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Chapter 1

Introduction



Introduction

The human genome contains 3 billion base pairs. Since the release of the first draft
human reference genome in 2000, the details of our own blueprint have been getting
more and more accurate’?. According to the most recent telomere-to-telomere
sequencing release, one human genome contains 3,054,815,472 bp of nuclear DNA, plus
a 16,569-bp mitochondrial genome with a total of 63,494 genes, of which 19,969 are
predicted to code proteins®. If we consider the human genome as an instruction book to
make a human being, we have a reasonably good grasp of the letters in this book.
However, we are still far from understanding the content of this instruction book. Proteins
are the main building blocks of cells and the body. Even for the proteins, new functions
are constantly updated. Yet the sequence coding the proteins only represents less than
2% of the human genome?3.

The rest of the genome is the protein non-coding genome, which contains mainly repeat
regions, transposons, gene introns, non-coding RNAs or other intergenic regions®. In fact,
although the majority of the human genome contains non-coding sequences, many of
them have certain functions and play important roles in regulating the transcription of
genes. Depending on the function of the non-coding regulatory regions (NCREs), they
can be categorized into a few major classes, such as promoters (where transcriptional
machinery assemble and drive the transcription), enhancers (which boost transcription),
insulators (which bridge distal NCREs with promoters or serve as the barriers), or
silencers (which repress transcription)’-'". Following the human genome project, we also
started to catalog our genome, not only based on its intrinsic genomic information but
also on epigenomic build-ups. International consortium projects like ENCODE and
Roadmap Epigenomics have made enormous contributions to profile the non-coding part
of the genome based on their epigenetic modifications'?'7, hoping to locate and define
the potential functions of the NCREs. Besides computational prediction, recent
developments of massively parallel reporter systems also facilitate the direct biological

activity measurement and identifications of promoters, enhancers and silencers®181°,
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Figure 1: Mechanisms of Streptococcus pyogenes Cas9 and dCas9

a. The S. pyogenes Cas9 endonuclease consists of a nuclease (NUC) domain and a recognition
(REC) domain. Cas9 is targeted to specific DNA sequences by direct pairing of the chimeric single
guide RNA (sgRNA) with the target DNA. b. The S. pyogenes dCas9 protein contains mutations in its
RuvC1 (D10A) and HNH (H841A) domains, which inactivate its nuclease function (circles). dCas9

retains the ability to target specific sequences through the sgRNA and PAMS,

To understand the content of the human genome, it is key first to understand the function
of their key elements—either genes or NCREs, before diving into their complex
interactions to form the complicated human bodies. To study the function of genes, many
tools have been developed during the past few decades to study the function of genes.
The cloning of genes in the 70s led to the explosion of our understanding of gene
functions?. In the following years, the discovery of siRNA and shRNAs provided a new
way to study the functions of genes by reducing the expression levels of genes in cells?".
Further development of these techniques allows for studying all potential genes in a
genome-wide and systematic fashion focusing on distinct phenotypes???4. The past
decade witnessed the application of another revolutionary genetic tool to study the
function of the genome, as exemplified by the CRISPR-Cas9-mediated genome editing
systems?5-?7 (Figure 1). Modification of the CRISPR-Cas9 systems not only allows the
study of functions genes (in terms of silencing, upregulation and repression), but for the
first time also allows the study of NCREs in their endogenous loci®?3-3! (Figure 2).



CRISPR-Cas9 recognizes 20-bp genomic regions followed by PAM (5°-NGG-3’) and
typically introduces genetic changes of a few nucleotide deletions or insertions around
the targeting sites in the genome®?. When these mutations are introduced in the gene
coding regions, it would render the proteins not functional anymore. On the other hand,
NCREs often range from 50-200 bp in length, with multiple transcription factor (TF)
binding sites®?, a single guide RNA mediated CRISPR editing may not completely destroy
the TF binding sites®*3%. Due to such limitations, single guide RNAs tiling an entire testing
region were often used to study NCREs regulating a few important genes?®. The modified
CRISPR system that uses catalytic inactive Cas9 proteins (dCas9), either linked to a
transcription activation or repression system, can also be used to study the functions of
enhancers and insulators3%36. However, the design of tiling RNAs in selected few regions
is also required. Therefore, systematic and genome-wide studies on the NCREs have not
been performed yet.

CRISPR technology: Beyond genome editing
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Figure 2: New applications based on CRISPR-Cas systems.

The CRISPR-Cas systems can be repurposed to achieve targeted gene regulation, epigenome

editing, chromatin imaging, and chromatin topology manipulations4.




In this thesis, research was performed to study the function of both the genes and the
NCREs of the human genome in a systematic way, using different custom-designed
CRISPR screening systems. In Chapter 2, aiming to understand the drug importing
machinery, custom CRISPR CRISPR-Cas9 knockout (CRISPRko, to induce loss of
function of endogenous genes) and CRISPR/dCas9 activation (CRISPRa, to up-regulate
endogenous genes) libraries targeting all known transporters from the human genome
were made to identify transporters of doxorubicin, one of the most commonly used
chemotherapeutic drugs in the clinic. By directly monitoring the doxorubicin drug uptake
as the screening readout, both previously confirmed drug exporters of doxorubicin such
as ABCB1 and ABCG2 genes, and a novel doxorubicin importer SLC2A3 (GLUT3). The
SLC2A3 gene could potentially serve as a new marker for doxorubicin response and for

identifying subtypes of patients with tumors that could benefit from doxorubicin treatment.
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In Chapter 3, using a new dual-CRISPR screening system developed in our own group
(Figure 3), we aim to understand the function of NCREs in cell survival, drug response,
and cell differentiation. This system is able to introduce a designed pair of guide RNAs to
remove an NCRE in the human genome in a single cell to study the function of the DNA
fragment, and tests thousands of such NCREs in one screening. Custom-designed dual-
CRISPR libraries targeting all ultraconserved elements in the human genome and all
potential enhancer regions in K562 cells were made and used to study these NCREs in
a systematic and genome-wide fashion for the first time. Multiple NCREs were identified
and validated to affect cell survival or response to imatinib treatment in K562 cells. One
ultraconserved element PAX6_Tarzan was also shown to affect cardiomyocyte
differentiation using a human embryonic stem cell differentiation model, indicating a
potential key function of this ultraconserved element in the evolution. The results from
Chapter 3 also indicate that the dual-CRISPR system we developed could be a useful
tool for the broad research community to study the functions of the non-coding genome.
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Targeted CRISPR activation and knockout screenings

identify novel doxorubicin transporters
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Abstract

Tissue-specific drug uptake has not been well studied, compared to the deeper
understanding of drug resistance mediated by the cellular efflux system such as MDR1
proteins. It has been suggested that many drugs need active or defined transporters
to pass the cell membrane. In contrast to efflux components induced after anti-cancer
drugs reach the intracellular compartment, drug importers are required for initial drug
responses. Furthermore, tissue-specific uptake of anti-cancer drugs may directly
impact the side effects of many drugs when they accumulate in healthy tissues.
Therefore, linking anti-cancer drugs to their respective drug import transporters would
directly help to predict drug responses, whilst minimizing side effects. We designed
and applied custom CRISPR activation and knockout libraries targeting all potential
human transporters to identify drug transporters of the commonly used anti-cancer
drug doxorubicin. Integrating the data from these comprehensive CRISPR screenings,
we confirmed previously indicated doxorubicin exporters such as ABCB1 and ABCG2
genes, and identified novel doxorubicin importer gene SLC2A3 (GLUT3). The newly
identified importers may have direct clinical implications for the personalized
application of doxorubicin in treating distinct tumors.

Keywords

CRISPR Screening, Anti-cancer, Doxorubicin, Transporters



1 Introduction

Precisely treating the diseased cells or tissues whilst exhibiting minimal side effects
on healthy bystander cells has always been the ultimate goal of medicine. This is
especially challenging for chemotherapeutic drugs that treat cancer, as these drugs'
effectiveness often coincides with notorious side effects. There can be several ways
to reach this therapeutic window. First, by selecting drugs that could reach the target
cells better, the total dose could be reduced to minimize side effects. Second,
choosing drugs that do not affect normal tissues but only affect the target cells,
exemplified by modern targeted therapy drugs like imatinib (Gleevec), which only

targets a specific protein kinase in tumor cells [1], should decrease toxicity.

Although many drugs are very effective for different tumors, de novo resistance does
exist. Much research has been done since the realization of drug resistance, and there
are many mechanisms proposed to explain the drug resistance, such as up-regulation
of drug transporters to pump out drugs, bypassing the original drug target by the tumor
cells, or boosting the cell survival pathways [2-5]. However, to exert their effects, most
drugs (except for antibody-based drugs) first need to reach the inside of the cell. It is
generally assumed that most drugs pass the cell membrane by passive diffusion [6,
7]. However, recent research indicates that carrier-mediated uptake of drugs may be
more common and important than we thought [6, 7]. But only limited systematic
research has been done to define the uptake mechanisms of chemotherapeutic drugs,
where SLC-specific CRISPR-Cas9 knockout genetic screening has been used to
identify potential drug transporters [8]. However, many potential drug transporters are
lowly expressed or not even expressed at all in a given cell type, where deleting these
genes by CRISPR-Cas9 knockout genetic screenings will not be able to show a
phenotype, therefore making it hard to evaluate potential drug transporters

comprehensively.

To evaluate all potential drug transporters in a comprehensive way, we created
focused CRISPR-Cas9 knockout (CRISPRko, to induce loss of function of
endogenous genes) [9-12] and CRISPR/dCas9 activation (CRISPRa, to up-regulate
endogenous genes) [13-16] libraries targeting all known transporters from the human

genome. We integrated the results from the two screening systems to identify new



transporters for different drugs. Anthracycline family drugs are amongst the most
widely used anti-cancer drugs and include several analogs that exert different
effectivity in solid and non-solid tumors [17, 18]. The tissue distribution of these drugs
is very different [19, 20], which often coincides with side effects observed in the clinic;
therefore it is possible that different drug importers might play important roles in the
efficacy and side effects of these drugs.

We performed CRISPRko and CRISPRa genetic screens to identify the potential
transporters for doxorubicin, the most widely used anthracycline drug with strong side
effects such as cardiotoxicity [18, 21-23]. Integrating the data from these
comprehensive CRISPR screenings, we confirmed drug exporters for doxorubicin
such as ABCB1 and ABCG2 genes, and identified novel doxorubicin importer gene
SLC2A3 based on the CRISPRa genetic screens. Upregulation of SLC2A3 led to
higher drug uptake and better cell killing, indicating SLC2A3 could be a new marker to
predict doxorubicin drug response and minimize side effects for the personalized
application of this conventional chemotherapeutic drug. These results also highlight
the necessity of combining both CRISPRko and CRISPRa genetic screens for the
identification of drug transporters.

2 Materials and methods

2.1 Cell lines and cell culture

K562 cells were cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine
serum (Biowest), L-Glutamine (Gibco), and 1% Penicillin-Streptomycin (Gibco), at 5%
CO2 in a humidified 37°C incubator. 293T cells were cultured in DMEM (Gibco)
supplemented with 10% fetal bovine serum (Biowest), L-Glutamine (Gibco), and 1%
Penicillin-Streptomycin (Gibco). For stable dCas9-VP64-MS2-P65-HSF (K562/SAM)
cell line generation, the wild-type K562 cell line was transduced with lentivirus
generated using the Lenti MS2-P65-HSF1-Hygro plasmid at an MOI of 0.3 (Addgene
#61426) and selected with 20 ug ml-' hygromycin (InvivoGen) for at least 1 week. Then
dCas-VP64 was transduced into K562-MS2-P65-HSF1 cell line, and selected with

blasticidine at 8 uyg ml'. Single cells were seeded in 96-well plates and expanded.



2.2 Reagents

Doxorubicin was obtained from Pharmachemie (the Netherlands). Aclarubicin was
obtained from Santa Cruz (USA). Daunorubicin was obtained from Sanofi-Aventis (the
Netherlands). Epirubicin was obtained from Accord Healthcare Limited (UK).
|darubicin was obtained from Pfizer (USA). All of these drugs were dissolved according

to the manufacturer's formulation.

2.3 Design of the libraries
The RefSeq IDs of potential transporter genes were extracted from TransportDB 2.0
[24] and converted into gene symbols with DAVID [25].

For CRISPRko sgRNA library design, GUIDES web tool was used to target 952
potential transporter genes in the list, and on average 12 individual guides were
prioritized by GUIDES for each gene [26]. Furthermore, 10 individual guides were
designed to target 58 essential genes from K562 as positive controls and 400 human
genome non-targeting sgRNAs from the GeCKO v2.0 library were added as negative
controls [12, 27]. The designed CRISPR knockout library sequences (20nt
protospacer) were inserted into the cloning sequence backbone:
GGAAAGGACGAAACACCG-[20nt protospacer]-
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC and sent for oligo pool
synthesis.

For CRISPRa sgRNA library design, the previous guide designs targeting 300 bp
upstream regions from the transcription start sites of 977 potential transporter genes
in the list were selected [15]. On average, 7 individual guides were included for each
gene. 400 human genome non-targeting sgRNAs from the GeCKO v2.0 library were
added as negative controls. The designed CRISPR activation library sequences (20nt
protospacer) were inserted into the cloning sequence backbone:
GGAAAGGACGAAACACCg-[20nt protospacer]-
GTTTTAGAGCTAGGCCAACATGAGGATCACCCATG and sent for oligo pool
synthesis.

2.4 Construction of the CRISPRko and CRISPRa libraries



Construction of the libraries was performed as previously described [28]. Oligos with
the CRISPRko and CRISPRa sgRNA (20nt protospacer) sequences and flanking
cloning sequences were ordered as oligo pools from Genscript.

For the CRISPRko library, the synthesized single-strand oligo pool was directly
assembled with the digested vector products by Gibson Assembly. The
lentiCRISPRv2-puro plasmid (Addgene, Plasmid #98290) was digested with Esp3l
(Anza™ 13) and dephosphorylated using FastAP (Thermo Scientific™, EF0651) for
generating the CRISPRko library. The resulting linearized vector products were further
size-selected and gel-purified using QIAGEN MinElute column and used for library
cloning using Gibson Assembly. The assembly mix was made using 200 ng of
digested lentiCRISPRv2-puro vector, 6 ng CRISPRko oligo pool (at molar ratio 1:10)
and 10 pl of 2x Gibson Assembly Master Mix for a final volume of 20 ul. The assembly
mix was incubated at 50 °C for 60 min, and in total 10 reactions were pooled for making
the full library with good coverage. The Gibson Assembly mix was purified by
isopropanol precipitation and resuspended in 5 ul water, from which 1yl of the
products were electroporated into 25 ul of Endura electrocompetent cells (Endura,
60242). Five individual electroporation reactions were pooled and grown in 5 ml
recovery medium for 1 h. Then 5 pl media from the 5 ml LB culture was used to perform
a serial dilution to determine the electroporation efficiency and thus the library
coverage, which was aimed to be at least 300-fold. The rest was further cultured in
1000 ml LB medium with 100 ug mi~! carbenicillin overnight. The plasmid libraries were
extracted using the QIAGEN Maxiprep Kit and verified by next-generation sequencing.

For the CRISPRa library, the synthesized oligo library was first amplified by PCR using
the following primer:

CRISPRa- Forward primer: GTAACTTGAAAGTATTTCGATTTCTT
GGCTTTATATATCTTGTGGAAAGGAC GAAACACCG;
CRISPRa- Reverse primer: ATTTTAACTTGCTAGGCCCTGCAGAC

ATGGGTGATCCTCATGTTGGCCTAGC TCTAAAAC;

PCR procedures using NEBNext High-Fidelity 2X PCR Master Mix were: 98 °C for
30s, 15cycles of 98 °C for 10's, 68 °C for 30 s and 72 °C for 30 s, and 72 °C for 5 min.
For each reaction, 10 ng of the oligo pool was used for a 100 yl PCR reaction, and 20
reactions per library were pooled. The pooled PCR products were further size-selected



and gel-purified using QIAGEN MinElute column. The lenti-sgRNA(MS2)-Puro
plasmid (Addgene, Plasmid #73797) was digested with Esp3l (Anza™ 13) and
dephosphorylated using FastAP (Thermo Scientific™, EF0651). The resulting
linearized vector products were further size-selected and gel-purified using QIAGEN
MinElute column and used for library cloning using Gibson Assembly. The assembly
mix was made using 200 ng of digested lenti sgRNA(MS2)-Puro plasmid vector, 11.5
ng insert DNA (at molar ratio 1:10) and 10 pl of 2x Gibson Assembly Master Mix for a
final volume of 20 pl. The downstream library construction and production steps were
the same as for the CRISPRKko library.

2.5 Lentivirus production and MOI determination

For generating MS2-P65-HSF1 (MPH), dCas9-VP64 and lentiSAMv2-Puro virus, the
293T cells were grown in 6 well plates. When cells reached 50% confluency, they
were transfected with the mix of 1 pug of Lenti MS2-P65-HSF1-Hygro plasmid or
dCas9-VP64-blast plasmid or lentiSAMv2-Puro plasmid, 0.6 pg of psPAX2, 0.4 ug of
pCMV-VSV-G, and 6 ug PEI (Polyscience, 23966) in 50 pl of serum-free medium.
Media supernatant containing the virus particles was collected on the third day after

transfection.

For packaging lentivirus of the screening libraries, the 293T cells were grown in 15
plates of 15 cm? dishes for each library. For each dish, cells of 50% confluency were
transfected with the mix of 30 pg of library plasmids, 20 pg of psPAX2, 10 ug of pCMV-
VSV-G, and 180 pg PEI in 1 ml of serum-free medium. Media were refreshed the day
following transfection. The medium supernatant containing virus particles was
collected on the second and third days after transfection. Pooled medium supernatant
was further concentrated using ultracentrifugation (4°C, 10,000g, 2 h). The virus titer
was determined by making serial dilutions (10~3 to 10"%) of 10l of frozen virus
supernatant to infect 293T cells. Two days after infection, cells were selected with
2 ug mi~! puromycin for an additional 7 days. The virus titer was then calculated based
on the survival colonies and the related dilution.

