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GENETICS

Noncoding loci without epigenomic signals can
be essential for maintaining global chromatin

organization and cell viability

Bo Ding11'=|=, Ying Liu?t, Zhiheng Liu*3t, Lina Zheng41', Ping Xu?, Zhao Chen’, Peiyao wu',
Ying Zhao', Qian Pan?, Yu Guo?, Wensheng Wei%*, Wei Wang1'4'5*

Most noncoding regions of the human genome do not harbor any annotated element and are even not marked
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with any epigenomic or protein binding signal. However, an overlooked aspect of their possible role in stabilizing
3D chromatin organization has not been extensively studied. To illuminate their structural importance, we started
with the noncoding regions forming many 3D contacts (referred to as hubs) and performed a CRISPR library
screening to identify dozens of hubs essential for cell viability. Hi-C and single-cell transcriptomic analyses showed
that their deletion could significantly alter chromatin organization and affect the expressions of distal genes.
This study revealed the 3D structural importance of noncoding loci that are not associated with any functional element,
providing a previously unknown mechanistic understanding of disease-associated genetic variations (GVs).
Furthermore, our analyses also suggest a possible approach to develop therapeutics targeting disease-specific

noncoding regions that are critical for disease cell survival.

INTRODUCTION
Noncoding sequences of the human genome, such as noncoding
RNAs (ncRNAs), enhancers, and transposons, are known to be crit-
ical for many biological processes and are thus functionally important.
Despite the great progress in uncovering new roles of these noncoding
elements, most of the human genome remains unannotated. As the
three-dimensional (3D) organization of the genome is essential for
regulating transcription and other cellular functions (1-6), an over-
looked aspect of noncoding sequences is their “structural importance”
in forming and maintaining the proper 3D chromatin structure,
particularly for those that are not marked by any epigenetic signal
or annotated with any functional unit.

In protein function analysis, some residues could be important,
if they are essential for maintaining the proper conformation (7),
even though they may not be directly involved in the protein’s enzymatic
activity or interaction with ligands. Similarly, noncoding genomic se-
quences could play critical roles in stabilizing the proper chromatin
structure, although they do not harbor any enhancer or transcription
factor (TF) binding site. Previous studies have shown that changing
the noncoding sequences could alter chromatin organization; for in-
stance, deletion of some boundary sequences of topologically asso-
ciating domains (TADs) (I, 2) causes aberrant gene transcription,
leading to disease (3). TAD boundaries can be considered a special
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case, but the structural importance of noncoding sequences, particu-
larly those not associated with TADs or any functional elements,
has not been fully investigated.

Deleting a noncoding sequence and examining a phenotypic
readout such as cell viability can directly assess its importance.
High-throughput genetic screening by the CRISPR-Cas9 system
has been effectively applied to analyzing long ncRNAs (IncRNAs)
(8, 9), enhancers, and promoters (10-12). However, it is still pro-
hibitive to delete each 5-kb segment in the genome for thorough
screening, and random selection of deletion loci is inefficient. For
example, less than 3% of IncRNAs were reported to be essential for
cell growth and survival (8, 9), and this percentage is expected to
be even lower for unannotated noncoding loci. A reasonable strategy
is to start with the genomic loci involved in many chromatin con-
tacts, hereinafter referred to as hubs, because disrupting these hubs
would potentially lead to a relatively profound perturbation to the
chromatin organization.

Here, we performed network analysis on Hi-C 3D contact data
and identified a group of loci as hubs. Through a high-throughput
CRISPR-Cas9 library screening by targeted deletion, we found that
some hubs without any epigenetic marks were essential for cell growth
and survival. We examined the impacts of hub deletion on the global
chromatin structure and gene expression using Hi-C and single-
cell RNA sequencing (scRNA-seq) technologies.

