putative regulatory sequences and can yield quantitative
information on each sequence [13,24,25]. While valuable, this assay has several limitations.
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Technically, it is typically performed in episomal or randomly integrated contexts with short
distances separating enhancers and promoters, possibly leading to inaccurate reflection of
native activity. These flaws can all be solved by CRISPR/Cas9-based HDR. On a more
fundamental level, however, it can only identify sequences that are sufficient to encode fully
functional enhancers/promoters and thus ignores any sequence that is necessary but not
sufficient for gene regulation. Since elements are tested individually, it does not yield any
information about how gene regulatory regions combine to achieve target levels of gene
expression. It also does not study regulatory regions in their native genomic context.

CRISPR/Cas9 has enabled a distinct approach in which regulatory elements are scanned by
mutation to identify required regulatory elements. We developed the Multiplexed Editing
Regulatory Assay (MERA), an assay in which a library of CRISPR guide RNAs (gRNAS) is
constructed to tile a large swath of non-coding genomic space surrounding a gene of interest
in an unbiased fashion [17]. The gene of interest is labeled with GFP, and the gRNA library
is added such that each cell has a single focal mutation (on average affecting ~10 bp) in the
surrounding genomic space. By detecting gRNAs enriched in cells that have partially or
completely lost GFP, we identify which regions in the assayed genomic space are required
for expression of the target gene. Applying MERA to four embryonic stem cell-specific
genes, we found that gRNAS targeting the expected regions such as the GFP sequence, the
gene body, promoter, and a subset of nearby enhancers were the most likely to induce loss of
GFP expression. More interestingly, we also found that a number of unexpected non-coding
regions were required for gene expression, including the promoters of neighboring genes
and a set of regions with no known DNase | hypersensitivity or histone modifications
associated with active chromatin, and we found that some annotated enhancers were
dispensable for gene expression.

Other CRISPR/Cas9 non-coding region tiling screens have identified a class of temporarily
required enhancers [26] and have identified distinct mechanisms of regulation in human and
mouse at a conserved enhancer [27]. Additionally, a screen targeting most genomic p53 and
ESR1 binding sites identified the individual sites most responsible for the oncogenic roles of
these TFs in particular tumor cell line models [28]. Thus, CRISPR/Cas9 screens provide a
new approach to systematically determine which non-coding regions surrounding a gene are
required for expression.

These are early days for CRISPR/Cas9 mutagenesis screens, and many intriguing
applications of this approach have yet to be explored. Replacing NHEJ mutation with
deletion or base editing may alter sensitivity of the approach. Current screens have used
blunt phenotypic readouts such as high, low, and absent expression or cell survival vs. death,
so more subtle readouts are a must. So far, regulatory elements have been inactivated one at
a time, and combinatorial CRISPR/Cas9 mutation will be useful to disentangle redundancies
and dependencies among elements. Evidence from three-dimensional genome organization
suggests that elements cluster in higher order structures [29], so expanding screens to larger
genomic regions may hold additional surprises.

Super-enhancers/stretch enhancers (SEs), defined either by their length or amount of
associated Mediator protein, have been shown to play an important role in controlling cell
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state [30-32]. It remains an open question whether SEs are qualitatively different than
standard enhancers, and recently a spate of reports have used CRISPR/Cas9 to delete
components of SEs to better understand their function [33-35]. Two of these reports suggest
that SEs function hierarchically with vulnerable subparts whose mutation inactivates SE
function [34,35], while one suggests that subparts within the SE act additively and thus
indistinguishably from a collection of standard enhancers [33]. Interestingly, none of these
results indicate that SEs act differently than standard enhancers. None report that SEs are
particularly robust to mutation, which might be expected to result from the spatial
concentration of enhancers. Such robustness could be queried using tiled CRISPR/Cas9
mutation screening. Additionally, HDR should be used to disrupt the physical co-
localization of SE subparts to address whether their proximity is vital to their function. All
in all, CRISPR-based perturbation promises to unlock the language by which gene
regulatory elements instruct gene expression.