2.6 Pooled CRISPRko and CRISPRa Screen
The K562 cells were transduced with the lentiviral CRISPRko library, and K562/SAM
stable cells were transduced with the lentiviral CRISPRa libraries respectively by spin



infection to achieve an initial library coverage of at least 500-fold at an MOI of ~0.3.
For spin-infection, 3 x 10° cells in each well of a 12-well plate were infected in 1 ml of
medium containing 8 ug ml~' of polybrene and the virus. In total, four 12-well plates
were used for each screening to infect a total of 1.5x 108 cells. Then, 48 h post-
infection, successfully transduced cells were selected with 2ug ml~' puromycin
(Biomol) for a further 3 days. Cells were harvested and dead cells were then removed
with Histopaque-1077 (Sigma) by centrifuging cells at 400g for 30 minutes at room
temperature. After live cell enrichment, an aliquot of 108 cells infected with either the
CRISPRko or CRISPRa libraries were frozen as the control population. From the same
cell population, another aliquot of 108 K562 cells was treated with 2 uM doxorubicin
for 2 h. Then cells were sorted based on their fluorescence intensity as a surrogate for
direct doxorubicin uptake. In total 2 x 108 cells that fell in the lowest 10% fluorescence
intensity (L10) and highest 10% fluorescence intensity (H10) were FACS sorted
respectively, and were frozen for downstream processing. For each biological replicate
experiment, lentivirus was made freshly, and the infection and doxorubicin treatment

were repeated.

2.7 Genomic DNA extraction, library preparation, and sequencing

Genomic DNA was isolated from frozen cell pellets using the QIAmp DNA Blood and
Tissue Maxi Kit (Qiagen). The sgRNA spanning region was amplified from purified
genomic DNA, with primers containing the lllumina adapters and indices using the
one-step PCR reaction. For each 100 yl PCR reaction, 10 ug of genomic DNA, 50 ul
of 2x NEBNext High-Fidelity master mix, 2 pl of 10 uM forward and reverse primers,
respectively were used [15]. In total 5 PCR reactions with different pairs of primer pairs
were used and pooled, assaying in total of 50 pg of genomic DNA. PCR procedures
were: 98 °C for 30 s, 19 cycles of 98 °C for 10 s, 68 °C for 30 s and 72 °C for 30 s, and
72 °C for 5min. The PCR products were further size-selected and gel-purified using
the QIAGEN MinElute column and confirmed using a High Sensitivity Bioanalyzer DNA
Kit (Agilent). Then the libraries were sequenced on the lllumina HiSeq4000 platform.

2.8 Pooled CRISPRko and CRISPRa Screen analysis

Cutadapt 3.4 was used to extract the unique 20nt protospacer sequences from
lllumina paired-end reads by trimming out the U6 promoter overlapping sequence from
the 5 end and the scaffold sequence from the 3’ end. For the CRISPRko sgRNA



library, the following sequences were used U6 promoter:
ATCTTGTGGAAAGGACGAAACACCG, scaffold: GTTTTAGAGCTAGAAATAGC.
For the CRISPRa sgRNA library, the following sequences were used U6 promoter:
ATCTTGTGGAAAGGACGAAACACCG, scaffold: GTTTTAGAGCTAGGCCAACA.
Trimmed reads were then aligned to the custom screen libraries using BWA [29]. To
quantify each sgRNA abundance, from the same pair-end read, read with MAPQ score
over 30 on one end and MAPQ score at least over 10 on the other end was accounted
as valid. MAGeCK RRA was used to identify the sgRNAs of enriched/depleted
significantly from comparisons between the FACS sorted highest 10% fluorescence
intensity (H10) cells or lowest 10% fluorescence intensity (L10) cells and unsorted
control cell population [30]. The sgRNA enrichment/depletion performance was further

aggregated to identify positively/negatively selected genes in the comparison robustly.

2.9 Generation of clones

Single-guide RNAs targeting the promoter regions of ABCB1 and SLC2A3 genes were
selected from the pooled CRISPRa screen analysis. The guide RNA sequence was
cloned into lentiSAMv2-Puro plasmid containing the gRNA scaffold and dCas9
sequence, and lentivirus was made as previously described. Then K562/SAM stable
cells were transduced with the virus containing the respective guide RNAs and then
selected using puromycin (2 ug mi=*). Single clones of cells were picked and verified
using PCR and Sanger sequencing. The sequences of the gRNAs are listed in
Supplementary Table 1.

2.10 FACS analysis of drug uptake

The K562 ABCB1-CRISPRa, K562 SLC2A3-CRISPRa clones and 293T SLC2A3-
CRISPRa bulk cells were treated with the respective drugs at 2 uM for 2 h, and then
analyzed by FACS as the indication of drug uptake.

2.11 Cell viability assay

The K562 ABCB1-CRISPRa and K562 SLC2A3-CRISPRa clones were seeded in 96-
well plates at the density of 5 x 10* cells per well. Then, doxorubicin or other
anthracycline drugs were added to the cells at a series of concentrations indicated.
After 72 h of treatment, CellTiter-Blue (Promega) was used to quantify the cell viability
according to the manufacturer’s protocol.



2.12 Western blot

Cells were washed with cold PBS and lysed in 1X RIPA buffer (Thermo Scientific)
containing the protease inhibitor cocktail (Roche). Then the cell lysate was sonicated
and the protein concentration in the supernatant was determined using the Pierce BCA
protein assay kit (Thermo Scientific). Equal amounts of proteins were separated via
8% SDS-PAGE. Proteins were transferred to PVDF membranes, blocked with 5%
nonfat milk in PBST for 1 h at room temperature, probed with primary antibodies
against ABCB1 (CST 13342S, 1:1000), SLC2A3 (Abcam ab191071, 1:1000), and
Vinculin (Merck V9131, 1:5000; as the loading control) overnight at 4°C. Membranes
were washed with PBST three times, incubated with the appropriate secondary
antibodies (1:10000 dilution) for 1 h at room temperature, and then washed with PBST
three times. The resulting signal was visualized by Bio-Rad ChemiDoc Imaging
System using the Pierce enhanced chemiluminescence (ECL) Plus Western Blotting
Substrate (Thermo Scientific).

2.13 Quantitative PCR

Total RNA was isolated from 10° cells using ISOLATE Il RNA Mini Kit (Bioline, BIO-
52073) according to the manufacturer’s instructions. The cDNAs were synthesized
from 500 ng of total RNA using a SuperScript™ IV VILO™ Master Mix (Invitrogen,
11756050), and were analyzed using SensiFAST SYBR No-ROX Kit (Bioline, BIO-
98020) with primers for ABCB1, SLC2A3, and GAPDH (a housekeeping gene) on
Biorad CFX Opus 384 Real-Time PCR Systems system. The sequences of the primers

are listed in the Supplementary Table 1.

2.14 Statistical analyses

For determining the significance of differences in the experimental data, the Student’s
t-test (two-tailed), one-way analysis of variance, and the Mann—-Whitney U test were
performed using GraphPad Prism version 8 software. P values less than 0.05 were
considered to be significant.



3 Results

3.1 Construction of custom CRISPRko and CRISPRa libraries

An unbiased way to search for drug transporters in a systematic and comprehensive
way is to use a genome-wide screening system, such as insertional mutagenesis,
CRISPRko, or CRISPRa genetic screenings [9, 10, 31, 32]. However, such screenings
are intrinsically noisy [33]. If other confounding phenotypes are dominant in the screen
readout, the drug transporters may not be identified during such screenings, since the
drug might also be able to diffuse into the cells [10, 34]. As an alternative, we
constructed a custom and dedicated CRISPRko library (for gene silencing, which
would help to identify expressed transporters that determine the drug uptake in
different cell types), as well as CRISPRa library (for gene activation, which would
identify both expressed and not expressed potential transporters that may be involved
in the drug uptake), specifically targeting the known transporters and transporter
associated proteins (TransportDB 2.0) [24]. In this way, focused screening systems
were made to study all potential transporters, irrespective of their expression level in
certain cell lines (Supplementary Fig. 1). In total 1313 potential importers from
TransportDB 2.0 were targeted for design, and the respective CRISPR knockout (952
genes were targeted) and activation libraries (977 genes were targeted) were
generated. For the transporter CRISPRko library, 12 guides per gene were designed
to inactivate the targeting transporters based on published algorism [26]. For the
transporter CRISPRa library, the 300 bp upstream regions of the transcription start
sites of the 977 potential importers were used to design the CRISPR guide RNAs [15].

The two libraries were then assembled according to the protocol [33] (Fig. 1A).

Doxorubicin, like many other anthracycline drugs, is autofluorescent [17], which allows
the monitoring of direct drug transport by fluorescence-activated cell sorting (FACS).
K562 cells either infected with the transporter CRISPRko or CRISPRa libraries were
treated with 2 uM doxorubicin for 2 hours. Then cells were sorted based on their
fluorescence intensity as a surrogate for direct doxorubicin uptake. Cells that fell in the
lowest 10% fluorescence intensity (L10) and highest 10% fluorescence intensity (H10)
were FACS sorted, respectively, and subjected to downstream processing (Fig. 1B).
Genomic DNA from the respective populations was isolated, and CRISPR guide RNA
sequences were PCR amplified and subjected to next-generation sequencing. The
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diversity and abundance of the guide RNAs in different FACS-sorted populations were
compared to the initial population before the FACS sort, and enriched and depleted
guide RNAs were calculated using MAGeCK (Fig. 1C) [35].

Designed CRISPRko and CRISPRa libraries were first verified by sequencing. We
recovered 98.9% of the designed guide RNAs from CRISPRKko library (Fig. 2A), and
100% of the designed guide RNAs from CRISPRa library (Fig. 2B). In the CRISPRko
library, on average 12 guides per gene were recovered (Fig. 2C), and in the CRISPRa
library at least 5 guides were recovered to target each gene promoter for the majority
of the target genes (Fig. 2D). For each sequencing sample, an average 500X and
200X sequence depth per guide were reached for CRISPRko (Fig. 2E) and CRISPRa
(Fig. 2F) screenings respectively. The correlations of all the samples from both
CRISPRko and CRISPRa screenings were good (Supplementary Fig. 2).

3.2 Screening direct doxorubicin transport using CRISPRko and CRISPRa
libraries

In the CRISPRko screening, the enriched genes in the L10 population represent the
potential membrane proteins involved in drug importing (Fig. 3A, top-right corner in
red and Supplementary Table 2). More than 10 potential membrane proteins involved
in drug import were identified. The top hit is gene ASNA1, an ATPase and a
component of transmembrane domain (TMD) recognition complex (TRC) that is
involved in the post-translational delivery of tail-anchored (TA) proteins from the
cytosol to the endoplasmic reticulum (ER) [36]. On the contrary, the depleted genes in
the L10 population represent the 10 potential membrane proteins involved in drug
exporting (Fig. 3A, lower-left corner in blue and Supplementary Table 3). Multiple
ATPases were among the top hits. In addition, the well-known multi-drug resistance
exporter gene ABCB1 which is frequently identified in different genetic screenings for
drug resistance [2, 34], was also identified. The ABCB1 gene was not ranked the
highest, possibly because the screening was done under a short period of drug
exposure and the ABCB1 gene needs to be upregulated in response to drug exposure.

When the H10 population from the CRISPRko screening was analyzed, similar groups
of genes were identified. Here the enriched genes represent 44 potential membrane
proteins involved in drug exporting (Fig. 3B, top-right corner in red and Supplementary
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Table 3). It is interesting to see that gene ATP8B2 ranked amongst the top hits in this
population, whilst also ranked within the top hits of the potential membrane proteins
involved in drug exporting in L10 population (Figure 3A, lower-left corner in blue). The
depleted genes in the H10 population represent 42 potential membrane proteins
involved in drug importing (Fig. 3B, lower-left corner in blue and Supplementary Table
2), which also includes gene ASNA1 among the top hits. This gene was also enriched
as the top hit involved in drug importing in the L10 group (Figure 3A, top-right corner
in red). The fact that many same gene hits were indicated for the same potential
function from different populations suggests that the CRISPRko screening was robust
and would reliably identify potential proteins that are involved in doxorubicin transport.

Lowly expressed genes are not feasible to be studied using CRISPR knockout. On the
contrary, CRISPR activation would allow the identification of lowly expressed genes
which would play a role in drug transport; therefore we expect that additional novel
genes would be identified compared to the CRISPRko screening. From the CRISPRa
screenings with a similar experimental set-up, the enriched genes in the L10
population represent the 4 potential membrane proteins involved in drug exporting
(Fig. 3C, top-right corner in red and Supplementary Table 3). Again the well-known
drug transporter genes ABCG2 and ABCB1 were significantly enriched [2, 34, 37],
among some other genes such as genes SCL35G5 and ATP8B4, indicating
upregulation of these genes led to less drug accumulation. On the other side, the
SLC2A3 gene, among some other solute carrier transporter genes, were depleted in
the L10 population, suggesting these may be the drug importers (Fig. 3C, lower-left

corner in blue and Supplementary Table 2).

From the CRISPRa screenings, the enriched genes in the H10 population would
indicate 4 potential genes involved in drug importing. The top hit, among some other
solute carriers, was the SLC2A3 gene (Figure 3D, top-right corner in red and
Supplementary Table 2), confirming the results from similar analyses in a different
population (Fig. 3C, lower-left corner in blue). The top depleted hits from H10
population, which indicates drug exporting roles, were the ABCG2 and ABCB1 genes
(Fig. 3D, lower-left corner in blue and Supplementary Table 3), which were also seen
in similar analyses in the L10 population (Fig. 3C, top-right corner in red). All these
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mutually confirming data indicate that the CRISPRa screening identified reliable hits
involved in drug exporting and importing.

We further grouped all the potential genes involved in drug exporting identified from
CRISPRko and CRISPRa screenings respectively, and compared them together. Only
the ABCB1 gene was jointly identified from the two different types of screenings (Fig.
3E). A similar analysis was also performed integrating the potential genes involved in
drug importing from both screenings. Only two solute carrier genes SLC16A1 and
SLC18B1 appeared from both screening methods (Fig. 3F). These data indicate that
the CRISPRko and CRISPRa screening methods complement each other and would
identify different hits in the drug transport setup.

3.3 Drug accumulation regulated by the ABCB1 gene during transient drug
exposure

To show that our proposed experimental setup would reliably identify players in drug
transport, the ABCB1 gene, one of the top hits from both screenings, was chosen for
further analyses. Despite the fact that the ABCB1 gene has been proposed to play a
role in drug exporting, the majority of the genetic perturbation screenings were done
during a long period of drug exposure [34], making it interesting to see the effect of
ABCB1 manipulation during transient drug exposure. As the ABCB1 gene is lowly
expressed before drug exposure, we chose to use the CRISPRa system to upregulate
the gene expression (Fig. 4A). Two guide RNAs were designed to target the promoter
region of the ABCB1 gene, and more than 15-fold upregulation of gene expression
was achieved as measured by qPCR (Fig. 4A). We also confirmed that the protein
level of the ABCB1 gene was elevated by the two respective CRISPRa guide RNAs
(Fig. 4B).

As the result of the upregulation of the ABCB1 gene, the direct uptake of doxorubicin
monitored by FACS was reduced by 50% in the two respective clones (Fig. 4C). It is
interesting to see that not only the direct uptake of doxorubicin, but that of other
clinically used anthracycline drugs such as daunorubicin, epirubicin and idarubicin was
also reduced, except for aclarubicin (Fig. 4C and Supplementary Fig. 3). These data
indicate that aclarubicin would serve as an alternative anthracycline to overcome the

drug resistance caused by the upregulation of the ABCB1 gene. To further confirm
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that the reduced uptake of doxorubicin measured by FACS was directly caused by
CRISPRa-mediated upregulation of ABCB1, a specific ABCB1 inhibitor tariquidar was
used to treat the CRISPRa clones. No reduction of doxorubicin uptake was observed
in tariquidar-treated clones expressing CRISPRa activating the ABCB1 gene (Fig. 4D),
suggesting that the change of doxorubicin transport was not induced by the off-target
effects of CRISPRa system. As a result, K562 clones with CRISPRa-mediated
upregulation of ABCB1 gene became more resistant to doxorubicin and other
anthracycline drugs compared to the parental K562 cells (Fig. 4E and Supplementary
Fig. 4).

3.4 SLC2A3 gene serving as a novel doxorubicin importer and response marker
Only limited research has been done to identify drug importers of doxorubicin over the
past several decades, and the contribution of these factors to drug response is still
obscure [38]. Recently, a CRISPRko screening effort has been attempted to identify
potential importers for many drugs, including doxorubicin; however the screening
readout was based on cell survival but not direct drug uptake, and the CRISPRko
screening system lacks the resolution to identify lowly expressed genes as potential
functional hits[8]. Therefore, CRISPRa screenings that upregulate potential genes
may identify additional and novel hits that were overlooked before, as we also
observed (Fig. 3F). SLC2A3 gene was the top hit as a drug importer of doxorubicin
from our CRISPRa screenings, which studied doxorubicin uptake directly (Fig. 3C and
D). SLC2A3 encodes the solute carrier transmembrane glucose transporter 3 (GLUT3)
that binds glucose and facilitates glucose uptake [39]. GLUT3 is expressed in neuronal
tissues, as well as heart and white blood tissues [40]. Some tumors such as
glioblastoma and triple-negative breast cancer may rely on the overexpression of
GLUT3 and hence have an addition to it, making it a vulnerability drug target [41, 42].

To confirm the role of SLC2A3 in mediating doxorubicin uptake, we generated 4
independent clones using 2 different guide RNAs targeting the promoter region of
SLC2A3 using CRISPRa system. A robust upregulation of SLC2A3 was achieved from
all these clones, as measured by qPCR (Fig. 5A). As a result, the protein levels of
SLC2A3 were also increased (Fig. 5B). It is noteworthy that the protein level of
SLC2A3 was very low in the parental K562 cells, pointing out that screening strategies
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to knockdown or knockout this gene would not be possible to identify this gene as a
potential doxorubicin importer.