RESULTS

We first downloaded the 5-kb resolution Hi-C data in seven human
cell lines [GM 12878, human mammary epithelial (HMEC), human
umbilical vein endothelial (HUVEC), IMR90, normal human epidermal
keratinocytes (NHEK), K562, and KBM7] (13) and identified sig-
nificant intrachromosomal contact pairs (P value cutoff of e *’; see
Materials and Methods). We next assembled all the contacts in a
chromosome for a certain cell line into a network, which is hereinafter
referred to as the fragment contact network (FCN). In the FCN, each
node is a 5-kb fragment, and each edge represents a 3D contact. The
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degree of a node reflects how many contacts it forms. We calculated
the z score of each node’s degree as zscore = “5*, where d; is
the degree of the ith fragment and p and o are the mean and SD of
the degrees of all nodes in a chromosome of a cell line. The nodes
with a z score > 2.0 were considered “hubs,” whereas the rest of the
nodes were considered “nonhubs” [see Materials and Methods, the
“FCN Network Analysis Results” section in the Supplementary
Materials, table S2, and (14)]. The hubs count for less than 10% of
the total nodes in a given FCN.

Note that these contacts indicate the spatial closeness of the
contacting loci, and they are not necessarily mediated by proteins
or ncRNAs to form specific chromatin loops. An analogy is the
core residues of a protein, which are located in the interior and
form many contacts with other residues but do not necessarily
have specific residue-residue interactions mediated by such as
hydrogen bonds and electrostatic interactions; however, deleting
these residues can disrupt the packing of the interior residues
and thus distort the proper conformation required for the protein’s
normal function. Similarly, perturbing a hub may have the same
impacts on the 3D genome structure by disrupting chromatin
organization.

To illustrate the importance of the hubs, we first investigated
their contribution to stabilizing the FCN and their association with
genetic variations (GVs; in this study, we focused on single nucleotide
variations hereinafter) in cancer. Then, we identified hubs essential
for cell viability using CRISPR screening. Lastly, we illustrated the
impact of hub deletion on chromatin structure and gene expression
using Hi-C and scRNA-seq.

FCN networks are resistant to random attacks but
vulnerable to targeted attacks
In this study, we focused on intrachromosomal contacts and con-
structed FCNs for each chromosome in each cell line, resulting in a
total of 161 (= 23 x 7) FCNss for all chromosomes in the seven cell
lines. We found that the degree distribution of FCN follows a power
law (Fig. 1A), indicating that FCNs are scale-free networks. FCNs
are resistant to random attacks (random removal of nodes in the
network) but vulnerable to targeted attacks (targeted removal of specific
nodes) against high-degree nodes, as scale-free networks (15). The
161 FCN s have similar network parameters, such as effective diameters,
which is the path length such that 90% of node pairs are at a smaller
or equal distance apart (see the “FCN Network Analysis Results” section
in the Supplementary Materials). The most significant outlier was
the FCN of chr9 in the leukemia cancer cell line K562, which had
a significantly larger effective diameter than the rest (Fig. 1B and
fig. S1A). We also calculated the diameter by considering the trans-
location between chr9 and chr22 (Philadelphia translocation), and
it was still significantly different from other chromosomes. We found
that computationally removing high-degree nodes from chr9 of
GM12878 normal cells led to a similar degree distribution of chr9 in
K562 cancer cells, which suggests that the targeted perturbation shifted
the FCN of a normal cell toward that of a cancer cell (Fig. 1C). This
analysis suggests that GV's in K562 cells likely target the high-degree
nodes of chr9 and thus alter the network properties. We also con-
firmed that the high degree nodes (hubs) are crucial for stabilizing the
contacts between their connecting nodes in the network (hereinafter
defined as “neighbors”) (figs. S1, C to F).