How best to “compress” gene regulatory function

One of the main promises of profiling epigenetic state is to compress information in the
genome. For coding regions, such compression is straightforward and highly useful.
Trinucleotide sequences can be represented by the amino acid they encode, compressing 64
possible trinucleotides into 21 amino acids. This compression is “lossy”, as codon decisions
influence translation rate, mMRNA folding, splicing and expression, which are ignored when
coding regions are reduced to codons [36,37], yet it has proved immensely useful in
interpreting genome function. Can we perform similar compression of regulatory DNA?

The most common regulatory DNA compression approaches divide the genome into
“chromatin states” (e.g. H3K4Mel*H3K27Ac* = active enhancer)[38], and these models
show power in important genome interpretation tasks such as predicting which non-coding
variants are likely to be deleterious. However, it is rarely asked how lossy these compression
approaches are and which genomic features conserve the most predictive power. CRISPR/
Cas9 provides an ideal tool for this question.

CRISPR/Cas9-based approaches are already finding that regulatory elements that surround
the same gene and that share a chromatin state are quite heterogeneous in their effect on
local gene expression [17,26,34]. This functional heterogeneity of elements predicted to be
in an active chromatin state has been found consistently in reporter assay screens as well
[39,40]. Additionally, there is some evidence that enhancers only function when paired to
certain types of promoters [41-43], a pairing that appears to occur at the level of individual
transcription factor binding sites that do not impart unique histone mark profiles.

Two observations about gene regulation cast doubt on whether chromatin states are the
appropriate tool to bin regulatory element activities. First, cells utilize an array of different
mechanisms to modulate RNA polymerase function above and beyond simple recruitment to
promoters by coactivators [44], and this heterogeneity is not captured in chromatin states.
Second, probably the chief evolutionary reason for dynamic gene regulation is to allow cells
to respond to outside stimuli through signaling cascades, and thus it might make sense to
account for each of these pathways separately to adequately predict how a cell will respond
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to a given perturbation. Nonetheless, given that there are three million enhancers each
presumably evolved for a specific task [45], there may be no better way to “skin the cat”
than chromatin states.

Studies that systematically address how replaceable a genetic element is with a different one
of the same chromatin state are imperative. Using CRISPR/Cas9-based HDR, a genomic
locus could be swapped out with thousands of replacement elements from elsewhere in the
genome to compare function. Given 15 (or 100) possible compressed states, would an
element’s chromatin state be the best predictor of its function or would features such as
individual transcription factor binding sites or combinations thereof allow for more
accuracy? Performing such assays in multiple native genomic loci with different modes of
regulation, assaying for promoters, enhancers, and other elements, and performing
multiplexed “slot machine” HDR to address pairing of elements will all help to address the
most predictive features for genome abstraction.

One note of caution in this arena is that standard phenotypic readouts of gene regulatory
elements such as their level of gene activation may overestimate the similarity of distinct
elements. Work in which the Drosophila Snail promoter was replaced with distinct non-
poised promoters showed only minimal effects in maximal gene activation but wide enough
variation in the timing of transcriptional onset to disrupt the precisely coordinated process of
mesoderm development [46]. Typical high-throughput cell line experiments ignore
parameters such as timing and cell type-specificity [24] that may be crucial to the evolved
function of regulatory elements. Thus, CRISPR/Cas9-based high-throughput screens must
be paired with readouts that define function in holistic ways that accommodate stochasticity,
timing, cell type-specificity and stimulus-response capabilities.

In the end, compressing genome information will always be a balance of information loss
and savings in computational space and effort, and assessing the value of compression will
depend on the breadth and sensitivity of functional assays. Yet, it is our opinion that the
epigenetics field has devoted an overabundance of resources to histone mark-based
compression without strong evidence that such assays hold the most predictive value. /n situ,
high-throughput locus replacement studies should enable much better estimation of which
genomic features best summarize regulatory element function.

The causality of epigenetic marks

In spite of the vast efforts at mapping histone modifications and DNA methylation in
different cell states, the importance of such epigenetic marks in causing epigenetic states as
opposed to simply correlating with them is poorly understood. To address causality, focal
manipulation of epigenetic state is required, and it has traditionally been tedious.