We then monitored the direct uptake of doxorubicin of these clones, as measured by
FACS. Up to 50% increase in doxorubicin accumulation was observed in these clones
compared to the parental K562 cells when cells were transiently exposed to
doxorubicin (Fig. 5C and Supplementary Fig. 5). SLC2A3-mediated doxorubicin
uptake was also observed in 293T cells, indicating a general role of this gene in
doxorubicin importing (Supplementary Fig. 6). We further determined the effects of the
increase of drug accumulation, and observed a significantly elevated cell killing in the
SLC2A3 upregulating clones compared to the parental K562 cells when exposed to
doxorubicin (Fig. 5D), suggesting a potentially important role of SLC2A3 in tumors
responding to doxorubicin treatment. Indeed, in some of the AML patients, the
expression level of SLC2A3 is higher, and when the contribution of SLC2A3 was
considered in the overall survival of AML patients from the TARGET study, potential
better survival effects were seen in patients with higher SLC2A3 expression (Fig. 5E)
[43]. Because only a subgroup of these AML patients might have received doxorubicin
treatment, it is possible that the contribution of SLC2A3 benefiting patients’ response
to the doxorubicin-containing regimen is even stronger. At the same time, these data
also suggest that the SLC2A3 gene could be a predictive marker of tumors responding
to doxorubicin treatment. The expression level of SLC2A3 is higher in tumors such as
kidney renal clear cell carcinoma (KIRC), pancreatic adenocarcinoma (PAAD), and
testicular germ cell tumors (TGCT), compared to the matching healthy tissues (Fig.
5F) [44], indicating these patients with higher SLC2A3 expression might also benefit
from doxorubicin containing regimen. Indeed, previous studies showed that patients
with testicular germ cell tumors may benefit from doxorubicin treatment in clinical trials
[45], and future clinical trials may be warranted to test doxorubicin in treating

subgroups of patients with tumors expressing elevated SLC2A3.
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4 Discussion

The uptake and export of drugs by different cells and tissues represent one of the first
factors affecting drug responses. The contribution of drug exporters, exemplified by
ABCB1 in multi-drug resistance, has been characterized for a long time. In preclinical
studies for new drugs, testing the effect of these exporters on drugs is also one of the
requirements for subsequent filing of clinical trials, highlighting the importance of drug
transporters in drug development. However, so far, systematic studies on the uptake
of different drugs have been very limited, and often cell survival rather than direct
uptake was used as the readout [8]. Furthermore, only CRISPR-mediated knockout
was used to identify potential transporters, limiting the resolution to identify potential
drug importers with lower expression in a defined cell type. We designed custom
CRISPRKko (for gene knockout) and CRISPRa (for gene activation) libraries targeting
all potential membrane-associated transporters and proteins; furthermore, we
monitored the direct uptake of drugs by FACS as the screening readout for the
identification of transporters/proteins directly involved in drug uptake. Using this
rationale, we were able to identify both known drug export transporter genes such as
ABCB1 and ABCG2, and novel doxorubicin import transporter gene SLC2A3 for a
broadly used chemotherapeutic drug doxorubicin. In addition, we found that CRISPRa
screening would identify novel drug transporters, which would be missed by
CRISPRko methods. This is especially important, as often genetic screenings are
performed in one or limited cell or tissue types, in which the expression level of many
genes is low (Supplementary Fig. 1). The upregulation of the novel doxorubicin
importer SLC2A3 would directly increase the uptake of doxorubicin in K&662 and 293T
cells (Fig. 5C and Supplementary Fig. 6), and result in the better killing of these tumor
cells. These data indicate that SLC2A3 could be a potential marker for identifying
patients who may benefit from doxorubicin treatment. Furthermore, as GLUTS3, the
protein product of SLC2A3, is also present in heart tissues [46], and heart damage is
still one of the major side effects associated with doxorubicin [19], SLC2A3 (GLUT3)
may also contribute to doxorubicin-mediated cardiotoxicity. GLUT3 could be a novel
target to reduce cardiotoxicity.
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Fig.3

A
@
<]
o
@
<
o
e
o
o
o
0
C
L
<]
o
7]
<
1
x
=
o
ke)
E

Rank of transporter genes in L10

0 250

500

750

1000

Rank of transporter genes in L10

SLC32A1
SLC12A9
SLC35B1
SIDT2
MFSD8
ATP6VOA1
ATPEV1C1
SLC6A17
SLC45A4
ATP6V1G1
SLC22A7
SLCBA6
SLC25A10
GJA4

SLC26A10
AQP2
LAPTM5
SLC44A4
MFSD3
PEX3
PEX13
TIMM22
KCNH6
SLC18A3
SLC2A7
SLC12A5
ATP6VOD1
SLC13A2
SPNS1
KCNK15
SYNGR2

ATPEVOB
KCNK12
ATPEVIA
ATPBV1H
SLC17A5
KCNG1
BAK1
ATP13A1
SLC7A1
SLC25A43
SLC35A5
ATP5A1
ABCB7
TIMM8A
SLC25A51
ATP9B

CRISPRko
Doxo
exporters
(n=58)

ABCB1

CRISPRa
Doxo
exporters
(n=7)

B
20
©
Q 10 [
153 A2 e
» SPNS
<
o4 K
[h'd /
o
>
o /
10
Rank of transporter genes in H10
D
Doxo fluorescence intensity
<« —>
10% 10%
L \ !
3 cNCA2 )
) : 'h. g !
» [+) S
&
L10 H10 £o
o
D
o

0 250 500 750 1000
Rank of transporter genes in H10

SLC18B1
SLC16A1

CRISPRa

Doxo
importers
CRISPRko (n=7)
Doxo
importers
(n=35)

22



Fig.4

A B
401 (b%r.\ {b,\’
IS . \o_qu. \%QQ-
@ 301 i & ,\,OQ’ ,\,OQ"
5 AN e 4
©
E 201 *¥ \gb ?g) ?ib
o
> I ABCB1 . .
% 101
o) Vinculin
s - an -
-0 N N
'é& 2> o
¢ &
'\’OQ‘ '\'OQ.
& &
v v B K562-WT
C ABCB1-CRISPRa 5.1
I ABCB1-CRISPRa 7.1
1.01 T
L
E L] *%
u§_ ** *k%k
o
T
o
g) 0.5 *;:* *kkk .
© *kkk
-(C) kkkk 'l-.
o Kkkk
© o e
W
0.0- .
Doxo Acla Dau Epi Ida
D E
+ 1.0
_ 1.0+ o
L L
= ©
5 @
o 2
g) 0.5+ % 0.5
m Jekkk wn
< org FREK -
o . =
L 8
©
L
0.0 0.0 . . .
Doxo (2 uM) + + 2 3 4 5
Tariq (1 M) - + Log10 concentration nM
B K562-WT —— K562-WT
ABCB1-CRISPRa 5.1 —— ABCB1-CRISPRa 5.1

B ABCB1-CRISPRa 7.1 —~ ABCB1-CRISPRa 7.1



1 1 1
o 9 o © o
~N -~ o

14 Jo aBueyo pjo4

(&)
9-
e,
%
S,
o, 4.
z O,
& &
% b —
S O
o B - .
z &
& A
a\o‘ O,
%, (|1
Z- )
7o 0
% 0 1
a@ (
&%
o
)
«ﬁw. -
G ¥ | [
2 £
N =
S £
2] >
(1]
H
o«— o0
*
i
T T T T
m (e}

uoissaidxa jo abueyo pjo4

S & @
N R g
n 1 S
£ & L
: 5 %
S £ g
i=d
o |
|| =
H
! )
b S
i i
o '8
[
+ %}
i 8L
[
[=}
. ¥
} © £
{ T
i 4
E L E
g S
._., =)
.\\L\.W,‘. S
F O
80 90 0 20 00
Aigeqoud [eAning
- 0 © ©
“ < < &
©
CEL e
[ T T
2R )
¥ Xeowoeo -
- Q Q QO
D 0O M o
I222% <
89999 .
X 0O 0O non =
S
2
bttt 5
I
c
L & 5
(]
c
o
(5]
o
=
B,
o
-
T T T o

1.0

aJel [SAIAINS [|80

0.0

| | |
00vZ 0084 00z}

(INdL) uolA Jod siduosues |

~
Jfl A
A A A
SIS E LS
CEEREE
> & >

DFNN
P T
EEEXE
AT Y

Y
e
>

£
o

24



Figure Legends

Fig 1: Workflow of the transporter-targeting CRISPRko and CRISPRa screenings.

A. Two custom oligo pools were designed and synthesized for CRISPRko and
CRISPRa library plasmid construction. Synthesized oligo pools were cloned into the
digested CRISPRko or CRISPRa plasmid backbones. Constructed CRISPRko or
CRISPRa plasmid library was transfected into 293T cells together with packaging
plasmids to produce lentiviral CRISPRko and CRISPRa library. B. Outline of the drug
uptake screenings. The K562 cells with CRISPRko or CRISPRa library were treated
with 2 yM doxorubicin for 2 h before FACS sorting. The cells falling in the lowest 10%
fluorescence intensity (L10) and highest 10% fluorescence intensity (H10) were sorted
for downstream processing. C. The sgRNA spanning region was PCR amplified from
total genomic DNA that was isolated from sorted or control cells for NGS sequencing.
A custom computational workflow was used to quantify the sgRNA abundance.
MAGeCK was used to identify positively or negatively selected genes for doxorubicin
uptake or export with the cutoff of RRA score < 0.001.

Fig 2: Quality control of transporter-targeting CRISPRko and CRISPRa libraries.

A-B. Piechart of the percentage of detected or undetected sgRNA in cells infected with
CRISPRko (A) or CRISPRa libraries (B). The detected or undetected sgRNAs were
indicated in different colors. C-D. Histogram shows the distribution of sgRNAs per
gene from CRISPRko (C) and CRISPRa (D) libraries by sequencing. The y axis
represents the number of genes. The x axis indicates the specific number of sgRNAs.
E-F. Boxplot indicates the distribution of read coverage per sgRNA in all CRISPRko
(E) and CRISPRa (F) screening samples. The x axis represents the different screening

replicates. The y axis represents the read depth of each sgRNA.

Fig 3: Identification of potential genes involved in doxorubicin transport from
CRISPRko and CRISPRa screenings. A. Potential hits from L10 population from
CRISPRko screening. B. Potential hits from H10 population from CRISPRko
screening. C. Potential hits from L10 population from CRISPRa screening. D. Potential
hits from H10 population from CRISPRa screening. The y axis represents MAGeCK
RRA score. The x axis represents the ranking of the genes. The positively selected

genes were indicated in red and negatively selected genes were indicated in blue
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using the cutoff of MAGeCK RRA score < 0.001. The top 5 genes in both selection
directions were highlighted by their gene symbols. E. Venn diagram shows the
overlapping hits potentially involved in doxorubicin drug export from CRISPRko and
CRISPRa screens. F. Venn diagram shows the overlapping hits potentially involved in
doxorubicin drug import from CRISPRko and CRISPRa screens.

Fig. 4: Drug accumulation regulated by the ABCB1 gene during transient drug
exposure.

A. gPCR was used to quantify the upregulation of ABCB1 gene in K562 ABCB1-
CRISPRa clones. B. Western blotting was used to confirm the expression of ABCB1
in K562 ABCB1-CRISPRa clones. Vinculin was used as the loading control. C. FACS
was used to quantify the uptake of drugs in K562 ABCB1-CRISPRa clones. For each
group, cells were treated with doxorubicin, aclarubicin, daunorubicin, epirubicin, and
idarubicin respectively at the final concentration of 2 yM for 2 h. Then fluorescence
intensity of the drugs was quantified by FACS. D. The specific ABCB1 inhibitor
tariquidar blocked the reduced uptake of doxorubicin in K562 ABCB1-CRISPRa
clones. Cells were pre-treated with 1 uM tariquidar for 2 h, and then treated with 2 yM
doxorubicin for 2 h. The fluorescence intensity of doxorubicin was quantified by FACS.
E. CellTiter-Blue assay was used to quantify the cell viability. Cells were exposed to a
serial dilution of doxorubicin for 72 h, then the live cells were measured. Bars show
mean value £s.e.m. (n =2 or 3). *p < 0.05, **p < 0.005, and ***p < 0.0001 (versus the

control), calculated using Student’s t-test.

Fig. 5: SLC2A3 gene serving as a novel doxorubicin importer and response marker.
A. gPCR was used to quantify the upregulation of SLC2A3 gene in K562 SLC2A3-
CRISPRa clones. B. Western blotting was used to confirm the expression of SLC2A3
in SLC2A3-CRISPRa clones. Vinculin was used as the loading control. C.
Quantification of doxorubicin uptake in K562 SLC2A3-CRISPRa clones. Cells were
treated with doxorubicin at the final concentration of 2 yM for 2 h. Then the
fluorescence intensity of the drugs was quantified by FACS. D. CellTiter-Blue assay
was used to measure the cell viability. Cells were exposed to serial dilutions of
doxorubicin for 72 h, then the live cells were measured. Bars show mean
valuets.em. (n = 2 or 3). *p < 0.05, **p < 0.005, and ***p < 0.0001 (versus the
control), calculated using Student’s t-test. E. Kaplan-Meier analysis of overall survival
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of AML patients from TARGET study based on the SCL2A3 expression level. The red
line indicates survival probability from the AML patients with higher expression of
SLC2A3 (n=73). The blue line indicates survival probability from the AML patients with
lower expression of SLC2A3 (n=72). The p value was calculated using the log rank
test. F. Dot plot showing SLC2A3 expression across 33 different cancer types and
their paired normal tissues. The red dots represent normalized SLC2A3 expression of
samples from specific cancer type. The green dots represent normalized SLC2A3
expression of samples from specific normal tissue type. The cancer type with higher
SLC2A3 expression than its matched normal tissue is indicated by red. The cancer
type with lower SLC2A3 expression than its matched normal tissue is indicated by
green. TPM, transcripts per million; ACC, adrenocortical carcinoma; BLCA, Bladder
urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous
cell carcinoma and endocervical adenocarcinoma; CHOL, cholangio carcinoma;
COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell
lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC,
head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney
renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute
myeloid leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocelular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma;
MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic
adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate
adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin
cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell
tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus

endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.
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Wilcoxon test, W = 10388164, p = <0.0001, n = 20149

group ' Transporter genes E All genes

151

Log(TPM+1)

Transporier genes All g'enes

Supplementary Fig. 1: Gene expression of transporter genes compared to all genes.
The y axis represents the logarithm of TPM normalized expression level of genes plus
1. The pvalue was calculated using unpaired two-sided Wilcoxon Rank Sum test.
n =979 (only transporter) or 19,193 (all) genes. K562 RNA-seq data were downloaded
from Dependency Map Portal. ****p < 0.0001.
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Supplementary Fig. 2: Pairwise correlation of CRISPRko and CRISPRa screen
replicates. A. Pairwise correlation of L10 population from the CRISPRko screenings
with the control group. B. Pairwise correlation of H10 population from the CRISPRko
screenings with the control group. C. Pairwise correlation of L10 population from the
CRISPRa screenings with the control group. D. Pairwise correlation of H10 population
from the CRISPRa screenings with the control group. The logarithm of read count plus
1 of each replicate was plotted. Pearson correlation coefficient was calculated to
measure the correlation between each replicate pair.
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Supplementary Fig. 3: Drug accumulation regulated by the ABCB1 gene during
transient drug exposure. A-E. FACS histograms from the quantification of the drug
uptake in K562 ABCB1-CRISPRa clones. For each group, cells were treated with
doxorubicin (A), aclarubicin (B), daunorubicin (C), epirubicin (D), and idarubicin (E)
respectively at the final concentration of 2 yM for 2 h. Then fluorescence intensity of
the drugs was quantified by FACS.
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Supplementary Fig. 4: Cell survival regulated by the ABCB1 gene. For each group,
cells were treated with aclarubicin, daunorubicin, epirubicin, and idarubicin
respectively at a serial dilution of drugs for 72 h. CellTiter-Blue assay was used to
quantify the cell viability. A. Cells were exposed to a serial dilution of aclarubicin for
72 h, then the live cells were measured. B. Cells were exposed to a serial dilution of
daunorubicin for 72 h, then the live cells were measured. C. Cells were exposed to a



serial dilution of epirubicin for 72 h, then the live cells were measured. D. Cells were

exposed to a serial dilution of idarubicin for 72 h, then the live cells were measured.
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Supplementary Fig. 5: Drug accumulation regulated by the SLC2A3 gene during

transient drug exposure. A-D. FACS histograms from the quantification of the drug
uptake in K562 SLC2A3-CRISPRa clones. For each clone, cells were treated with
doxorubicin at the final concentration of 2 yM for 2 h. Then fluorescence intensity of

the drugs

was quantified by FACS.
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Supplementary Fig. 6: Doxorubicin uptake was enhanced in 293T cells with elevated
SLC2A3 expression. A. gPCR was used to quantify the expression of SLC2A3 in 293T
SLC2A3-CRISPRa bulk cells. B. FACS was used to quantify the uptake of doxorubicin
in 293T SLC2A3-CRISPRa bulk cells. For each cell line, cells were treated with
doxorubicin at the final concentration of 2 uM for 2 h. The fluorescence intensity of the
drugs was quantified by FACS. Bars show mean value £ s.e.m. and significance was
calculated using Student’s t-test (n = 2 or 3). *p < 0.05, **p < 0.005, and ***p < 0.0001
(versus the 293T-WT cells).



Chapter 3

The genome-wide dual-CRISPR screening identifies
essential non-coding regulatory elements

Reviewed by Nature Methods



Uy

O© 0 9 O U1 B w N

NN DN NN NNDNDNR B R B R B R o | 4|
0 N O U A WN R O O 0N U W N R O

N
O

w
o

The genome-wide dual-CRISPR screening identifies

essential non-coding regulatory elements

Yufeng Li"7, Minkang Tan'”, Almira Akkari-Henic'7, Ningning Xu', Shengnan
Sun’, Yavuz Ariyurek?, Susan L. Kloet?, Richard Davis®, Harald Mikkers', Joshua
J. Gruber*, Michael P. Snyder®*, Xiao Li®*, Baoxu Pang'*

Department of Cell and Chemical Biology, Leiden University Medical Center,
Leiden, The Netherlands

2Leiden Genome Technology Center, Department of Human Genetics, Leiden
University Medical Center, The Netherlands

3Department of Anatomy and Embryology, Leiden University Medical Center,
Leiden, The Netherlands

4Department of Internal Medicine, University of Texas Southwestern Medical
Center, Dallas, TX, USA

SDepartment of Genetics, Stanford University, Stanford, California, USA
8Department of Biochemistry, The Center for RNA Science and Therapeutics,
Department of Computer and Data Sciences, Case Western Reserve University,
Cleveland, OH, USA.