We next investigated the genomic and epigenomic signals in the
identified hub regions in six cell lines (no epigenomic data for
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KBM?7). Compared to the nonhub loci, hub loci had fewer peaks for
five histone marks (H3K27ac, H3K27me3, H3K4mel, H3K4me3,
and H3K36me3) and a comparable number of H3K9me3 peaks
(Fig. 1, D to F; fig. S1, G to [; and the “FCN Network Analysis
Results” section in the Supplementary Materials). We also observed
less open chromatin (Fig. 1G) and fewer annotated regions (including
coding genes, ncRNA, and other annotated regions downloaded from
https://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/refFlat.
txt.gz) in hubs than in nonhub regions (Fig. 1H) (see Materials and
Methods and the “FCN Network Analysis Results” section in the
Supplementary Materials). Furthermore, we compared the epigenetic
marks (H3K27ac, H3K4me3, H3K4mel, H3K27me3, and H3K9me3)
and assay for transposase accessible chromatin with high-throughput
sequencing (ATAC-seq) peaks in the upstream and downstream of the
hubs in multiple cell types. We considered different distances away
from the hub regions ranging from 0 to 50 kb in linear distance (fig. S3).
Comparing with the upstream and downstream regions, hubs also
have lower H3K27ac, H3K27me3, H3K4mel, H3K4me3, H3K36me3,
and open chromatin signals and comparable H3K9me3 peak numbers.
We also identified A/B compartments for hub and nonhub loci
and found that hubs are enriched in B compartments (fig. S1J), which
is consistent with the histone modification analysis. These observa-
tions suggest that hubs are similar to the core residues in proteins,
both densely packed in the interior of the 3D structure. Therefore,
perturbation to hubs by GVs and deletions could disrupt chroma-
tin packing to affect the surrounding 3D organization of chromatin
and propagate through the genome, leading to observable pheno-
types such as disease formation and cell death.

Next, we examined whether the hubs found in normal cells have
significantly different 3D contacts in cancers and whether these
changes are associated with GVs. Then, we investigated whether and
how deleting hubs can cause cell death.

Cancer-related mutations alter 3D hub contacts

As K562 is a cancer cell line, we investigated whether K562-specific
GVs are related to changes in spatial contacts. After calculating the
z score for each node’s degree so that it is comparable across cell
lines, we checked its specificity, i.e., whether the contact degree was
specifically high in any particular cell line (see Materials and Methods).
When considering all the nodes, we did not observe any specificity
bias toward K562 cells: In the 563,566 total nodes of the whole
genome, 38.3% showed no specificity, 12.2% showed specificity
in K562 cells, and the largest of the other specificities was 13.4%
(Fig. 1] and table S4).

Next, we calculated the Pearson correlation coefficient between
anode’s degree and GV occurrence in the node across cell lines. We
found that K562-specific GV's were associated with the degree changes
in K562 cells: Among all 54,117 nodes with degree-GV Pearson
correlation coefficients > 0.9 (referred to as degree-GV-correlated
nodes; Fig. 11I), 24,229 (44.72%) were K562 specific, i.e., the GV is
only observed in K562, and the degree of the node shows signifi-
cantly higher or lower degree in K562 than the other cell lines; as a
comparison, the largest percentage for another cell type (HMEC)
specificity was only 10.6% (5743 nodes) (Fig. 1] and table S4). This
bias toward the only diploid cancer cell line K562 among the seven
was even more obvious for hubs: For all the hubs identified in at least
one of the seven cell lines, there were 8765 degree-GV-correlated
hubs, among which 5379 (61.37%) were K562-specific compared to
the largest percentage of 824 (9.4%) specific to another cell type
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Fig. 1. Characterization of the FCNs and hub nodes. (A) Degree distribution of FCN. (B) The effective diameter of FCN remains largely unchanged with increasing
network size. “Translocated” (untranslocated): network constructed by considering (not considering) the translocation between chr9 and chr22. (C) The degree distribution
of chr9in normal cell lines (GM12878 as an example) after removal of high-degree nodes is similar to that of K562 chr9. (D to G) Epigenomic signals in hubs and nonhubs:
H3K27ac (D), H3K4me1 (E), H3K9me3 (F), and ATAC-seq (G) in diverse cell lines. (H) The percentages of the annotated regions (including coding genes, ncRNA, and other
annotated regions at https://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/refFlat.txt.gz) in the whole genome, union of hubs (hubs appeared in at least one cell
line), and common hubs (hubs appeared in all cell lines). Numbers above the bar plot are the number of nodes overlapping with gene regions (top) and the number of
nodes in that category (bottom in parentheses). (I) Definition of degree-GV-correlated nodes. The example node has a high degree in K562 and low degrees in others,
which is correlated with the GV profile with a SNP in K562 but none in others. (J) The distribution of cell line specificities in all nodes, degree-GV-correlated nodes, and
degree-GV-correlated hubs. (K) The distribution of one cell type-specific hub and four cell type-specific hubs in chromosomes and cell lines. (L) The percentage of

degree-GV-correlated nodes in normal cell lines and cancer cell lines.