Perturbing histone modifying enzymes has pleiotropic effects on cells and organisms [47].
Thus, in order to pinpoint roles for single modifications at individual loci, researchers have
attached histone modifying enzymes to DNA binding domains such as TALEs, zinc finger
proteins, and more recently dCas9 [48]. To crudely summarize a vast body of literature,
altering histone modifications can change function, for example inactivating an active gene,
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yet it provides predominantly short-term memory that is overridden by endogenous
transcription factor binding activity.

One landmark study addressed the memory of targeted epigenetic modification by
engineering small molecule-mediated recruitment of an epigenetic repressor (HP1a) to a
defined genomic locus [49]. After short-term (7 day) small molecule-induced epigenetic
silencing of an active locus, activity was quickly restored when the small molecule was
removed; however, long-term (4.5 week) silencing was stably inherited. Short-term silencing
correlated with H3K9Me3 deposition, while long-term silencing was correlated with DNA
methylation, allowing the conclusion that the H3K9Me3 mark in this case is insufficient to
propagate silencing.

Efforts to root out the causality of epigenetic marks have fallen short in several key areas in
which further CRISPR/Cas9-based research could be beneficial. First, dynamic studies will
be useful to determine the long-term effects of histone mark manipulation. How long-lasting
are artificial histone mark changes and do they persist through cell division? Second, the
chromatin code is highly combinatorial [50], yet manipulations to chromatin state have to
date been individual. Technologies such as SunTag, in which a string of 10 antigens are
attached to dCas9 [51], should allow locus-specific recruitment of combinations of
chromatin modifiers. Third, it is clear that transcription factors interact with chromatin
modifiers in complex ways, both inducing and responding to chromatin modifications. For
example, Nrfl binding is blocked by DNA methylation [52], but once bound, Nrfl can open
chromatin [53]. Deriving accurate mechanistic models for such interactions with feedback
will be aided by combinatorial dCas9-based recruitment of transcription factors and
chromatin modifiers, preferably with a dynamic component. One caveat to this line of work
is that Cas9 by itself influences nucleosome positioning and adjacent transcription factor
binding [54], so manipulating chromatin using Cas9 has side effects that must be controlled
for. Altogether, epigenetic research lacks cause-and-effect mechanism, and CRISPR/Cas9
introduces a perfect tool set to begin such inquiry.

Contributions of RNA to epigenetic complexes

Many epigenetic modifying complexes such as the DNA methyltransferase machinery and
Polycomb complex are known to associate with RNA [55,56]. It has even been proposed
recently that the function of the transcription factor YY1 is modulated by local RNA [57].
However, the precise roles and sequence determinants for RNA in guiding these epigenetic
complexes to targets in cis or in trans have not been verified. The newly discovered RNA-
cleaving CRISPR enzyme C2c2, thus far only shown to work in bacteria, presents an
intriguing tool to perturb interactions between specific RNAs and specific protein complexes
[58]. Fusions between C2c2 and specific epigenetic complexes have the potential to unravel
the local non-coding functions of RNA in gene regulation, which would provide a major
leap forward in our understanding of gene regulation.
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Conclusions

CRISPR/Cas9-based technologies will clearly play an outsized role in improving our
understanding of gene regulation. This improved understanding should ultimately lead to
better predictive interpretation of patient germline and cancer genome sequences, a crucial
goal for the future of precision medicine. Could CRISPR also play a role in therapeutic
intervention when gene regulation goes awry? Currently, it is difficult to control the outcome
of CRISPR/Cas9-mediated genome editing in a high percentage of cells, even in vitro. As a
result, seamless genome replacement is far off, and even introducing loss-of-function
mutations may be dangerous, as chromosomal translocations are known to occur at
detectable frequencies after targeting a population of cells [59]. Cas9 base editing [22] may
offer a more attractive option for altering short regulatory regions in patient cells, although
the APOBEC enzymes used in current versions of these strategies are potent oncogenic
mutagens [60] that may necessarily introduce risk of off-target mutation. Nonetheless, the
CRISPR field is young, and it is exciting to imagine a future in which predictive models of
gene regulation can guide genome editing in patients to treat a panoply of diseases.
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Figure 1. Applying CRISPR tools to gene regulation
CRISPR provides a variety of tools to edit the genome. Applying each of these tools to

enhance our understanding of gene regulation provides an exciting avenue for ongoing and
future research.
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