"These authors contributed equally

*Correspondence: b.pang@lumc.nl (B.P.), mpsnyder@stanford.edu (M.P.S),
xiao.li9@case.edu (X.L.),




31

32
33
34
35
36
37
38
39
40
41
42
43
44

45

46

47

48

49

50

51

52

53

54

55

56

57

Abstract

Non-coding regulatory elements (NCRE) represent a major fraction of the human
genome. We developed a straightforward dual-CRISPR screening system capable
of deleting thousands of NCREs genome-wide to study their functions in distinct
biological contexts in K562 cells and 293T cells. We show that many NCREs,
including ultraconserved elements, have silencer activity and play essential roles
in cell growth and drug response. NCREs with redundant functions could also be
identified from the screening data. This dual CRISPR system is also compatible
with single-cell sequencing. Removing the hit PAX6_Tarzan from human
embryonic stem cells led to defects in cardiomyocyte differentiation, indicating this
UCE might be critical in heart development. Our study provides further evidence
that many NCREs have important biological functions contributing to human

biology and diseases.
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Introduction

Protein-coding genes only represent less than 2% of the human genome, and the
rest is non-coding, many of which contain regulatory elements that guide the
transcription of genes at the right time and within the right tissue'2. Based on the
known functions, the non-coding regulatory elements (NCREs) are categorized
into various segments, such as non-coding RNAs, promoters, enhancers,
silencers, insulators, etc?’. Assigning and understanding the function of the non-
coding regulatory genome have been one main focus in genetic research during
the past decades?. With the efforts from individual research groups and large
consortia such as ENCODE and Roadmap Epigenomics, putative biological roles
have been assigned to many NCREs®"'. In general, different types of NCREs have
unique combinations of epigenetic modifications. Therefore, using next-generation
sequencing methods like ChlP-seq against various histone modifications or
transcription factors, or methods to profile accessible chromatins such as DNase |
hypersensitivity sites combined with sequencing, FAIRE-seq, and ATAC-seq,
many NCREs have been mapped in the human genome'?'3. For instance,
insulator regions are often enriched for CTCF binding sites'*15, while enhancer
regions are usually decorated with a combination of H3K27ac and H3K4me16.
Simultaneously, the recent development of massively parallel reporter systems
also facilitates the direct biological activity measurement and identifications of
enhancers and silencers*17:'®. However, all these methods do not measure the

biological functions of these NCREs in their endogenous environment.

Recent advances in CRISPR genome editing have paved a new venue to study
both the coding and non-coding parts of the genome'-??2, CRISPR-Cas9
recognizes 20-bp genomic regions followed by PAM (5’-NGG-3’) and typically
introduces genetic changes of a few nucleotide deletions or insertions around the
targeting sites in the genome?3. This is especially useful in studying gene functions
as mutation-induced frameshifts in the coding regions would render the proteins
not functional anymore. On the other hand, NCREs often range from 50-200 bp in

length, with multiple transcription factor (TF) binding sites?*. Therefore, a single
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CRISPR-Cas9-mediated genome editing must completely destroy the TF binding
sites?®>?6, which is also limited by the possible CRISPR-Cas9 targeting sites
throughout the human genome. Due to such limitations, single guide RNAs tiling
an entire testing region were often used to study NCREs regulating a few important
genes. The modified CRISPR system that uses catalytic inactive Cas9 proteins
(dCas9), either linked to a transcription activation or repression system, can also
be used to study the functions of enhancers and insulators?6?’. However, pre-
knowledge of NCRE functions is needed to select the proper CRISPR-dCas9-
mediated activation or repression systems?”28. Such selection could be further
complicated by the recent evidence showing that certain NCREs could be
bifunctional, e.g., functioning as enhancers or silencers depending on the cellular
context”'®. Similarly, the dCas9 system is also limited by the availability of single
guide RNAs at the targeting regions. Several dual CRISPR systems have been
used to study the non-coding RNAs or enhancers, however, their throughputs are
still limited due to either the barcoding system or the design of the screening
system; therefore only limited regions were targeted?®°. Thus far, no systematic
study of the NCREs in a genome-wide fashion, especially focusing on enhancers

and silencers, has been performed.

We have developed a new dual-CRISPR screening system that could delete
thousands of NCREs in a systematic and genome-wide fashion. This dual CRISPR
screening system is easy to construct and sequence, without the need for
additional barcoding. As target regions of more than 200 bp in size are removed
from the genome, NCREs could be studied irrespective of their specific biological
functions. We designed dual-CRISPR libraries targeting 4,047 Ultraconserved
elements (UCEs) in the human genome from UCNEbase?', 1,527 in vivo-validated
conserved enhancers from VISTA Enhancer Browser®?, and all 13,539 predicted
enhancers in K562 cells from ENCODE". Using this system, we studied the
biological functions of the UCEs in the human genome and identified regions that
would affect cell survival and drug response in K562 and 293T cells. We found

many UCEs have silencer activities, and many enhancers would show dual
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functions. Furthermore, clusters of NCREs that play important functions could also
be identified. Identified UCE region PAX6_Tarzan showed key function in
cardiomyocyte differentiation from hESCs, underscoring the feasibility of our
approach to gain insight into the function of UCEs. Here in this study, we provide
a versatile tool and pipeline to study the function of NCREs and other non-coding

parts of the genome.

Results
Development of the dual-CRISPR system

NCREs could be positive transcriptional regulators, i.e., enhancers; negative
transcriptional regulators, i.e., silencers; or genome structure regulators, i.e.
insulators. To systematically study NCREs irrespective of their different biological
functions in their endogenous chromosome context, a versatile high-throughput
dual-CRISPR screen system was developed. In this dual-CRISPR system, two
different RNA polymerase Ill promoters, U6 and H1, are positioned in a convergent
orientation to drive the transcription of two CRISPR guide RNAs (Supplementary
Fig. 1a). To test this plasmid system, two guide RNAs targeting the 5 and 3 prime
ends of one DNA fragment in the genome were inserted. After transfecting the
cells, two functional guide RNAs were expressed and able to successfully delete

the targeted region from the human genome (Supplementary Fig. 1b and 1c).

To target thousands of potential NCREs and test their functions in different
contexts, a lentiviral system and cloning strategies analogous to the method
described above were developed. In short, after NCREs were selected, all
potential single guide RNAs that target both ends of each NCRE were designed.
Guide RNAs were then selected based on their targeting efficiency and off-target
potential. After that, guide RNAs were paired to be able to remove the targeting
regions. Paired 20-nucleotide (nt) crRNA sequences are then properly orientated
to follow the direction of the convergent promoters (Supplementary Fig. 1d). A
restriction enzyme site was placed between the paired protospacer sequences in

order to open the plasmids to insert the guide RNA scaffolds in the subsequent
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steps, and oligo pools were ordered. A two-step cloning strategy was then used to
assemble the full functional dual-CRISPR library (Methods). In brief, first, the oligo
pool that contains only the paired 20-nt crRNA sequences were cloned into the
lentiviral vector. After propagation, the plasmids containing the paired 20-nt crRNA
sequences were opened up by restriction enzyme digestion, followed by the
second round of cloning to insert the two tracrRNA scaffold sequences. The final
plasmid libraries then contain paired functional guide RNAs that would remove the
respective individual NCREs. There are several advantages of the new dual-
CRISPR system. Two distinct promoter sequences should reduce the chance of
potential recombination events in plasmids or infected cells. Furthermore,
arranging guide RNAs in a convergent orientation allows direct PCR steps to
amplify the fragments containing the paired guide RNA sequences from the
infected cells, which are compatible with direct high-throughput pair-end

sequencing (Supplementary Fig. 1e).

Identification of essential ultraconserved non-coding elements

UCEs are non-coding genetic sequences that are identical among different species
33-35Given such stringent conservation during evolution, it is expected that many
UCEs should have biological functions and be pivotal in different species3¢:37.
However, recent research showed that ultraconserved enhancers did not require
perfect sequence matches to maintain their functions, when 23 of such enhancer
UCEs were studied in vivo in mouse models®. To study the function of UCEs in a
high-throughput fashion, a dual CRISPR library was assembled based on the
published computation pipeline3?, which targets 4,047 UCEs in the human genome
from UCNEbase?!, and 1,527 in vivo-validated conserved enhancers from VISTA
Enhancer Browser®?. In total 63,879 dual-CRISPRs were designed, including
1,070 control guides from a previous study?®. The dual-CRISPR library was
packaged into lentivirus, then used to infect K562 cells stably expressing Cas9
proteins (Supplementary Fig. 2a). Infected cells were kept in culture for 15 days to
identify NCREs that would affect cell growth. Genomic DNA was isolated, and PCR

was performed to extract the dual-CRISPRs. The abundance of different dual-
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CRISPRs was compared to that from the initial population (day 0). Two biological
replicate experiments were performed to extract reliable hits. The replicates
correlated well with each other, indicating the screen system is stable and reliable
(Supplementary Fig. 2b). After filtering low coverage, more than 90 percent of the
target NCREs were matched with the paired guide RNAs across all replicates
(Supplementary Fig. 2c). The robust ranking algorithm MAGeCK was used to
identify potential NCREs that affect cell growth based on the screen data*. There
were 346 UCEs and other potential NCREs depleted in the cell population that
further grew for 15 days, compared to the initial population, suggesting these UCEs
are potentially essential NCREs in K562 cells (Fig. 1a, Supplementary Table 1).
Unexpectedly, we also identified a previously unannotated intergenic region that
affected the growth of K562 cells. Thus, the dual-CRISPR system was capable of
interrogating both previously annotated and unannotated genomic regions in an

unbiased fashion.

To validate the identified UCEs and the potential new NCRE, dual-CRISPR pairs
targeting the potential essential NCREs were used to generate knockout clones in
K562 cells (Fig. 1, b, ¢, d and e; upper panel). We first determined cell growth rates
in these clones. When UCEs PBX3_Claudia (referred as PBX3_Cl), FOXP1_Flora
(referred as FOXP1_Fl), PAX6_Tarzan (referred as PAX6_Ta) and one potential
NCRE (referred as de_novo_1) were removed from K562 cells, respective clones
grew significantly slower compared to the wild-type K562 cells, indicating these
UCEs regulate important genes or pathways in K562 cells (Fig. 1b, c, d and e;
lower panel, and Supplementary Fig. 2d). We then surveyed the epigenetic
modifications surrounding these UCEs. No clear combinations of epigenetic
signatures were found to predict the function of these regions (Supplementary Fig.
2e), except that the de_novo_1 region sits next to a CTCF binding site (within 1 kb
to the center of the CTCF binding site) which does not directly involve in
chromosome looping based on ChlA-PET data (Supplementary Fig. 2f). As these
UCEs are potential regulatory elements, we then tested their transcriptional

regulatory activities using luciferase assays. Genomic fragments containing the
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UCEs were cloned into two different luciferase reporter systems for the detection
of enhancer and silencer activities respectively. Interestingly, no significant
enhancer activity was observed from these regions using a commonly used
minimal-promoter-driven luciferase reporter (Fig. 1f). However, two UCEs showed

silencer activity monitored by a PGK-promoter-driven luciferase reporter (Fig. 19).

NCREs usually function in a tissue-specific manner. To test the functions of UCEs
in a different cell type of origin, another NCRE essentiality screen was performed
in 293T cells using the same dual-CRISPR library (Supplementary Fig. 3a,
Supplementary Table 2). As expected, only less than 10% of the essential UCEs
were shared between 293T cells and K562 cells (Supplementary Fig. 3b). However,
when genes that fall within 1Mb surrounding the potential essential UCEs were
compared, more than 30% of the genes were shared between the two cell lines
(Supplementary Fig. 3c), suggesting that although a different set of UCEs that may
function in these two cell lines, there might still be some overlapping activities
shared among these different UCEs that regulate a common set of genes that

affect cell growth.

UCESs regulate a cascade of gene pathways affecting cell growth

NCREs may regulate proximal and distal genes, especially genes that are within
the same topologically associating domains (TAD)*#'. To find out which genes
might be affected by the deletion of these identified NCREs and potentially lead to
the growth disadvantage, we integrated Hi-C data to identify genes that share the
same TAD with the respective NCREs*?. Transcriptional changes of the genes in
the same TAD with the NCRE and in a close-by TAD were monitored between WT
and UCE-knockout K562 cells by qPCR. Transcription of PTPRD and RCN1 genes
were significantly upregulated in the knockout clones of de_novo_1 and PAX6_Ta
respectively (Fig. 1h, and Supplementary Fig. 4a). In addition, these results also
indicate that some of these UCEs are potential silencers, as corroborated by the
luciferase assay from de_novo_1 (Fig. 1g). To survey the regulatory effects of
NCRE on global transcription, RNA-seq was performed on K562 _PAX6_Ta KO
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clones. Transcriptional changes of genes that are 5 Mb surrounding the PAX6
regions were compared. RCN1 gene was significantly upregulated
(Supplementary Fig. 4b), confirming the qPCR results (Supplementary Fig. 4a).
Furthermore, CD59, EHF, ABTB2, CD44 and PRR5L genes were also significantly
upregulated. Among these genes, EHF is a transcription factor, which may amplify
the effects of PAX6_Ta regulation. PRR5L interacts with the mTORC2 complex,
and its upregulation would promote apoptosis*3, which may also contribute to the
growth delay phenotype. It should be noted that some of these de-regulated genes

may be indirectly regulated by PAX6_Ta.

To link the cell growth phenotype to the genes regulated by the identified regions,
we further studied the PTPRD gene that was upregulated by the de_nono_1 NCRE
removal. PTPRD gene codes a transmembrane receptor protein tyrosine
phosphatase with tumor suppressor functions**. CRISPR activation system was
used to upregulate the PTPRD gene directly in K562 cells (Fig. 1i), which mimics
the effects of de_nono_1 NCRE removal. A similar growth disadvantage was
observed in cells with the PTPRD gene directly upregulated (Fig. 1j), suggesting
that the NCRE de_novo_1 may impair cell growth by regulating the PTPRD gene.

UCEs that function in drug-resistance

Mutations or genetic changes in the NCREs could contribute to different diseases
4548 However, it is unknown if NCREs are directly involved in drug responses. To
test this, K562 cells infected with the dual-CRISPR library targeting UCEs were
exposed to the tyrosine kinase inhibitor imatinib that targets the BCR-ABL fusion
kinase in K562 cells and other related chronic myeloid leukemias. After 15 days,
surviving cells were collected, and changes in the abundance of dual-CRISPRs

were analyzed.

After comparing the initial screening cell population, cells growing for 15 days
without any drug treatment and cells growing under imatinib for 15 days, 81

NCREs possibly involved in resistance to imatinib treatment were enriched (Fig.



275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

2a, Supplementary Table 3)*°. First, luciferase assays were performed to identify
whether these regions serve as enhancers or silencers. Two UCEs
ZNF503_Ophelia (ZNF503_Op) and QKI_Jonathan (QKI_Jo) were studied and
showed significant silencer activities when using a PGK-promoter luciferase
reporter (Fig. 2b and c). Individual K562 cell clones with UCEs ZNF503_Op and
QKI_Jo deleted were made respectively (Fig. 2d and €). These cells became more
resistant to imatinib treatment than the control cells (Fig. 2f), indicating that the
dual-CRISPR screenings identified potential NCREs that may play a role in
imatinib resistance. To identify potential genes that these regions may regulate,
transcription changes of the nearby genes were studied. In the ZNF503_ Op KO
clone, genes SAMDS8, VDAC2 and ZNF503 were up-regulated (Fig. 2g), while in
the QKI_Jo KO clone, genes PACRG and QKI were upregulated (Fig. 2h). These
data also corroborate that these two NCREs may function as silencers (Fig. 2c),
which contribute survival advantages of these cells during imatinib treatment,
directly or indirectly. For instance, gene ZNF503 is a transcriptional repressor that

may regulate genes that drive tumor cell proliferation3-51,

Identification of essential enhancers using optimized dual-CRISPR systems
Enhancer regions have been extensively studied and well-defined during the past
few decades. However, most annotations are based on the combinations of key
epigenetic modifications computationally or using ectopic enhancer reporter
assays. Using the single-guide RNA CRISPR system, enhancers could be studied
in their endogenous loci®®>?7. However, only limited regions could be studied due
to technical issues or chosen biological readouts. It has been challenging to dissect
the roles of enhancers in their endogenous loci in a comprehensive manner®?, and

therefore no related systematic study has been done yet.

Using the dual CRISPR system, we designed 254,203 guide RNAs targeting all
13,539 potential enhancers in K562 cells predicted by the ENCODE project'®.
Because for many enhancers, it is not possible to identify paired guide RNAs to

remove the enhancer regions completely, a complementary strategy was used to
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design guide RNA pairs targeting the inside of the enhancer regions to aim to
remove the core sequences in the center (Fig. 3a). While constructing these
libraries, we further optimized the cloning procedures and final structure of the dual
CRISPR library system (Fig. 3b), which we named dual-CRISPR-2.0. The main
improvement is that the distance between the two scaffolds was increased to 200
bp for optimal NGS sequencing efficiency (Fig. 3b). Using these genome-wide
dual-CRISPR screening libraries, all potential enhancers in K562 cells were
assayed and 1,005 enhancers were found to affect cell growth (Fig. 3c,
Supplementary Table 4). We focused first on the top hits by deleting these potential
essential enhancer regions, which caused decreased cell growth (Fig. 3d and
Supplementary Fig. 5a, b, ¢, d and e), indicating these potential enhancer regions
may regulate cell growth in K562 cells. Luciferase assays were then performed to
test the enhancer activity of these regions, where 4 out 6 regions led to a strong
and significant gene upregulation (Fig. 3e). These regions shared a typical
enhancer signature in K562 cells (Supplementary Fig. 5f, g, h, i, j and k). We then
tested the potential silencer activity of these regions. Interestingly 2 out of the 6
regions showed a significant silencer activity (Fig. 3f), but these 2 regions also
exerted significant enhancer activity (Fig. 3e). These seemingly contradictory
results in fact corroborate other recent studies where many NCREs were shown
to have both enhancer and silencer activities in different biological contexts and
when regulating different promoters” 1853, In these studies, the promoters used for
the enhancer and silencer reporter systems were different. Furthermore, another
two NCRE regions did not show either enhancer or silencer activity, despite that
clear growth disadvantage was observed when these two NCREs were removed
(Fig. 3d and Supplementary Fig. 5d). One possibility is that these NCREs do not
regulate the specific promoters used in the luciferase assays. Therefore, studying
the functions of NCREs in their endogenous loci also provides complementary data
compared to other widely used experimental and computational methods to define
NCREs.
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To gain more insights into the mechanisms of the growth defects, we further
monitored the potential genes that may be regulated by some of these NCREs.
For instance, enhancer E22:23590 is located within the BCR region, which forms
chromosomal translocation with the Abl gene present in many patients with chronic
myelogenous leukemia (CML)**% and the K562 cell line. Although no clear
regulatory functions were observed of this potential enhancer in K562, two nearby
genes Rab36 and BCR-ABL were differentially deregulated (Fig. 3g). Gene Rab36
was downregulated, while BCR-ABL fusion gene was upregulated, suggesting a
complex function of this NCRE. Downregulation of Rab36 was shown to inhibit cell
growth%8. Also, it has been shown that upregulation of BCR-ABL stimulated the
TGF-B pathway causing cell growth arrest®’. Therefore, the deregulation of these
genes may collectively result in the growth disadvantage induced by removing
enhancer E22:23590.