(HMEC) (Fig. 1] and table S4). Together, these analyses suggest that
K562-specific GVs tend to significantly change the contact degrees,
particularly on hubs, which is consistent with the observation that
the FCN is vulnerable to targeted GVs in hubs.

Ding et al., Sci. Adv. 7 , eabi6020 (2021) 3 November 2021

GVs can either disrupt hubs in normal cells or form new disease-
specific hubs in cancer cells. We thus analyzed hub formation and
disruption separately and found a strong correlation between GV
and contact degree change in K562 cells for both scenarios (see the
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“FCN Network Analysis Results” section in the Supplementary
Materials). In particular, the percentages of hub disruption in chr9
of K562 cells (i.e., hubs found in the other four cell types but not in
K562 cells) were 47.56 and 47.50% without and with consideration
of translocation between chr9 and chr22, respectively (only the un-
translocated part of chr9 was used for calculation). This was signifi-
cantly higher than all other chromosomes in each cell line, whose
range was between 0 and 18.6% (Fig. 1K). Our analyses clearly show
that the GVs in K562 cells severely disrupted the hubs on chr9
shared by other cell lines.

To confirm the generality of this observation, we extended our
analysis to four normal cell lines (GM12878, HMEC, HUVEC, and
IMR90) and three cancer cell lines (HepG2, HeLa-S3, and K562)
that had both 20-kb resolution Hi-C and GV data. We also found a
strong correlation between the degree and GV in cancers (Fig. 1L),
suggesting that cancer-specific GVs tended to significantly alter the
3D contacts of hubs.

Targeted deletion of hubs can significantly affect cell viability
The above analyses indicated that hubs are not necessarily directly
involved in functional activities, but they can be crucial for stabilizing
the chromatin structure and are thus functionally important. To
further test this hypothesis, we selected 960 hub regions (each 5 kb
in length) to examine their impacts on cell growth and survival in a
high-throughput deletion screen (table S8) with the highest partner
linking tendency (PLT) (see details in the “FCN Network Analysis
Results” section in the Supplementary Materials). These hubs are
those likely to stabilize the contacts between neighbors, including
683 hubs present in all cell lines and 277 hubs specific to K562 cells.
They are evenly distributed along the chromosomes (fig. S4E).

For screening, we constructed a paired-guide RNA (pgRNA)
library (16) targeting the selected hubs mediated by the CRISPR-Cas9
system. Using lentiviral transduction at a low multiplicity of infec-
tion (MOI) of <0.3, we transfected the pgRNA library containing a
total of 17,476 pgRNAs into K562 cells stably expressing the Cas9
protein. This library also included 473 pgRNAs targeting essential
ribosomal genes as positive controls, 100 pgRNAs targeting the
AAVSI locus, and 100 nontargeting pgRNAs as negative controls
(table S9). The library cells were cultured for 30 continuous days
after transduction. We sequenced cells at day 0 (controls) and day
30 to determine the abundance of barcode-gRNA regions, which
represent the corresponding pgRNAs (Fig. 2A).

Distributions of pgRNA reads from the control/experimental
group between two biological replicates were highly correlated
(figs. S4, A and B), and the scatter plot of each hub’s mean fold
change between replicates also showed a high correlation (Pearson
correlation coefficient = 0.75) (fig. S4C). In the day 30 cell popula-
tion, compared with nontargeting pgRNAs or those targeting AAVSI,
we identified hub regions with significant depletion in their target-
ing pgRNAs, consistent with positive controls that target essential
ribosomal genes. The fold changes of all pgRNAs targeting each hub
were calculated, and their P values were computed by comparison
with the AAVSI-targeting pgRNAs using the Mann-Whitney U test
(8, 9), which is focused on analyzing screening data with the in-
library controls and could more accurately reflect the fitness effect
of each locus. AAVSI-targeting pgRNAs were randomly sampled to
generate a distribution of negative controls, which was used to
compute the hubs’ P values. Combining the mean fold change and
corrected P values, an Iscore Was computed for each hub. Eventually,
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the hubs whose I ore was less than or equal to —1 were considered
essential hits (see the Supplementary Materials and tables S10 and
S11). Overall, 77 hubs were selected in K562 cells whose deletion led
to cell death or growth inhibition (Fig. 2B).

It has been reported that multiple cleavages in genomic loci gen-
erated by Cas9 activity could lead to cellular toxicity and thus affect
growth screen measurements (17-20). To minimize the potential
off-target effects, we calculated the GuideScan specificity score (21)
for each single guide RNA (sgRNA) of every pgRNA, which focused
on assessing the specificities of sgRNAs with two or three mismatches
to off-target loci that are commonly used in library screens, and
generated a specificity score for each pgRNA. We found that pgRNA
targeting AA VS1 with a specificity score < 0.1 could lead to a signif-
icant dropout effect in K562 cells (fig. S4D). To further assure the
target specificity, we selected only targeting pgRNAs with specificity
scores > 0.1 and log, (fold change) (log,FC) < —1 for subsequent
analysis (Fig. 2C). Furthermore, hub loci with copy number ampli-
fication were also filtered out to minimize the effect due to multiple
cleavages by certain pgRNAs (22). Using these stringent criteria, we
identified 35 essential hubs in K562 cells (Fig. 2C). We checked the
location of essential hubs and found some of them located near the
centromeres (fig. S4E), but they are not significantly closer to
centromeres than the nonessential ones (P = 0.092, fig. S4F).

We then chose seven candidate hubs for individual validation in
K562 cells. For each hub, two or three pgRNAs with high specificity
scores were selected (see Materials and Methods and table S12). All
but two identified hubs were validated to severely affect cell growth
and proliferation in K562 cells (Fig. 2, D and E, and fig. S5), indicat-
ing their functional roles in cell fitness. To further explore the cell
type specificity of the essential hubs, we selected hub_22_7 (chr22:
17,325,000 to 17,330,000, hg19), which showed the most significant
growth defect in K562 cells, and performed the same cell prolifera-
tion assay in five other cancer cell lines. Compared with negative
controls targeting the AAVSI locus, targeted deletion of hub_22_7
did not lead to significant cell death or cell growth inhibition in the
following four tested cell lines: HeLa (cervical cancer cells), H1975
(non-small cell lung cancer cells), A549 (non-small cell lung cancer
cells), and NAMALWA (Burkitt’s lymphoma) (Fig. 2F and fig. S6A).
In the liver cancer cell line Huh7.5.1, deletion of hub_22 7 showed
a weak effect on cell fitness compared with deletion of the essential
gene RPL19 serving as the positive control (Fig. 2F and fig. S6A).
Overall, only the hub_22_7 locus exhibited a remarkable essential
role in the K562 cell line. These results validate the essential hubs
identified in the screen.

Cell death caused by hub deletion does not result

from disruption of functional elements or off-target effects
To illuminate the mechanism of cell death induced by hub deletion,
we first examined the functional annotation and epigenetic modifi-
cations in these regions. None of the essential hubs overlap with
gene coding regions, ncRNA regions, or TAD boundaries. A total of
77.1% (27 of 35 including 3 of 5 individually validated hubs) of the
essential hubs did not overlap with any histone modification or
TF chromatin immunoprecipitation sequencing (ChIP-seq) peak
(Fig. 3A, an example of hub_22_7 in Fig. 3B and full genomics and
epigenomics signals for hub_22_7 in fig. S7). We also checked
the ChromHMM states (the 18-state data downloaded from the
Roadmap Epigenomics project (https://egg2.wustl.edu/roadmap/
web_portal/chr_state_learning.html#exp_18state) in the K562 essential
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Fig. 2. Identification of essential hubs for cell growth and proliferation in the K562 cell line through pgRNA-mediated fragment deletion. (A) Schematic of the
PgRNA library design, cloning, and functional screening of selected hub loci. CMV, cytomegalovirus. (B) Volcano plot of the fold change and P value of hubs in the K562
cell line. The dotted red line represents /score = —1. (C) Selection of candidate essential hubs by pgRNA fold change and specificity score. Essential hits were selected with
specificity score > 0.1, log; (fold change) (log,FC) < —1. (D and E) Validation of top-ranked essential hubs in K562 by cell proliferation assay. AAVS1-pg1 and AAVST1-pg2 are
PgRNAs targeting AAVST as negative controls. Asterisk (¥) represents P values compared with AAVS1-pg1 at day 15, calculated by two-tailed Student’s t test, and adjusted
by Benjamini-Hochberg procedure. (F) Validation of hub_22_7 in multiple cancer cell lines, including A549, H1975, HeLa, Huh7.5.1, and NAMALWA. Asterisk (*) represents
P values compared with AAVST-pg1 at day 15, calculated by two-tailed Student’s t test, and adjusted by Bonferroni correction accounting for multiple testings. Data are
presented as the means + SD. (n=3). **P < 0.01, ***P < 0.001, and ****P < 0.0001. NS, not significant.