Inferring functional enhancer clusters containing redundant units

Multiple NCREs, especially enhancers, are often present in close vicinity
surrounding their target genes. Often these enhancers play redundant roles in
regulating the same gene or genes®®%°, which complicates the assignment of the
biological functions of such enhancers (Fig. 4a). So far, most other groups and we
have focused on identifying single NCRE or enhancer with strong phenotypes,
such as on cell growth. It has been challenging to study clusters of enhancers in a
high-throughput and genome-wide fashion. We hypothesized that for a cluster of
enhancers with redundant activity, individually each of them would show some but
not significant screening enrichment scores. However, when these enhancers are
considered as a cluster, their combined biological effects would stand out. Based
on this, a new analysis was performed on the enhancer essentiality screening (Fig.
3), where the targeted enhancers were further grouped according to previously
defined clusters based on a distance metric®®. To reliably capture the essential
enhancer clusters, two computational models GSEA and MAGeCK RRA were
applied*?61, and P-values obtained by the two methods were corrected by BH

procedure for FDR control (Methods). The shared top clusters computed by both
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methods were then used for the downstream study (Venn diagram in Fig. 4b,
Supplementary Table 5). The individual enhancers from the top 3 enhancer
clusters were further studied (Fig. 4b). Luciferase assays were performed to
determine the enhancer activity of these individual regions, and only enhancers
from chromosome 6 showed strong enhancer activity using the pGL.4.23 reporter
(Fig. 4c).

To test the functions of these individual enhancers and the clusters they reside in
their endogenous loci, first, only one enhancer was removed from the clusters
containing three enhancers using dual-CRISPR targeting. Only moderate growth
disadvantage was observed (Fig. 4d, and Supplementary Fig. 6a and d). Then two
enhancers were removed, which resulted in three possible combinations of two-
enhancer deletion clones. In all cases, the two-enhancer deletion clones had
stronger growth suppression compared to the deletion of any single enhancer (Fig.
4d and e, and Supplementary Fig. 6a, b, d and e), suggesting that some redundant
functions are shared between these enhancer archipelagos as described before*°.
When all three enhancers were removed, proliferation was strongly impaired (Fig.
4f, and Supplementary Fig. 6¢ and f). These data indicate that the dual-CRISPR
screening system is also capable of capturing clusters of NCREs with redundant

biological functions in a genome-wide and systematic study.

Studying the functions of NCREs using the dual-CRISPR system at the
single-cell level

Coupling the NCREs with their respective regulated genes has been challenging.
Assays such as ChIA-PET or Hi-C that probe the 3D chromatin interactions could
provide indications for genome-wide gene-NCRE physical interactions, though no
direct measurement of the transcriptional regulation could be made. Single-cell (sc)
RNA-seq combined with CRISPR perturbation (Perturb-seq) has been used to
couple genetic perturbation, either targeting genes or enhancers, with broader
transcriptome changes in single cells®2%3. However, these studies still relied on

single-guide-RNA-mediated perturbation, and prior knowledge of the potential
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function of the NCREs is required to choose the right dCas9-repressor system.
Removing a larger fragment of the genome while monitoring the transcriptome
changes could provide a useful tool to study both the coding and non-coding part
(irrespective of the prior knowledge of the NCRE) of the genome at the single-cell
level. To explore this option, the dual-CRISPR screening system was modified to
capture the transcriptome changes of single cells upon removal of NCREs. Two
distinct capture sequences were added to the dual-scaffold of guide RNAs®*,
allowing direct capture of the two guide RNAs and mRNAs within a single cell (Fig.
5a). As a pilot test, 82 pairs of guide RNAs targeting 42 different NCREs from the
top lists of our genome-wide screening were selected and cloned into the sc-dual-
CRISPR system that contains GFP as a marker. K562/Cas9 cells were infected
with lentivirus containing the sc-dual-CRISPR library at a low MOI 0.3 to make sure
each cell only contained one pair of guide RNAs. Then GFP positive cells were

sorted and processed for scRNA-seq (Supplementary Fig. 7a, b, ¢, d, e and f).

Two single-cell sequencing libraries, either aiming to target up to 10,000 cells per
chip or 30,000 cells per chip were made. After perturbation index assignment and
filtering multiplet cell data, 1,199 and 3,271 usable single cells were harvested from
two batches respectively. Therefore, it is possible to retrieve more usable single
cells per perturbation with a higher number of input cells (Supplementary Fig. 7i
and j), when pairs of guide RNAs were used as additional cell barcodes. The two
experiments were combined with a mean of 110 cells per NCRE target achieved
for downstream analysis (Supplementary Table 6), and a median of 4,454 genes
per cell and a median of 21,446 UMIs of mMRNA molecules per cell were observed
(Supplementary Fig. 7j). We observed a similar trend of deregulation of genes
between bulk RNA-seq data (Fig. 5b) and scRNA-seq data where PAX6_Ta region
was removed, around the TADs of PAX6_Ta (Fig. 5c; 127 cells). To identify
significantly deregulated genes targeted by the tested NCRESs around their vicinity,
differential expression analyses were performed by MAST®5, a method tailored to
fit a two-part generalized linear model for zero-inflated and bimodal distributed

single-cell gene expression data. Due to the detection limit on lowly expressed
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transcripts®, only genes with acceptable mean normalized expression levels and
detected in a sufficient percentage of cells were used for DE test by MAST
(Methods). Positive controls with guides targeting promoters of 4 ribosomal genes
(RPL18A, RPL13, RPL21 and RPL8) confirmed the feasibility of the sc-dual-
CRISPR system to capture target genes of NCREs (Supplementary Fig. 7k). There
were 22 significant NCRE-gene pairs identified using this method (Fig. 5d, and
Supplementary Fig. 71, m and n, and Supplementary Table 7). For example, a
potential enhancer E11:125334 that was identified to play a role in imatinib
resistance was found to down-regulate gene EI24 upon dual-CRISPR editing (Fig.
5d). Gene EI24 is indeed associated with resistance to many chemotherapeutic
drugs including imatinib®”68, suggesting the enhancer E11:125334 may regulate
El24 gene to exert imatinib resistance. In addition, a potential enhancer E16:30551
identified to affect cell growth was found to downregulate genes PPP4C and
BOLA2B and simultaneously upregulate gene ZNF689 (Supplementary Fig. 71).
For instance, gene PPP4C encodes protein phosphatase 4 catalytic subunit and
PPP4C-deficient thymocytes showed decreased proliferation and enhanced
apoptosis in vivo®®. The gene BOLA2B representing BolA family member 2 was
reported to associate with human hepatocellular carcinoma progression and the
BOLA2B-knockout mice model shows a slow tumorigenicity’®. Together,
deregulation of these genes together upon E16:30551 deletion may lead to cell
growth disadvantage. These data show that it is possible to combine dual-
CRISPR-mediated NCRE deletion with scRNA-seq to identify potential genes
regulated by NCREs.

UCE in PAXG6 region affects hESC cardiomyocyte differentiation

Assigning specific biological functions to NCREs is still challenging. UCEs are
especially interesting as these regions are conserved among different species, and
for a long time these regions have been speculated to play fundamental functions
in evolution. However, recent research indicated that mice with a few UCEs
removed showed no abnormalities, and sequence conservation did not play an

important role in the enhancer function within UCEs in mice’"’2. A caveat though
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is that only a small percentage of the UCEs have been studied, and only the ones
with enhancer function were considered. It is possible that other molecular
functions may be associated with these UCEs in different developmental stages.
It is therefore important to first define the potential functions of UCEs, which could
be facilitated by systematically studying the functions of UCEs in different

biological contexts using the dual-CRISPR system.

Global transcriptome analyses showed that in K562_PAX6_Ta_ KO clones,
several heart-related pathways were enriched (Fig. 6a). It suggests that this UCE
may play a role in cardiomyocyte function. Although no enhancer or silencer
activity of PAX6_Ta was shown in canonical luciferase assays in K562 cells (Fig.
1g and h), both qPCR and RNA-seq data measuring the surrounding gene
expression of this UCE suggest that this UCE might be a silencer (Supplementary
Fig. 4). As NCREs often function in a tissue- and promoter-specific manner, we
then constructed a silencer reporter driven by a super-core promoter SCP1 for
expressing GFP, which measures silencer activity on a different promoter from the
PGK promoter used in luciferase assays. A reduction of GFP fluorescence was
observed, indicating UCE_PAX6 may be a potential silencer in this context in K562

cells (Fig. 6b and Supplementary Fig. 8a).

To further investigate the potential function of PAX6_Ta in cardiac development,
NKX2-5(eGFP/w) human embryonic stem cells (hESCs) were transfected with
dual-CRISPR targeting the PAX6_Ta region’3. Efficient genome editing and
complete knockout were observed in the PAX6_Ta KO _bulk hESCs (Fig. 6¢ and
Supplementary Fig. 8b). Then both the parental NKX2-5(eGFP/w) hESCs and the
PAX6_Ta_KO_bulk hESCs were subjected to cardiomyocyte differentiation. The
parental NKX2-5(eGFP/w) hESCs became GFP* upon expression of the cardiac
marker gene NKX2-5, once they committed into cardiomyocytes successfully 73. In
contrast, a significant reduction of GFP™ cells was observed in PAX6_Ta_KO_bulk
hESCs that underwent cardiac differentiation (Fig. 6d and e). Furthermore, the

small percentage of the GFP* cardiomyocytes formed from the
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PAX6_Ta KO _bulk hESCs showed irregular beat patterns compared to WT
NKX2-5(eGFP/w) hESCs (Movie 1, 2, 3 and 4). When the transcription changes of
the genes surrounding UCE PAX6 _Ta were measured, gene RCN1 was
significantly upregulated in PAX6_Ta_KO_bulk hESCs compared to the parental
cells after cardiomyocyte differentiation. In contrast, no transcriptional changes
were observed before differentiation (Fig. 6f). Furthermore, several genes
contributing to cardiomyocyte functionality such as CACNG8, RYR2 and MYHG6
genes were also similarly de-regulated (Supplementary Fig. 8c and d). These data
suggest that PAX6_Ta may be a key NCRE in cardiomyocyte differentiation via
regulation of surrounding genes and possibly other genes that are key to heart

development and physiology.

Discussion

NCREs are essential in regulating the transcription of genes and coordinating
genomic information to form complex organisms. NCREs may function in activating,
repressing, or insulating the transcription activities. In this study, we developed an
adaptable dual-CRISPR system that could be used to study NCREs irrespective
of their biological functions in a genome-wide fashion. The integrated dual-
CRISPR libraries could be amplified and sequenced using routine methods,
without the need for custom sequencing primers or barcodes to infer pairs of guide
RNAs. We constructed several dual-CRISPR libraries targeting 4,047 UCEs, 1,527
in vivo-validated conserved enhancers, and all potential 13,539 enhancers
predicted in K562 cells. Using these libraries, the functions of NCREs in cell

survival and drug responses were studied in K562 cells and 293T cells.

Results showed that many UCEs might play important roles in cell survival or
resistance to imatinib treatment. In the previous in vivo studies using mouse
models, genetic editing of a few selected UCEs would not show strong phenotypes,
although UCEs are expected to be functionally essential due to their high
evolutionary conservation. It is possible that some UCEs may only function in

defined tissues or developmental stages. Results from our research and future
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investigations may help to narrow down the potential tissues for in vivo studies to
better understand these evolutionary puzzles. Intriguingly, many of the UCEs
showed silencer activities based on luciferase assays or CRISPR editing (Fig. 1, 2
and 6). Compared to enhancers or insulators, silencers are less well-studied and
their roles in different biological pathways are still to be identified’. Although
silencers are over-represented in the top hits, it could be biased from the screening
readouts which looked for growth disadvantages. The real representation of
silencers and enhancers in UCEs may benefit from future similar studies focusing

on distinct biological pathways.

Many NCREs are expected to regulate multiple genes, which together may
contribute to the phenotypes when NCREs were manipulated in their endogenous
loci. Our results from studying all potential enhancers predicted from K562 cells
showed that many enhancers may show silencer activities or no activities in
luciferase assays (Fig. 3e and f), although biological functions were observed and
nearby genes were deregulated when these NCREs were removed from their
endogenous loci (Fig. 3d and g). This indicates that studying these NCREs in their
endogenous loci is needed to define their potential functions and regulated
pathways, where the dual-CRISPR screening system and its single-cell application
extension are useful. Furthermore, results showed that in their endogenous loci
NCREs may have multiple regulatory functions, e.g., acting as both enhancers and
silencers (Fig. 3g), which has been previously observed and proposed based on
reporter assays’'8. Therefore, this dual-CRISPR system could be used to study
NCREs with complex regulatory functions or even without prior defined functions
(Fig. 1e), which would not be possible using the CRISPR-dCas9-
activation/repression systems. It has been shown that many NCREs function in
clusters and may have redundant roles. Results showed that the dual-CRISPR
system was able to identify not only individual functional NCREs but also NCRE

clusters in biological contexts (Fig. 4).
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Unlike targeting genes, where genome-wide one-fit-for-all CRISPR libraries could
be used for different cell types of the same genome, NCREs often function in a
tissue-specific manner, which requires a versatile CRISPR system that could be
tailored to target different NCREs with potential distinct functions. This dual
CRISPR screening system has multiple advantages over existing similar systems,
and we expect that this system will have broad applications in studying the
functions of NCREs and other non-coding parts of the genome. Our results also
showed that NCREs might play important roles in drug resistance, and we
identified a critical UCE that regulates cardiomyocyte differentiation, which may

have future translational perspectives.

Methods

Cell culture

K562 cells were cultured in RPMI 1640 + L-Glutamine (Gibco), 10% fetal bovine
serum (Biowest), and 1% Penicillin-Streptomycin (Gibco). 293T cells were cultured
in DMEM (Gibco), 10% FBS and 1% Penicillin-Streptomycin. Cell density and
culture conditions were maintained according to the ENCODE Cell Culture
Guidelines. NKX2-5eGFP/w human embryonic stem cells (hESCs) were cultured
in StemFlex™ Medium (Thermofisher A3349401) on Biolaminin (LN521-02)
coated 6-well plate, and passaged using TrypLE Select (Thermofisher 12563011).

Dual-CRISPR plasmid construction

The lentiviral dual-CRISPR plasmid used for the screening was made based on
the lentiGuide-Puro (Addgene #52963). The human U6 and H1 promoters were
cloned to replace the U6 promoter of the lentiGuide-Puro plasmid. The plasmid is
referred to as Lenti-dual-CRISPR-U6-H1 (pBP43).

dual-CRISPR plasmid containing Cas9 used to generate knockout clones for
screening validations was made based on the pSpCas9(BB)-2A-Puro (PX459)
V2.0 (Addgene #62988). The human U6 and H1 promoters were cloned to replace
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the U6 promoter in the PX459V2. And the 3XFLAG tag on the Cas9 protein was
replaced with the HA tag. The plasmid is referred to as Dual-CRISPR-Cas9-U6-
H1 (pBP48).

The dual-scaffold was cloned to the pUC19 backbone. The plasmid is referred to
as pUC19-dual-scaffold-1.0 (pBP44) or pUC19-dual-scafffold-2.0 (pBP49).

The gRNAs were designed and cloned as the following:

U6 side: GTGGAAAGGACGAAACACCGN20 (gRNA target sequence)
GTTTTAGAGCTAGAAATAGC

H1 side: TATGAGACCACTCTTTCCCG N2 (gRNA target sequence)
GTTTTAGAGCTAGAAATAGC

Dual-CRISPR-Cas9-U6-H1 was digested with Bbsl, and the dual-scaffold was
isolated from pUC19_dual_scaffold digested with Bbsl. Then these four fragments

were assembled using NEBuilder HiFi according to the manufacturer's protocol.

Dual-CRISPR library design
The paired guide RNA sequences of the dual-CRISPR library targeting the
ultraconserved elements (UCE) and some validated enhancers were from the

published computation pipeline CRISPETa (referred as UCE library)3°.

The predicted K562 enhancers based on ENCODE ChlP-seq data using machine
learning model were selected as targets for dual CRISPR screening'®. The
software package CRISPRseek was used to search for potential protospacers
sequences with PAM NGG pattern as the potential CRISPR targeting regions’.
Guide RNAs with high predicted cleavage efficiency and specificity were chosen
with  the  following parameters  cutoff:  gRNAefficacy @ >  0.15,
top50fftargetTotalScore < 47 and top100fftargetTotalScore < 50. Guide RNA
were further filtered to ensure no overlapping with exons and repetitive regions.
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First, the immediate upstream and downstream flanking regions (200 bp in size)
of the enhancers were selected for guide RNA design. Single gRNAs from the two
flanking regions were paired, resulting in up to 25 pairs of gRNAs per targeting
enhancer region (referred to as enhancer library 1 in Fig. 5a targeting 3,995
enhancers). Due to genomic repeats and other constraints, not all enhancers could
be targeted by the previous design strategy. To target the rest of the predicted
enhancers in K562 cells, pairs of guide RNAs were selected within the enhancer
regions (5’ proximal and 3’ proximal of the enhancers), with around 14 pairs of
guide RNAs per enhancer (referred as enhancer library 2 in Fig. 5b targeting
13,020 enhancers). In this way, all predicted enhancers in K562 cells by ENCODE

were targeted.

The oligo pools were then designed and ordered from CustomArray/GenScript.
For UCE library and enhancer library 1, pairs of gRNAs were designed to be
compatible with Lenti-dual-CRISPR-1.0 as following:

ATCTTGTGGAAAGGACGAAACACCG-[gRNA(1, 20nt]-
gttttgagacgggatccCGTCTCAAAAC
[reverse complement of gRNAZ2, 20nt]-

CGGGAAAGAGTGGTCTCATACAGAACTTAT

For enhancer library 2, pairs of gRNAs were designed to be compatible with Lenti-
dual-CRISPR-2.0 as following:
ATCTTGTGGAAAGGACGAAACACCG-[gRNA1,20nt]-
gttttagagctaGAAAtagcaagttGAGACG-[barcode,10nt]-
CGTCTCAACTTGCTATTTCTAGCTCTAAAAC-[reverse complement of gRNA2,
20nt]-CGGGAAAGAGTGGTCTCATACAGAACTTAT.

Each dual-CRISPR library also contains control paired guide RNAs from a

previous study, which target promoters, exons, and introns of 17 ribosomal genes
and 3 cancer-related genes (FOXA1, HOXB13 and EZH2), non-targeting guide
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RNAs, guide RNAs targeting the adeno-associated virus integration site 1 (AAVS1)

loci2®.