hubs and found that 82.286% of them are in the quiescent/low states
(table S13). These observations indicated that the essentiality of  bility that cell death was caused by off-target cleavage. Using the

these hubs did not result from the genes or regulatory elements

they harbor.
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We next evaluated the essential hub_22_7 to rule out the possi-

validated pgRNA hub_22_7-pg2 with high specificity (table S12),
we first measured its deletion efficiency by real-time quantitative
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Fig. 3. Characterization of the deleted hub and the impact of its deletion on the global chromatin structure. (A) Overlap of essential hubs in K562 cells with the
peaks of 10 histone marks (H3K27ac, H3K4Me1, H3K4me3, H3K27me3, H3K9me3, H3K36me3, H3K4me2, H3K79me2, H3K9ac, and H3K20me1) and 151 TFs. (B) Histone
marks, CTCF (CCCTC-binding factor) binding, open chromatin, DHS, DNase hypersensitivity; FAIRE, formaldehyde-assisted isolation of regulatory elements, and conser-
vation score (100 vertebrates basewise conservation by PhyloP) on chr22: 17,325,000 to 17,330,000 (see fig. S6 for all signals). (C) Effective diameters versus log;o(number
of nodes) the wild-type (WT) and hub_22_7-deleted K562 cells. (D) Modularity scores in the seven wild-type cell lines for 23 chromosomes. Red dots, hub_22_7 deletion.
(E) Hi-C contacts for wild-type and hub_22_7-deleted K562 cells at 1-Mb, 100-kb, and 25-kb resolutions.

polymerase chain reaction (PCR) (fig. S6B) at each time point after
pgRNA transduction and then performed whole-genome sequencing
(WGS) to evaluate its potential off-target effect on the day showing
the highest deletion efficiency (see Materials and Methods). We iden-
tified >3.7 million single-nucleotide variants (SNVs) and >890,000
indels compared to the hgl9 reference genome (table S14). The fact

Ding et al., Sci. Adv. 7 , eabi6020 (2021) 3 November 2021

that we could successfully identify 87.4% germline mutations found
in the published wild-type K562 cells (ENCODE database with the
accession codes ENCFF313MGL, ENCFF004THU, ENCFF506TKC,
and ENCFF066GQD) suggests reliable library quality. We manually
checked the indels on 455 potential off-target loci and 2 on-target
loci identified by Cas-OFFinder (23) using loose criteria (bulge = 0,
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mismatch <4; bulge <2, mismatch <2) to avoid missing any possible
off-target site (see Materials and Methods). Significant indels were
found in only 2 on-target loci and not found in any of the 455 puta-
tive off-target loci, indicating no off-target cleavage. These analyses
confirmed that cell death caused by hub deletion did not result from
off-target effects.

Deletion of essential hubs can alter the global

chromatin structure

We next performed Hi-C analysis to examine the chromatin struc-
ture changes in hub_22_7-pg2-infected (hub_22_7-deleted) K562
cells. To characterize the global impact of hub deletion, we first con-
structed FCNs in the hub_22_7-deleted cells using the same criteria
as in the wild-type cells and analyzed the changes in the network
properties, including effective diameter and modularity, which is the
difference between the fraction of edges observed within a group of
nodes and the expected value in a random network.

By analyzing the effective diameters of the FCNs before and after
the hub deletion, we found that chr9, chr10, and chr22 had signifi-
cant changes (P < 0.05; see Materials and Methods and Fig. 3C):
chr22 and chr10 increased, while chr9 decreased upon hub deletion.
The hub-deleted cells also showed significant changes in the modu-
larity scores of chr9, ch10, chr16, and chr22 (P < 0.05; see Materials
and Methods and Fig. 3D). While the change in the hubs residing in
chr22 and chr22-translocated chr9 in K562 cells was not unexpected,
the unexpected impact on chr10 and chr16 illuminated the importance
of the understudied interactions between chromosomes (fig. S8).