Single-cell dual-CRISPR library design

For single-cell dual-CRISPR library design, 82 paired guide RNA sequences were
selected from the pooled dual CRISPR screen experiments to target 42 significant
NCREs affecting cell growth and imatinib resistance, with 1-3 unique pairs of guide
RNAs chosen for each region. 10 extra pairs of guide RNAs were selected to target
the AAVS1 region as negative controls. The oligo pool was then ordered and

assembled into the single-cell dual-CRISPR library.

Construction of the pooled and single-cell dual-CRISPR libraries

The synthesized oligo pools were first amplified by PCR using the following primer:
Forward primer: ATCTTGTGGAAAGGACGAAA;

Reverse primer: ATAAGTTCTGTATGAGACCA;

For Lenti-dual-CRISPR-1.0 libraries, PCR procedures using NEBNext High-
Fidelity 2X PCR Master Mix were: 98 °C for 30 s, 18 cycles of 98 °C for 10 s, 68 °C
for 30s and 72 °C for 30 s, and 72 °C for 5min. For each reaction, 80 ng of the
oligo pool was used for a 100 yl PCR reaction, and 20 reactions per library were
pooled. The pooled PCR products were further size-selected and gel-purified using
QIAGEN MinElute column. In the first step of library construction, the amplified
oligo libraries were assembled into the digested Lenti-dual-CRISPR-U6-H1
plasmids using Gibson assembly. The assembly mix was made using 200 ng of
digested dual-CRISPR-U6-H1 plasmids, 30 ng insert DNA (at molar ratio 1:10) and
10 pl of 2x Gibson Assembly Master Mix to produce a final volume of 20 pl. The
assembly mix was incubated at 50 °C for 60 min, and in total 10 reactions were
pooled for each library. The pooled reaction products were purified by ethanol
precipitation and resuspended in 10 pl water, from which 2 pl of the products was
electroporated into 25 yl of Endura electrocompetent cells (Endura 60242-2). In

total 5 electroporation reactions were pooled and grown in 5 ml SOC recovery
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medium for 2 h. Then 5 pl from the 5 ml SOC recovery medium was used to
perform serial dilution plating to determine the transformation efficiency, and the
rest was further cultured in 1000 ml LB medium with 100 ug mI=" carbenicillin
overnight. The plasmids containing the oligos were extracted using the Qiagen
Maxiprep kit, and were further digested with BsmBI to open the plasmids at the
restriction enzyme sites placed on oligo inserts. To assemble the final Lenti-dual-
CRISPR-1.0 libraries, the BsmBl-digested plasmids containing the oligos were
ligated with the dual-scaffold fragments (digested and isolated from pUC19-dual-
scaffold-1.0) using T7 DNA ligase (NEB M0318). The ligation mix was made using
20 ug of digested plasmids, 1.2 ug of the dual-scaffold fragment, 200 ul of 2x T7
buffer and 40 ul T7 DNA ligase to produce a final volume of 400 pl. The ligation
mix was incubated at 16°C overnight. The ligation reaction products were purified
by ethanol precipitation, resuspended in 210 pl of water, and treated with Plasmid-
Safe (Epicentre, E8101K). The products were then purified using QIAGEN
MinElute column and eluted in 10 pl of water, which was electroporated into 50 pl
of Endura electrocompetent cells and grown in 2 ml SOC recovery medium for 2
h. Then 2 pl from the 2 ml SOC recovery medium was used to perform serial
dilution plating to determine the transformation efficiency, and the rest was further
cultured in 500 ml LB medium with 100 ug ml~" carbenicillin. The final lenti-dual-

CRISPR-1.0 libraries were extracted using the Qiagen Maxiprep Kit.

For Lenti-dual-CRISPR-2.0 libraries, the procedures to clone the oligo pools into
the lenti-dual-CRISPR-U6-H1 plasmids were similar. Gibson assembly was used
to clone the dual-scaffold-2.0 (with 200 bp random sequences inserted between

the two scaffold sequences) to make the final lenti-dual-CRISPR-2.0 libraries.

Lentivirus production

For each library, the 293T cells were grown in five T175 flasks at 50% confluency
before transfection. For each flask of 293T cells grown in 25 ml of fresh medium,
15 pg of library plasmids, 7 ug of psPAX2, 3.5 pg of pCMV-VSV-G, and 76.5 ul of

X-tremeGENE 9 DNA Transfection Reagent were mixed in 1 ml of serum-free

23



704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733

medium and used for transfection. Fresh medium was added the day following
transfection. Media supernatant containing virus particles was collected on the
second and third days after transfection, pooled and further concentrated using
Lenti-X according to the manufacturer’s protocol. Virus titer was then determined
by making serial (103 to 10-'°) dilutions of 4 ul of frozen virus supernatant in media
containing 8 ug mI~' of polybrene to infect 293T cells. Two days after infection, cells
were selected with 2 yg mi~' puromycin for an additional 7 d. Virus titer was then

calculated based on the survival colonies and the related dilution.

Pooled dual-CRISPR screen

K562/Cas9 cells were infected with the respective virus libraries at a multiplicity of
infection = 0.2 by spin-infection. For spin-infection, 3 x 106 cells in each well of a
12-well plate were infected in 1 ml of medium containing 8 ug mi~' of polybrene. In
total, four plates were used for each infection to infect a total of 1.5 x 108 cells,
which would result in ~300x to ~500% coverage of the dual-CRISPR libraries. Two
days after infection, cells were selected by 2 mg mI~' of puromycin for a further 6 d.
Dead cells were then removed with Histopaque-1077 (Sigma) by centrifuging cells
at 400g for 30 minutes at room temperature. For each biological replicate
experiment, the lentivirus was produced again and infection was repeated.

After puromycin selection, an aliquot of 108 K562/Cas9 cells infected with the
respective dual-CRISPR libraries were frozen as the control population (day 0).
From the same cell population, 108 K562 cells were further cultured for another 15
days to identify essential NCREs that affect cell growth; and another 108 cells were
cultured under 0.1 yM imatinib treatment for 15 days. Dead cells were removed,
and drugs were refreshed during the subculture of imatinib-treated cells. On day
15, 108 cells for each culture were collected and frozen for the next step. For 293T
cells, procedures were similar, except that the dead cells were removed by

refreshing the medium.

Single-cell RNA-seq combined with the dual-CRISPR assay
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The single-cell dual-CRISPR library was introduced into K562-Cas9 expressing
cells via spin infection at a final MOI of <0.3. After one week, cells that successfully
incorporated the single-cell dual-CRISPR system were sorted based on GFP
expression using FACS sort. To prepare for single-cell processing, 0.5 x 108 cells
at a concentration of 1,500 cells ml"" in 0.04% BSA-PBS were used for single-cell
RNA and guide RNA capture according to the 10x Genomics protocol. The 10x
Genomics Chromium platform was used to generate the single-cell libraries
according to the manufacturer’s protocol, which were sequenced on the lllumina

NovaSeq 6000 platform.

Library sequencing

Genomic DNA was isolated using the QlAamp DNA Blood Maxi Kit (QIAGEN).
Dual-CRISPR regions integrated into the chromosomes were then PCR amplified
using LongAmp Taq DNA Polymerase (NEB, #M0323) using primers annealing to
U6 and H1 promoters (Supplementary Table 8). Stagger sequences were
introduced to the PCR primers to increase the diversity of the next-generation
sequencing libraries, when the flowcell only contains the dual-CRISPR sequencing
libraries’®. The stagger primers are not necessary if libraries are pooled with other
sequencing samples with diverse sequences, and a one-step PCR using primers
containing lllumina sequencing adaptors will be sufficient. For each 100 pyl PCR
reaction, 10 pg of genomic DNA, 50 ul of 2x LongAmp master mix, 2 yl of 25 yM
U6_stagger primer, 2 ul of 25 uM H1_stagger primer were used. In total, 7 PCR
reactions with different pairs of stagger primer were used and pooled, assaying 70
Mg of genomic DNA. PCR procedures were: 94 °C for 30 s, 25 cycles of 94 °C for
15,60 °C for 15s and 65 °C for 60 s, and 65 °C for 10 min. These fragments were
then cleaned up and gel-purified using MinElute PCR Purification Kit. Then the
lllumina TruSeq adapters were ligated, and sequencing libraries were prepared
according to the ENCODE protocol and sequenced on the lllumina HiSeq4000

platform.

Pooled dual-CRISPR screen analysis
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Cutadapt 3.4 was used to extract the unique 20nt protospacer sequences from
each pair of guide RNA sequences by locating the U6/H1 promoter sequences
from the 5’ end and scaffold sequence from the 3’ end of the 20nt protospacer
sequence (U6 promoter, ATATATCTTGTGGAAAGGACGAAA; H1 promoter,
ATAAGTTCTGTATGAGACCACTCTT)’®. The read pairs that did not contain the
correct promoter and scaffold sequences were not considered. To ensure
functional CRISPR guide RNA sequences were counted, the protospacer
sequence and the additional 20 bp (for both Lenti-dual-CRISRP-1.0/ Lenti-dual-
CRISPR-2.0) into the CRISPR scaffold sequences were kept during the trimming
of the sequence reads (tracrRNA sequence, AAGTTAAAAT). Trimmed reads were
then mapped to the indexed paired protospacers references generated by Bowtie2
based on our initial library designs, and only aligned reads with mapping quality

(MAPQ) score over 23 were used for downstream analyses’”.

MAGeCK RRA was used to identify the significant hits depleted after 15-day
culture compared with the day 0 initial cell population, with the cutoff of RRA score
< 0.01%°, MAGeCK MLE was performed to identify NCREs that confer imatinib
resistance, by comparing the 15-day imatinib-treated cell population, 15-day
culture cell population and day 0 initial cell population”®. The NCREs whose loss
confers Imatinib resistance were identified as regions that were positively selected
(i.e., NCREs with beta scores > mean + 2xs.d.) in the 15-day imatinib-treated
populations but are weakly selected in the 15-day culture populations.

Gene pathway over-representation analyses were based on GO term and KEGG
pathway definitions with the cutoff of FDR < 0.25. Genes potentially affected by
NCREs were identified as the ones located in the range of +/- 1Mb of the NCRE

regions.

Single-cell dual-CRISPR screen analysis
Cell Ranger 6.0.1 pipeline was used to process Chromium single-cell data to align
reads, generate feature-barcode matrices for the mRNAs, and capture guide RNAs.

Seurat 4.0.2 was used to process the single-cell RNA-seq data’®. Gene expression
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matrix was normalized using the “LogNormalize" method with scale factor of
10,000 and log-transformed. Cell-cycle-related scores were regressed during data
scaling. Differential expression tests and p-value calculations were performed by
the MAST-fitted model based on whole transcriptome data in all single cells except
for genes with mean normalized expression < 0.01%°. To control the confounding
factors in the differential expression testing between perturbed and control cell
groups, we included logarithms of the total number of expressed genes per cell
and the total number of gRNAs detected per cell as covariates in the MAST
regression model to overcome test miscalibration.

TADs around the candidate NCREs were used to narrow down the potential genes
deregulated by CRISPR editing. The K562 TAD dataset was downloaded from 3D
Genome Browser, and the median window size is around 1 Mbp. The neighboring
gene coordinates were extracted using biomaRt®. The gene expression changes
were quantified as the log2 fold change of mean of normalized gene expression
from perturbed cell population divided by the mean of normalized gene expression

from the negative control cell population.

RNA-seq sample preparation and analysis

RNA was isolated using ISOLATE Il RNA Mini Kit (BIO-52073), and sequencing
libraries were made with the Invitrogen Collibri Stranded RNA Library Preparation
kit (A39003024), according to the manufacturer's protocol. The whole-
transcriptome sequencing was done on the lllumina NovaSeq 6000 platform.
Snakemake pipeline (https://github.com/snakemake-workflows/rna-seq-star-
deseq2) was used to process the bulk RNA-seq sample. Briefly, Cutadapt v3.4
was used to trim adapters from reads, STAR was used to align the spliced
transcripts to the reference genome (GRCh37 assembly release 75) and quantify
the read counts per gene®'. DESeq2 was used to perform differential expression

analysis®. P-values were corrected by the BH procedure for FDR control.

The KEGG pathway enrichment analysis was based on the GSEA method, which

integrates the expression level of individual genes and aggregates gene
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expression in the pathway analysis to manifest the phenotypic differences, i.e., to

show if the pathway is activated or suppressed®’.

Enhancer cluster analysis

Individual enhancers from the dual-CRISPR libraries (enhancer libraries 1 and 2)
were first clustered based on the super-enhancer annotations in K562 cells®. Two
computational methods GSEA and MAGeCK RRA were used to compute the
depletion scores of enhancer clusters associated with cell growth*®6'. P-values
obtained by the two methods are corrected by the BH procedure for FDR control.
Among the top 20 clusters identified from both methods, 10 clusters were shared,

which were considered for further validation.

Luciferase assay

Candidate NCREs were amplified with primers containing a homologous arm from
the genomic DNA of K562 cells. These fragments were then inserted in front of the
promoters of the luciferase plasmids pGL4.23 (Promega, with some modification
on the cloning sites, detecting the enhancer activity) and pGL4.53 (Promega,
detecting the silencer activity) by using NEBuilder HiFi. Cells were then co-
transfected with the pRL-CMV Renilla reporter vector and the pGL4.53/modified
pGL4.23 vectors with the NCRE sequence inserted. The luciferase assay was
performed using the Dual-Luciferase Reporter Assay System from Promega
according to the manufacturer’s protocol. Original luciferase plasmid without any
insertion was used as the control. All luciferase assays were from three
independent transfections performed on different days. All tested regions and

associated primers are listed in Supplementary Table 8.

Dual-CRISPR-Cas9-guided NCRE knockout

Paired guide RNAs targeting the 5' and 3' ends of the NCREs were selected from
the screening libraries. All selected guide design falling in intron regions were
checked to be at least 10bp away from adjacent splicing sites. The gRNA
sequences were cloned into the dual-CRISPR-Cas9-U6-H1 (pBP48) plasmid
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containing the gRNA scaffold and Cas9 sequence. K562 cells were transfected
with the plasmids containing the respective pairs of guide RNAs and then selected
for successful transfection using puromycin. K562 cells transfected with the dual-
CRISPR plasmid containing a pair of guide RNAs targeting the GFP sequences
were used as the CRISPR-editing control (control_KO). Single clones of cells were

picked and verified using PCR and Sanger sequencing.

Quantitative PCR

RNA was extracted using ISOLATE Il RNA Mini Kit (Bioline, BIO-52073), and the
cDNA was synthesized using SuperScript IV VILO Master Mix (Invitrogen,
11756050). Real-time PCR was performed with SensiFAST SYBR No-ROX Kit
(Bioline, BIO-98020) on Biorad CFX Opus 384 Real-Time PCR Systems system.

The expression of the housekeeping gene GAPDH was used as the control.

Cell proliferation assay

Cell proliferation assay was performed by mixing the NCRE_KO cell lines with cells
expressing GFP at a 1:1 ratio. The changes in GFP percentage were monitored at
indicated time points by FACS. Ctrl_KO cells were used as the negative control.
To test the imatinib response, NCRE_KO clones and K562 cells were seeded into
a 96-well plate and treated with 0,4 uM Imatinib (ST1571, Selleckchem) for 3 days.
The cell viability was then measured using the CellTiter-Blue viability assay
(Promega, G8082). Relative survival was normalized to their respective untreated

NCRE_KO clones and K562 cells and corrected for background signal.

CRISPR-Cas9-guided NCRE knockout in stem cells

The crRNAs targeting the 5' and 3' ends of UCE PAX6_Tarzan were ordered from
Integrated DNA Technologies (IDT). To form the crRNA: tracrRNA duplex, 2.2 ul
of crRNA and 2.2 pl of tracrRNA (IDT) were mixed in 0.6 ul Nuclease-free duplex
buffer. The mix was heated at 95°C for 5 min, then cooled to room temperature for
10 min. Then 0.5 pl of crRNA: tracrRNA duplex, 0.24 ul of Cas9 Nuclease V3 (IDT),

and 0.76 pl of buffer R (Neon™ Transfection System) were mixed and incubated
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for 20 min at room temperature to form the CRISPR-Cas9 complex.
Electroporation was performed by mixing 0.25 million NKX2-5°¢FP\ hESCs in 22
Ml buffer R with 2 pl of CRISPR—-Cas9 complex, according to the protocol of Neon
nucleofector. Cells were then transferred to a laminin-coated 12-well plate for
culturing. Genomic DNA was isolated 4 days later, and the deletion of
PAX6_Tarzan was verified using PCR and Sanger sequencing. Primer and guide
RNA sequences are listed in Table S8. The maintenance of NKX2-5eGFP/w
hESCs and cardiomyocyte differentiation were performed as described

previously®3.
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Figure legends

Fig. 1: Identification of essential UCEs and validated enhancers

(a) MAGeCK algorithm was used to identify significant hits depleted from the cells
cultured for an additional 15 days compared to the initial population. The
Manhattan plot shows the distribution of all the target regions. Significant hits were
above the dash line, indicating the cutoff of MAGeCK RRA score 0.001. Different
colors represent different chromosomes. The UCEs selected for downstream
analyses were indicated. The NCRE de_novo_1 is an intergenic fragment included

in the library design.

(b, c, d, e) Knockout (KO) essential NCREs from K562 cells using the dual-
CRISPR system. Upper panel: K562 cells were transfected with the respective
guide RNA pairs that target the indicated NCREs. Single-cell clones with the
respective NCRE deletion were selected. The blue arrow indicates the intact
genomic regions. The red arrow indicates the NCRE deletions. Lower panel: cell
proliferation assay was performed by mixing the KO cell lines with cells expressing
GFP at a 1:1 ratio. The changes in GFP percentage were monitored at indicated
time points by FACS. Cells with dual-CRISPR guide RNAs targeting GFP
sequences served as negative controls (Ctrl_KO). The yaxis represents the
relative ratio of the GFP negative cells to the positive cells. The ratio of cells in the
initial mixture was set as 100% (n=3 biological independent samples; values are
shown as the mean % s.d.; PBX3_Cl_KO#1 ***P = 0.0003, PBX3_CI_KO#2 ****P
< 0.0001, FOXP1_FI_KO#1 ***P = 0.0004, FOXP1_FI_KO#2 ****P < 0.0001,
PAX6_Ta_KO#1 **P = 0.0026, PAX6_Ta _KO#2 *™*P < 0.0001,
de_novo_1_KO#1 ***P = 0.0016, de_novo_1_KO#2 ***P = 0.0003 calculated
using two-way ANOVA).

(f) Enhancer activities were measured by luciferase assay. The respective NCREs
were cloned by PCR into the enhancer reporter plasmid pGL4.23 with a minimal

promoter. The empty pGL4.23 plasmid was used as the control for the baseline
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luciferase activities. The y axis represents the relative unit of luciferase activity
compared to that of pGL4.23 empty plasmids (n=3 biological independent
samples; bars show mean value £s.d.; de_novo_1"SP = 0.1867, FOXP1_FI "SP =
0.7006, PBX3_CI **P = 0.0065, PAX6_Ta "sP = 0.7339 calculated using two-tailed

unpaired t-test).

(g) Silencer activities were measured by luciferase assay. The respective NCREs
were cloned by PCR into the silencer reporter plasmid pGL4.53 with a PGK
promoter. The empty pGL4.53 plasmid was used as the control for the baseline
luciferase activities. The y axis represents the relative unit of luciferase activity
compared to that of pGL4.53 empty plasmids (n=3 biological independent
samples; bars show mean value £s.d.; de_novo_1 ***P = 0.0001, FOXP1_FI "sP
= 0.1718, PBX3_CI ***P = 0.0007, PAX6_Ta "SP = 0.4754 calculated using two-

tailed unpaired t-test).

(h) TADs identified by Hi-C surrounding the NCRE de_novo_1 are shown, and the
location of de_novo_1 is indicated by the vertical blue bar. Horizontal yellow and
blue bars indicate distinct TADs. Transcription of nearby genes was quantified by
gPCR (n=3 biological independent samples; bars show mean valuets.d.;
UHRF2:Ctr_KO "P = 0.7381, UHRF2:de_novo KO#1 "P = 0.0786,
UHRF2:de novo KO#2 "P = 0.3125, KDM4C:Ctr. KO ™P = 0.0777,
KDM4C:de_novo_KO#1 "sP = 0.0786, KDM4C:de_novo_KO#2 "P = 0.3125,
PTPRD:Ctr_ KO "P = 0.3794, PTPRD:de_novo_KO#1, **P = 0.0063,
PTPRD:de_novo_KO#2, **P = 0.0091 calculated using two-tailed unpaired t-test).

(i) The expression level of gene PTPRD was measured by qPCR for K562 cells
and K562 cells with CRISPR/dCas9-SAM activation systems targeting the PTPRD
gene (PTPRD SAM) (n=3 biological independent samples; dots represent mean
value £s.d.; PTPRD SAM1 **P = 0.0057, PTPRD SAM2 *P = 0.0135 calculated

using two-tailed unpaired t-test).

(j) Cell proliferation assay for K662 WT and K562 cells with CRISPR/dCas9-SAM
activation systems targeting the PTPRD gene (PTPRD SAM). The Yy axis

represents the relative ratio of the GFP negative cells to the positive cells. The
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ratio of cells in the initial mixture was set as 100% (n=3 biological independent
samples; values are shown as the mean % s.d.; PTPRD SAM1 ***P = 0.0002,
PTPRD SAM2 ****P < 0.0001 calculated using two-way ANOVA).

Fig. 2: Drug resistance regulated by UCEs

(a). UCE—drug interactions study in K562 cells. MAGeCK MLE algorithm was used
to identify UCEs involved in imatinib resistance based on dual-CRISPR
screenings. Three different cell populations were used: the day 0 population, the
15-day imatinib treatment population and the 15-day non-treatment control
population. Beta score indicates the degree of selection upon UCE removal
relative to the day O initial population. The y axis represents beta scores of the15-
day imatinib treatment. The x axis shows beta scores of the 15-day non-treatment
condition. The horizontal and vertical dashed lines indicate the mean plus or minus
one standard deviation of the 15-day imatinib treatment and the 15-day non-
treatment control beta score, respectively. The diagonal dashed line indicates the
mean plus or minus one standard deviation of the differential beta scores, which
can be calculated by subtracting the 15-day non-treatment control from the 15-day
imatinib treatment beta score. The orange group shows UCEs conferring imatinib
resistance upon removal; the purple group shows UCEs sensitizing cells to
imatinib treatment upon removal. Selected UCEs for downstream analyses were

marked.

(b) Enhancer activities were measured by luciferase assay. The respective UCEs
were cloned by PCR into the enhancer reporter plasmid pGL4.23 with a minimal
promoter. The empty pGL4.23 plasmid was used as the control for the baseline
luciferase activities. The y axis represents the relative unit of luciferase activity
compared to that of pGL4.23 empty plasmids (n=3 biological independent
samples; bars show mean value £ s.d.; ZNF503 Op"sP = 0.9705 and QKI_Jo **P

= 0.0029 calculated using two-tailed unpaired t-test).
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(c) Silencer activities were measured by luciferase assay. The respective UCEs
were cloned by PCR into the silencer reporter plasmid pGL4.53 with a PGK
promoter. The empty pGL4.53 plasmid was used as the control for the baseline
luciferase activities. The y axis represents the relative unit of luciferase activity
compared to that of pGL4.53 empty plasmids (n=3 biological independent
samples; bars show mean value £s.d.; ZNF503 Op ***P = 0.0002 and QKI_Jo
****P < 0.0001 calculated using two-tailed unpaired t-test).

(d, e) Knockout (KO) ZNF503_Op and QKI_Jo from K562 cells using the dual-
CRISPR system. K562 cells were transfected with the respective guide RNA pairs
that target the indicated UCEs. Single-cell clones with the respective UCE deletion
were selected. The blue arrow indicates the intact genomic regions. The red arrow
indicates the NCRE deletions.

(f) Drug resistance conferred by knockouts of ZNF503 Op and QKI_Jo. The
ZNF503_Op and QKI_Jo KO cells were treated with 0.4 uM imatinib for three days.
Cell viability was measured by CellTiter-Blue (n=3 biological independent samples;
Bars show mean value £ s.d.; ZNF503 Op *P = 0.0366 and QKI_Jo *P = 0.0108
calculated using two-tailed unpaired t-test).

(g, h) Potential genes regulated by the UCEs. TADs identified by Hi-C surrounding
ZNF503_Op and QKI_Jo are shown, and the locations are indicated by vertical
blue bars. Transcriptions of nearby genes were quantified by qPCR (n = 3
biological independent samples; bars show mean value +£s.d; SAMD8 **P =
0.004941, VDAC8 **P = 0.007008, ZNF503 ***P = 0.000786, PACRG *P
0.011125, QKI **P = 0.001101 calculated using two-tailed unpaired t-test).

Fig. 3: Identification of essential enhancers in K562 cells

(a) Outline of the design of dual-CRISPR libraries targeting all potential enhancers
in K562 cells. Enhancers were predicted by ENCODE based mainly on the

combination of H3K4me1 and H3K27ac and other markers. Two strategies were
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used to design paired guide RNAs to target all the potential enhancers in K562

cells.

(b) The outline of the optimization of the dual CRISPR system. To have an optimal
NGS sequencing efficiency, the distance between the two scaffolds was increased

from 50bp to 200bp by nonsense sequences.

(c) Essential enhancers in K562 cells were identified using dual-CRISPR
screenings. MAGeCK algorithm was used to identify significant hits depleted from
cells cultured for an additional 15 days compared to the initial population. The
Manhattan plot shows the distribution of all the target regions. Significant hits were
above the dash line, indicating the cutoff of MAGeCK RRA score 0.001. Different
colors represent different chromosomes. The essential enhancers selected for

downstream analyses were indicated.

(d) Cell proliferation assay was performed by mixing the enhancer E22:23590 KO
cell lines with cells expressing GFP. The changes in GFP percentage were
monitored at indicated time points by FACS. Cells with dual-CRISPR guide RNAs
targeting GFP sequences served as negative controls (Ctrl_KO). The y axis
represents the relative ratio of the GFP negative cells to the positive cells. The
ratio of cells in the initial mixture was set as 100% (n=3 biological independent
samples; values are shown as the mean * s.d; ****P < 0.0001 calculated using
two-way ANOVA).

(e) Enhancer activities were measured by luciferase assay. The essential K562
putative enhancers were cloned by PCR into the enhancer reporter plasmid
pGL4.23 with a minimal promoter. The empty pGL4.23 plasmid was used as the
control for the baseline luciferase activities. The y axis represents the relative unit
of luciferase activity compared to that of pGL4.23 empty plasmids (n = 3 biological
independent samples; bars show mean value £s.d.; E6:52372 ****P < 0.0001,
E7:135735 "P = 0.4104, E8:124178 ***P = 0.0002, E12:123591 **P = 0.0010,
E14:71791 ****P < 0.0001, E22:23590 "SP = 0.2432 calculated using two-tailed

unpaired t-test).
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(f) Silencer activities were measured by luciferase assay. The essential K562
putative enhancers were cloned by PCR into the silencer reporter plasmid pGL4.53
with a PGK promoter. The empty pGL4.53 plasmid was used as the control for the
baseline luciferase activities. The y axis represents the relative unit of luciferase
activity compared to that of pGL4.53 empty plasmids (n = 3 biological independent
samples; bars show mean value £s.d.; E6:52372 *P = 0.4655, E7:135735 P =
0.4104, E8:124178 ***P = 0.0002, E12:123591 "P = 0.2297, E14:71791 ****P <
0.0001, E22:23590 "sP = 0.2432 calculated using two-tailed unpaired t-test).

(g) TADs identified by Hi-C surrounding the E22:23590 are shown and the location
of E22:23590 is indicated by the vertical blue bar. Horizontal yellow and blue bars
indicate distinct TADs. Transcription of nearby genes was quantified by gPCR (n=3
biological independent samples; bars show mean value + s.d.; RAB36:KO#1 and
KO#2 ****P < 0.0001, BCL-ABL:KO#1 ***P = 0.0009 and BCL-ABL:KO#2 **P =

0.0021 calculated using two-tailed unpaired t-test).

Fig. 4: Identifying essential cluster of enhancers with redundant functions
(a) lllustration of a cluster of enhancers regulating gene transcription.

(b) Venn diagram indicates the overlapping clusters identified by GSEA and RRA.
The plot shows the ranking of the individual enhancers from the top 3 clusters in
the original screening analysis. The y axis represents the MAGeCK RRA score.
The x axis represents the ranking of the individual enhancers based on the RRA

Score.

(c) Enhancer activities were measured by luciferase assay. Individual putative
enhancer elements from the top 3 enhancer clusters were cloned by PCR into the
enhancer reporter plasmid pGL4.23 with a minimal promoter. The empty pGL4.23
plasmid was used as the control for the baseline luciferase activities. The y axis
represents the relative unit of luciferase activity compared to that of pGL4.23 empty
plasmids (n=3 biological independent samples; bars show mean value £s.d.;
chr6R1 "SP = 0.6800, chr6R2 "P = 0.1147, chr6R3 "P = 0.4200, chr10R1 "SP =
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0.3176, chriOR2 "sP = 0.1312, chr10R3 "sP = 0.0721, chr22R1 ***P = 0.0006,
chr22R2 **P = 0.0017, chr22R3 *P = 0.0122 calculated using two-tailed unpaired
t-test).

(d, e, f) Growth effect of one enhancer (d), two-enhancer (e), three-enhancer (f)
removal from the cluster. Cell proliferation assay was performed by mixing the KO
cell lines with cells expressing GFP at a 1:1 ratio. The changes in GFP percentage
were monitored at indicated time points by FACS. Cells with dual-CRISPR guide
RNAs targeting GFP sequences served as negative controls (Ctrl_KO). The y axis
represents the relative ratio of the GFP negative cells to the positive cells. The
ratio of cells in the initial mixture was set as 100%. R1, R2 and R3 represent the
three individual potential enhancers targeted by the dual-CRISPR libraries (n=3
biological independent samples; values are shown as the mean + s.d.; R2_KO *P
=0.0348 and R1+R3_KO, R1+R2_KO, R2+R3_KO, Al_KO ****P < 0.0001,
calculated using two-way ANOVA).

(g) Upper panel, epigenetic signatures surrounding chr22 enhancer cluster. The
RNA Pol2 ChlA-PET loops are shown. The red arrow indicates the location of gene
SLC25A1. Lower panel, transcription of SLC25A1 in different enhancer KO clones
were quantified by gPCR (n=3 biological independent samples; values are shown
as the meanzts.d. for each bar; R1_KO **P = 0.0066, R2_KO **P = 0.0075,
R3_KO ***P = 0.0001, R1+R2_KO *P = 0.0195, R2+R3_KO **P = 0.0015,
R1+R3_KO **P = 0.0062 and All_KO **P = 0.0025 calculated using two-tailed

unpaired t-test).

Fig. 5: Single-cell RNA-seq coupled with the dual-CRISPR system

(a)lllustration of adapting the dual-CRISPR system with scRNA-seq. Two distinct
capture sequences were inserted into the stem loops of the guide RNA scaffolds.
The guide RNAs could then be captured together with the mRNA within individual

single cells.
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(b) Transcriptional changes of genes surrounding PAX6_Ta measured by bulk
RNA-seq. The y axis shows the logarithm fold change of genes between the
PAX6_Ta KO clone and control K562 cells. The x axis indicates the genomic
coordinate. The dashed line indicates the location of PAX6_Ta. Distinct colors
represent different TADs.

(c) Transcriptional changes of genes surrounding PAX6_Ta measured by scRNA-
seq. The y axis shows the logarithm fold change of the captured genes between
single cells with the guide RNA pair targeting PAX_Ta and control K562 single
cells. The x axis indicates the genomic coordinate. Dashed line indicates the
location of PAX6_Ta. Distinct colors represent different TADs.

(d) The upper panel shows epigenetic signatures surrounding enhancer
E11:125334 as indicated by the red line. The lower panel shows the differential
gene expression testing results. Violin plots show the normalized expression levels
of candidate genes in perturbed (188 cells) and control (4282 cells) groups. The
gene EI24 was significantly down-regulated (P value < 0.05, calculated by MAST
fitted model; n.s., not significant).

Fig. 6: UCE PAX6_Ta regulating the cardiomyocyte differentiation in hESCs.
(@) KEGG pathway enrichment analysis of genes differentially regulated in
PAX6 _Ta KO cells (+/-5Mbp around PAX6_Ta). The Y-axis represents the
significantly enriched KEGG pathways, and the x-axis represents their
corresponding gene ratios, i.e., the ratio between the number of unique genes in
a specific pathway and the number of unique genes mapped to all these pathways.
The left panel presents all significantly up-regulated pathways, and the right panel
presents all down-regulated ones. The dot size denotes the number of genes
mapped in a pathway, and the color indicates the significance level of the
enrichment (FDR < 0.25).

(b) Silencer activities were measured by the repressive ability on the super-core
(SC) promoter driving the expression of GFP. A previously published silencer
served as the positive control (validated silencer). The empty vector (SC promoter)

was used as the control to normalize the respective repressive activities (n=3
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biological independent samples; values are shown as the mean + s.d. for each bar;
Validated silencer ***P = 0.0002 and PAX6_Ta ****P < 0.0001 calculated by using

two-tailed unpaired t-test).

(c) Knockout (KO) PAX6_Ta in NKX2-5¢CFPWHhESC. PCR results show the removal
of PAX6_Ta in NKX2-5¢CFPWRESC bulk cells.

(d) The removal of PAX6_Ta caused the defect of cardiomyocyte differentiation,
as measured by NKX2-5/GFP expression. Upper panel, NKX2-5¢FPW hESC cells
(hESC_NKX) after differentiation; lower panel, NKX2-5°CFPW hESC PAX6_Ta KO
bulk cells (PAX6_Ta_KO) after differentiation (Scale bar: 275 um).

(e) Quantification of the cardiomyocyte differentiation as shown in (d) by FACS.
The cardiomyocyte differentiation efficiency measured by GFP in NKX2-58CFP/w
hESC was set to 100%. (n=2 biological independent samples; values are shown
as the meants.d.,; PAX6_Ta KO **P = 0.0081, calculated using two-tailed

unpaired t-test).

(f) The transcription of gene RCN1 was quantified by qPCR before and after
differentiation in both NKX2-5eGFP/w hESC cells (hESC_NKX) and NKX2-
5eGFP/w hESC PAX6_Ta KO bulk cells (PAX6_Ta KO) (n=2 biological
independent samples; values are shown as the meanzs.d.; hECS-CM:
PAX6_Ta_ KO *P = 0.0252, calculated using two-tailed unpaired t-test).
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Supplementary Figure 2: UCE dual-CRISPR screening in K562 cells.

(a) Western blot to validate the Cas9-expressing K562 cells. The expression of Cas9-FLAG
proteins in different clones was probed with the anti-FLAG antibody. Actin was used as the
loading control. K662 _Cas9_FLAG clone #10 was used for subsequent screenings. (b) Pearson
correlation of the dual-CRISPR library biological replicates. (control, day 0 of the screening
samples; 15 days, cells grew for another 15 days). (c) Percentage of the recovered target UCEs
and validated enhancers from different samples during the dual-CRISPR screenings in K562
cells. (d) FACS gating examples of cell proliferation assays. (e) Epigenetic signatures
surrounding the UCEs PBX3_CI, FOXP1_FI, PAX6_Ta and the NCRE De_novo_1. (f) Chromatin
looping around NCRE de_novo_1, as shown by CTCF ChIA-PET loops and in situ Hi-C matrix.
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Supplementary Figure 3: Essential UCEs shared between K562 and 293T cells.
(a) Essential UCEs in 293T are identified using the dual-CRISPR screening. MAGeCK algorithm
was used to identify significant hits depleted from the cells cultured for an additional 14 days
compared to the initial population. The Manhattan plot was used to show the distribution of all the
target regions. Significant hits were above the dashed line, indicating the cutoff MAGeCK RRA
score of 0.001. Different colors represent different chromosomes. The top essential hits were
shown. (b) Venn diagram shows the shared essential UCEs between K562 (353 UCEs with RRA
score < 0.01) and 293T (410 UCEs with RRA score < 0.01) cell lines, respectively. Only 26 (<10%)
of the essential UCEs identified from the respective screenings were shared between K562 and
293T cells. (c) Venn diagram shows the genes around the essential UCEs between K562 (4158
genes that are +/- 1Mbp around the essential UCEs) and 293T (4731 genes that are +/- 1Mbp
around the essential UCEs) cell lines. 1629 (>30%) of the genes were shared between K562 and
293T cells. (d-e) Over Representation Analysis of Gene Ontology terms in Biological Process sub-
ontology based on the potential genes that might be regulated by the essential UCEs in 293T cells
(d) and K562 cells (e), respectively.
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Supplementary Figure 4: NCREs regulate their surrounding genes to exert their functions

(a) TADs identified by Hi-C surrounding PAX6_Ta are shown, and the location of PAX6_Ta is
indicated by the vertical blue bar. Horizontal yellow and blue bars indicate distinct TADs.
Transcription of three nearby genes within the same TAD as PAX6_Ta was quantified by gPCR (n
= 3 biological independent samples; bars show mean value +s.d.; ****P < 0.0001, calculated
using unpaired t-test). (b) RNA-seq was performed to identify differentially expressed genes
around NCRE PAX6_Ta from PAX6_Ta-KO cells versus K562 WT cells. The x axis represents the
coordinates of genes surrounding PAX6_Ta ranging from - 5Mb to + 5 Mb. The y axis shows the -
log10(FDR) of nearby genes by DESeq2. The dashed horizontal line indicates the FDR cutoff of
0.05, and the dotted vertical line indicates the location of PAX6_ Ta. Each dot represents one
gene, the red dots represent significantly up-regulated genes, blue dots represent significantly
down-regulated genes, and the gray ones are either non-significant genes or genes with
|log2FC|<1.
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Supplementary Figure 5: Essential enhancers in K562 cells.