The increased diameter and modularity in chr22 suggest that hub
deletion reduces long-range chromatin contacts and enhances mod-
ularization of the FCN, consistent with the overall Hi-C contact dif-
ference between the wild-type and hub-deleted cells (Fig. 3E). We
did find newly formed and disrupted chromatin loops (examples in
Fig. 3E) and merge or split of a small percent of TADs in the hub-
deleted cells (examples of chr22: 24 to 26 Mb, 35 to 38 Mb, and 45 to
47 Mb in fig. S9). Together, deletion of a hub has a global impact on
chromatin structure that can propagate to other chromosomes.

Deletion of essential hubs can up-regulate apoptotic genes
Next, we set out to identify genes whose expression was significantly
affected by hub deletion. Cells transduced with pgRNAs have various
rates toward cell death, and the cell population is thus heterogeneous.
Therefore, we used single-cell analysis to define the different cell
states in the population. We performed Drop-seq analysis (24) on
hub_22_7-pg2-infected K562 cells and collected scRNA-seq data
for 393 cells passing the quality control criteria. The bulk RNA-seq
data of the wild-type and AAVSI-deletion K562 cells were included
as controls. All the RN'A-seq data were normalized using counts per
million (CPM), and the scaled z score for each gene in each individual
cell or bulk sample was calculated by fitting a binomial distribution
(see Materials and Methods). The scaled z score matrix of single-cell
and bulk RNA-seq data was used for the following analysis.
We performed trajectory branching and pseudotime analysis using
Monocle (25, 26). Given that cell viability was significantly affected
upon hub_22_7 deletion, we analyzed 93 apoptosis genes documented
in the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base (www.genome.jp/kegg/). The single cells together with bulk
samples of the wild-type and AAVS1-deletion K562 cells were grouped
into five cell states (Fig. 4A). Both AAVSI-deletion and wild-type
samples were assigned to state 1, indicating that AAVSI deletion is a

Ding et al., Sci. Adv. 7 , eabi6020 (2021) 3 November 2021

valid control. Single cells in state 1 resemble the wild-type cells at the
low value of pseudotime, which is understandable because hub de-
letions were not synchronized in all cells. States 4 and 5 have the
highest pseudotime values and thus are the most distinct from the
wild-type state. Overall, the apoptosis genes showed increasing ex-
pression levels from state 2 to state 5 (see examples in Fig. 4B). Because
states 2, 4, and 5 are the leaf nodes in the trajectory tree that repre-
sent local minimum or maximum points, we clustered the apoptosis
genes according to their expression profiles in these three states. Each
of the gene clusters presented with unique patterns as they progressed
toward cell apoptosis (Fig. 4C). This scRNA-seq analysis depicted
the transcriptomic progression toward cell death upon hub deletion
in K562 cells.

Deletion of essential hubs can alter gene expression

in distal regions

We noticed that multiple contacts between promoters and enhancers
located at the opposite sides of the hub in the linear genome were
disrupted upon hub deletion (Fig. 5A and fig. S10), indicating that
deleting a hub could affect transcriptional regulation. To investigate
whether important genes in chr22 (27, 28) were affected, we com-
pared the expression profiles of state 2 and state 1 and found signifi-
cantly down-regulated genes upon hub deletion, including multiple
essential genes whose gene knockdown would significantly affect the
K562 cell viability [identified from previous genome-wide CRISPRi
screening (27)], such as ATXN10, THOC5, CHEK2, and HSCB
(Fig. 5B). Notably, these genes are located distal (12 to 34 Mb away
in the linear genome) from the deleted hub_22_7 loci. We confirmed
the essentiality of THOCS in K562 cells through CRISPRi-based
gene knockdown (Fig. 5B). Furthermore, the high-resolution Hi-C
data indicated that its promoter’s interaction with enhancers was
disrupted upon hub deletion (Fig. 5C). They are located in com-
partment A (active) to compartment B (inactive) flip region (chr22:
29 to 32 Mb, Fig. 5C), consistent with THOCS5 repression. These ob-
servations suggest that the chromatin structure alteration induced
by hub deletion could affect the expression of distal genes, including
those essential for cell viability.