(a-e) The removal of essential enhancers E12:123591 (a), E6:52372 (b), E14:71791 (c),
E7:135735 (d), E8:124178 (e) caused cell growth disadvantage in K562 cells. Cell proliferation
assay was performed by mixing the KO cell lines with cells expressing GFP at a 1:1 ratio. The
changes in GFP percentage were monitored at indicated time points by FACS. Cells with dual-
CRISPR guide RNAs targeting GFP sequences served as negative controls (Ctrl-KO). The y axis
represents the relative ratio of the GFP negative cells to the positive cells. The ratio of cells in the
initial mixture was set as 100% (n=3 biological independent samples; values are shown as the
mean = s.d.; E14:71791_KO#1 ***P < 0.001 and E12:123591, E6:52372, E7:135735, E8:124178
***P < 0.0001, calculated using two-way ANOVA).(f-k) Epigenetic signatures surrounding the
identified essential enhancers in K562 cells. E12:123591 (f), E6:52372 (g), E14:71791 (h),

E7:135735 (i), E8:124178 (j) and E22:23590 (K).
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Supplementary Figure 6: Identifying essential enhancer clusters.

(a, b, ¢) Growth effect of one enhancer (a), two-enhancer (b), and three-enhancer (c) removal
from the cluster in chromosome 6. Cell proliferation assay was performed by mixing the KO cell
lines with cells expressing GFP at a 1:1 ratio. The changes in GFP percentage were monitored at
indicated time points by FACS. Cells with dual-CRISPR guide RNAs targeting GFP sequences
served as negative controls (Ctrl_KO). The y axis represents the relative ratio of the GFP negative
cells to the positive cells. The ratio of cells in the initial mixture was set as 100%. R1, R2, and R3
represent the three individual potential enhancers targeted by the dual-CRISPR libraries (n=3
biological independent samples; values are shown as the mean % s.d.; R1_KO **P = 0,0017,
R2+R3_KO **P = 0,0025, R1+R3_KO ***P = 0,0001, R1+R2_KO and All_KO ****P < 0.0001
calculated using two-way ANOVA). (d, e, f) Growth effect of one enhancer (d), two-enhancer (e),
and three-enhancer (f) removal from the cluster in chromosome 10. Cell proliferation assay was
performed by mixing the KO cell lines with cells expressing GFP at a 1:1 ratio. The changes in
GFP percentage were monitored at indicated time points by FACS. Cells with dual-CRISPR guide
RNAs targeting GFP sequences served as negative controls (Ctrl_KO). The y axis represents the
relative ratio of the GFP negative cells to the positive cells. The ratio of cells in the initial mixture
was set as 100%. R1, R2, and R3 represent the three individual potential enhancers targeted by
the dual-CRISPR libraries (n=3 biological independent samples; values are shown as the mean %
s.d.; R1+R3_KO *P = 0,0346, R3_KO **P = 0,01, All_KO ***P = 0.0003 calculated using two-way
ANOVA).
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Supplementary Figure 7: Single-cell dual-CRISPR screening.

(a-f) Determining the lentiviral titer of the single-cell dual-CRISPR library (sc-library) in K562
cells, with a range of OpL (a), 0.1uL (b), 1uL (c), 10uL (d) and 100pL (e) was tested. GFP
expression from the sc-library was used as the marker to determine the virus infection rate.
Individual plots show 0% GFP-expressing cells (a), 0,76% GFP-expressing cells (b), 8,63%
GFP-expressing cells (c), 59,2% GFP-expressing cells (d), and 97,2% GFP-expressing cells (e),
which was plotted in (f). A predicted MOI <0.3 using 5uL of sc-library lentivirus was then
determined. (g) Cells containing the sc-library for the downstream analysis. FACS showed that
20% of total cells had the sc-library, as monitored by GFP expression, representing an MOI of
0.2 in the final experiment. This ensured that every single cell contained only one pair of guide
RNAs from the sc-library. (h) Comparison of usable cells per paired guide RNA barcodes
(pGBCs) between two batches of scRNA-seq data: A10 and A30 show 10,000 and 30,000 cells
were loaded per 10X Genomics chip, respectively. 1,199 and 3,271 usable cells were retrieved
from A10 and A30 batches, respectively. Wilcoxon signed-rank test was used to compare two
datasets. (i) Comparison of usable cells per target NCRE (multiple pairs of guide RNA were
included in the sc-library) between two batches of scRNA-seq data. Wilcoxon signed-rank test
was used to compare two batch data. (j) Basic quality control of 4,470 single cells containing the
sc-library after cell filtering and multiplets filtering. Violin plots show the total number of genes,
total UMls of transcripts, the total number of unique sgRNA, total UMIs of sgRNA detected, and
the percentage of transcripts encoding mitochondrial and ribosomal genes detected in every
single cell. (k) The dual-CRISPRs targeting the promoters of ribosomal genes: RPL18A, RPL13,
RPL21, and RPL8 served as the positive controls. The gene expression matrix was normalized
using the LogNormalize method with a scale factor of 10,000. Identities of cell perturbation were
assigned based on whether pGBCs were captured. Differential gene expression testing between
perturbed cells (Perturb) and negative control cells (NCT) were done by the MAST algorithm with
the number of gene UMIs observed per cell and the number of gRNA UMIs per cell as covariates
(*****P<0.00001, ***P<0.001, **P<0.01, *P<0.05). (I-n) The upper panel shows epigenetic
signatures surrounding NCREs E16:30551 (l), E3:126465 (m), and TSHZ1_Roman (n), indicated
by the red line. The lower panel shows the differential gene expression testing results using
MAST. Violin plots show the normalized expression levels of candidate genes in perturbed and
control cells (P < 0.05, calculated by MAST fitted model; ns: not significant).
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Supplementary Figure 8: Removing UCE PAX6 affecting cardiac development.

(a) FACS gating examples of the silencer reporter assay. (b) Sanger sequencing of the PAX6_Ta
region showed that the two guide RNAs made the deletion in NKX2-5eGFP/w hESC. (c-d) The
transcription of heart-related genes PAX6, RCN1, ELP, CACNGS8, RYR2, MYH6, MYH7, ADRY2,
and ADRB1 was quantified by qPCR before (b) and after (c) differentiation in both NKX2-5eGFP/w
hESC cells (hESC_NKX) and NKX2-5eGFP/w hESC PAX6_Ta KO bulk cells (PAX6_Ta_KO) (n=2
biological independent samples; values are shown as the mean = s.d. for each bar; before_PAX6
nspP = 0.083652, before_ RCN1 nsP = 0.719522, before_ELP *P = 0.001540, before_ CACNGB *P =
0.020124, before_RYR2 "sP = 0.369053, before_ MYH6 "sP = 0.319187, before_ ADCY2 nsp =
0.545715, before_ ADRB1 "SP = 0.390106, after_PAX6 "SP = 0.480798, after_RCN1 *P = 0.024307,
after_ELP *P = 0.015280, after_CACNGB *P = 0.018328, after_RYR2 "sP = 0.057717, after_MYHG6
***P = 0.000667, after_MYH7 "sP = 0.209353 after_ADCY2 "sP = 0.593984, after ADRB1 **P =
0.007835 calculated using two-tailed unpaired t-test).



Supplementary Tables

Supplementary Table 1: Essential ultra-conserved elements identified from K562 cells
using an RRA score cutoff of 0.01. MAGeCK RRA algorithm was used to identify significantly
depleted pgRNA targeting ultra-conserved elements. The RRA score, P value, FDR, and
genomic location are listed.

Supplementary Table 2: Essential ultra-conserved elements identified from 293T cells
using an RRA score cutoff of 0.01. MAGeCK RRA algorithm was used to identify significantly
depleted pgRNA targeting ultra-conserved elements. The RRA score, P-value, FDR, and
genomic location are listed.

Supplementary Table 3: Ultraconserved elements exerting imatinib resistance identified
from K562 cells using MAGeCK MLE beta score as cutoff. The absolute value of control beta
score smaller than one standard deviation and Imatinib treatment beta score bigger than one
standard deviation. Control beta score, imatinib treatment beta score, and genomic location are
listed.

Supplementary Table 4: Essential putative enhancers identified from K562 cells using
MAGeCK RRA score cutoff of 0.01. Two batches of pooled dual CRISPR screening were
performed with enhancer library 1, which was designed to delete target enhancers from flanking
regions; and enhancer library 2, which was designed to delete the core motifs of enhancers from
inside. MAGeCK RRA algorithm was used to identify significantly depleted pgRNA targeting
putative enhancers in K562 cells, respectively, and merged results from two batches. Batch
information, RRA score, P-value, FDR, and genomic location are listed.

Supplementary Table 5: Top 20 enhancer clusters identified by GSEA and MAGeCK RRA
in the K562 cell line. The SEdb_ID column is the names of super-enhancers in Sedb; the Size
column indicates the number of regions from our designed libraries, and the Elements column
indicates the detailed coordinates of the regions. The P-values, FDR, enrichment score and RRA
score were obtained by GSEA and MAGeCK algorithms. FDR was obtained by BH procedure.
Supplementary Table 6: Statistics of usable single cells per pGBC captured by sc-
dualCRISPR screening assay. Cell ranger was used to process scRNA-seq data. Seurat was
used to filter multiplets and assign cell perturbation identity. The numbers of usable cells per
pGBC from two batches were listed.

Supplementary Table 7: Significant NCRE-gene pairs identified from sc-dual CRISPR
screening using a P-value cutoff of 0.05. The LogNormalize method was used to normalize
scRNA-seq data using the scale factor of 10,000. MAST was used for differential gene
expression testing with the logarithm of total numbers UMIs representation gene and gRNA as
covariates of the MAST model to regress out. P-value was calculated by MAST testing. NCRE,
target gene, mean expression levels in Perturb and NCT cell groups, logarithm fold change, and
genomic location are listed.

Supplementary Table 8: Related information on tested regions. All tested regions and
associated primers are listed.

Supplementary Movies

Removing PAX6_Ta causes defects in cardiomyocyte differentiation.
Movie 1: NKX2-5eGFP/w hESC WT GFP channel.

Movie 2: NKX2-5eGFP/w hESC WT brightfield.
Movie 3: NKX2-5eGFP/w hESC PAX6_Ta KO GFP channel.
Movie 4: NKX2-5eGFP/w hESC PAX6_Ta KO brightfield. (Scale bars: 275 pm).



Chapter 4

Summary



Summary

Understanding the meaning of the human genome codes is one of the keys to unlock the
secrets of life. Despite having a fairly good grasp of the sequences of the human genome,
we are still far from understanding the functions of most parts of the genome and their
involvement in diseases. The application of the CRISPR-Cas9 genome-editing systems
revolutionized the way to study the function of the genome, not only the coding genes but
also the non-coding genome. In this thesis, multiple CRISPR screening systems were
designed and used to study the transport of chemotherapeutic drugs and the functions of
non-coding regulatory elements in distinct biological pathways.

In Chapter 2, in order to focus on drug transport and at the same time reduce the
background interference from a genome-wide screening, custom CRISPR-knockout and
CRISPR-activation libraries were designed and assembled to target all potential
membrane-associated transporters. Taking advantage of the autofluorescence of
doxorubicin, FACS sorting was used to enrich CRISPR-edited cells with either high or low
drug accumulation during the screenings, in which drug uptake phenotype was directly
measured. Such a strategy should avoid confounding factors or screening hits from other
screening studies with similar aims that are based on cell survival as an indirect readout
for drug transport. We showed that such screenings with focused libraries are very robust,
as the same top hits were usually present in distinct populations indicating a similar
potential drug transport function within the same screening, which in a way re-confirming
their potential roles. Using this method, we identified previously known drug exporters
such as ABCB1 and ABCG2. In addition, we identified a new doxorubicin importer gene
SLC2A3 (GLUT3). We also realized that the CRISPR-activation screening complements
the CRISPR-knockout system, which most of the research uses. For future screening
efforts, it is better to combine the two screening systems to get a comprehensive

identification of the potential factors involved in defined biological readouts.



In Chapter 3, we used an innovative dual-CRISPR system to study the functions of non-
coding regulatory elements (NCREs) in their endogenous genomic environment. Using
this method, we were able to study 4,047 UCEs in the human genome from UCNEbase,
1,527 in vivo-validated conserved enhancers from VISTA Enhancer Browser, and 13,539
potential K562-cell enhancers predicted by the ENCODE project, by deleting these
NCREs one by one. We were able to identify many NCREs many affect cell fithess and
drug responses. In addition, many of the NCREs actually have silencer (transcriptionally
repressive) activity, in contrast to most commonly known enhancer elements. This is
interesting and important because the roles of silencers in gene regulation in the whole
genome were not well studied before. Our data also support the idea that silencers may
exist broadly in the human genome and play important roles, similar to other well-studied
NCREs such as enhancers and insulators. We were able to show that many of these
NCREs regulate nearby genes, therefore affecting different biological pathways. One of
the ultraconserved NCRE PAX6_Tarzan would affect the cardiomyocyte differentiation in
an hESC model, suggesting many ultraconserved NCRE may exert their functions in a
tissue-dependent context. We provide the broad research community with a new tool to
study the functions of NCREs in different biological aspects, and it is expected many more
important NCREs will be discovered in the future, which would not only be relevant to
fundamental biology but also relevant to human diseases.



Nederlandse samenvatting

Het begrijpen van de betekenis van de codes van het menselijk genoom is een van de
sleutels om de geheimen van het leven te ontrafelen. Ondanks dat we de sequentie van
het menselijk genoom weten, begrijpen we nog lang niet de functies van de meeste delen
van het genoom en hun betrokkenheid bij ziekten. De toepassing van de CRISPR-Cas9
techniek bracht een revolutie teweeg in de manier waarop de functie van het genoom
werd bestudeerd, niet alleen voor de coderende genen maar ook het niet-coderende
gedeelte van het genoom. In dit proefschrift zijn meerdere CRISPR-screeningsystemen
ontworpen en gebruikt om het transport van chemotherapeutica en de functies van niet-
coderende regulerende elementen in verschillende biologische routes te bestuderen.

Om zich te concentreren op medicijntransport en tegelijkertijd de achtergrond interferentie
van een genoom brede screening te verminderen, werden in Hoofdstuk 2 aangepaste
CRISPR-knock-out- en CRISPR-activeringsbibliotheken ontworpen en samengesteld om
alle potentiéle membraan-geassocieerde transporters te beinvioeden. Door gebruik te
maken van de autofluorescerende eigenschappen van doxorubicine, werd FACS-
sortering gebruikt om CRISPR-bewerkte cellen te verriken met hoge of lage
geneesmiddelaccumulatie tijdens de screenings, waarbij het fenotype van de
geneesmiddelopname direct werd gemeten. Een dergelijke strategie moet verwarrende
factoren of screeninghits van andere screeningstudies met vergelijkbare doelstellingen
die zijn gebaseerd op celoverleving als indirecte uitlezing voor geneesmiddeltransport,
vermijden. We hebben aangetoond dat dergelijke screenings met gefocuste bibliotheken
zeer robuust zijn, aangezien dezelfde tophits meestal aanwezig waren in verschillende
populaties, wat wijst op een vergelijkbare potenti€éle medicijntransportfunctie binnen
dezelfde screening, wat in zekere zin hun potentiéle rol opnieuw bevestigt. Met behulp
van deze methode hebben we eerder bekende drugsexporteurs geidentificeerd, zoals
ABCB1 en ABCG2. Daarnaast hebben we een nieuw doxorubicine-importergen SLC2A3
(GLUT3) geidentificeerd. We realiseerden ons ook dat de CRISPR-activeringsscreening



een aanvulling vormt op het CRISPR-knock-outsysteem, dat in de meeste onderzoeken
wordt gebruikt. Voor toekomstige screeningsinspanningen is het beter om de twee
screeningsystemen te combineren om een uitgebreide identificatie te krijgen van de

mogelijke factoren die betrokken zijn bij gedefinieerde biologische uitlezingen.

In hoofdstuk 3 hebben we een innovatief dual-CRISPR-systeem gebruikt om de functies
van niet-coderende regulerende elementen (NCRE's) in hun endogene genomische
omgeving te bestuderen. Met behulp van deze methode konden we 4.047 UCE's in het
menselijik genoom van UCNEbase, 1.527 in vivo gevalideerde geconserveerde
versterkers van VISTA Enhancer Browser en 13.539 potentiéle K562-celversterkers,
voorspeld door het ENCODE-project, bestuderen door deze NCRE's één voor één te
verwijderen. We waren in staat om veel NCRE's te identificeren die van invloed zijn op
celfitness en medicijnreacties. Bovendien hebben veel van de NCRE's eigenlijk silencer
(transcriptioneel repressieve) activiteit, in tegenstelling tot de meest algemeen bekende
enhancer-elementen. Dit is interessant en belangrijk omdat de rol van silencers in
genregulatie in het hele genoom niet eerder goed bestudeerd was. Onze gegevens
ondersteunen ook het idee dat silencers breed in het menselijk genoom kunnen
voorkomen en een belangrijke rol spelen, vergelijkbaar met andere goed bestudeerde
NCRE's zoals versterkers en lange afstand regulatoren. We konden aantonen dat veel
van deze NCRE's nabijgelegen genen reguleren en daardoor verschillende biologische
routes beinvioeden. Een van de ultra geconserveerde NCRE PAXG6_Tarzan zou de
differentiatie van cardiomyocyten in een hESC-model beinvloeden, wat suggereert dat
veel ultraconserved NCRE hun functies in een weefselafhankelijke context kunnen
uitoefenen. We bieden de brede onderzoeksgemeenschap een nieuwe tool om de
functies van NCRE's in verschillende biologische aspecten te bestuderen, en er wordt
verwacht dat er in de toekomst nog veel meer belangrijke NCRE's zullen worden ontdekt,
die niet alleen relevant zijn voor de fundamentele biologie, maar ook voor de humane

ziekten.
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