The global impact of hub deletion suggests that hubs might
be potential noncoding therapeutic targets
Given that deleting one essential hub can affect many genes, a new
“one-drug-multiple-targets” therapeutic strategy may be developed
to synergize different pathways. Namely, disease-specific noncoding
regions, such as hubs that are essential in only cancer cells, could be
potential therapeutic targets. In our screen, we identified a group of
essential hubs specifically for K562 cells (Fig. 2, E and F, and fig. S6).
The deletion of hub_22_7 resulted in an approximately 80% de-
crease in the cell proliferation rate of K562 cells but nearly no signif-
icant effects on the other analyzed cell lines (Fig. 2F and fig. S6A).
As K562 cell is a leukemia cancer cell line, such K562-specific hubs
could be potential therapeutic targets for chronic myelogenous
leukemia. As shown above, deletion of this hub caused the down-
regulation of many essential genes and the activation of apoptosis
pathways. Therefore, this collective effect of killing cancer cells is
more potent than targeting each individual pathway and would
make it more difficult for cancer cells to develop drug resistance.
Furthermore, hub deletion also affected genes specifically ex-
pressed in K562 cells, although they are not essential for cell viability.
For example, K562 cell-specific high expression of TOP3B (fig. S11),
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Fig. 4. Hub deletion induces global changes in gene expression. (A) Pseudotime clusters of hub_22_7-deleted and wild-type K562 cells based on apoptosis gene
expression. (B) Examples of typical apoptosis gene expressions (CASP2, CASP3, CASP6, CASP7, CASP8, CASP9, BAK1, and BID) under different cell states defined by pseudotime
analysis. (C) Global analysis of 93 KEGG apoptosis gene expression levels in states 1, 2, 4, and 5. Genes were clustered into three groups.

which plays important roles in the maintenance of gene stabilities
and chromosome bridging (28, 29), was down-regulated upon hub
deletion due to the disruption of its promoter-enhancer interactions.
By examining the ENCODE data in 23 cell lines/tissues, we found
that the enhancers located at chr22: 17,125,000 to 17,130,000 were
marked by H3K27ac in only K562 cells and another leukemia cell
line, Dnd41 (fig. S11). The low expression of TOP3B in Dnd41 cells
(fig. S11) (22) suggests that these enhancers may regulate only
TOP3B in K562 cells. Therefore, deleting this hub can specifically
down-regulate TOP3B in K562 cells.

We also used Genomic Regions Enrichment of Annotations Tool
(GREAT) (30) to search for pathways enriched (binomial false dis-
covery rate Q < 1 x e~) in the loci whose Hi-C contacts (P < 107%)
were significantly reduced upon hub_22_7 deletion in chr22 (Fig. 5D).
Notably, the APOBEC3 family genes stood out, and in particular,
APOBECS3B was significantly down-regulated from state 1 to state 2
(Fig. 5F). This is likely due to the reduced interaction between the
APOBEC3B promoter and its enhancers upon hub_22_7 deletion
(Fig. 5E). APOBEC3 enzymes were reported as therapeutic targets
for cancer treatment (31, 32), and their aberrant expression (e.g.,
higher expression of APOBEC3B) could cause cancerous muta-
genesis leading to drug resistance or metastasis (33-35). Although
APOBECS3B is not essential for K562 cell viability, its down-regulation

Ding et al., Sci. Adv. 7 , eabi6020 (2021) 3 November 2021

could effectively reduce the mutation rate, which is crucial for
developing a potent therapy. Together, deleting one hub may syner-
gize with multiple pathways to kill cancer cells and simultaneously
reduce the cancer’s mutation capability. This example suggests that
the identification and deletion of cancer-specific hubs could open a
new avenue for developing potent therapeutics.

DISCUSSION

Noncoding genomic regions without any epigenetic mark, open
chromatin, or TF binding have been overlooked in functional anal-
ysis. By analyzing the 3D contact networks derived from Hi-C data,
we found that such noncoding regions without any mark can be in
contact with many other loci and thus become hubs in the 3D con-
tact network. Our simulated deletion of hubs in normal GM12878
cells shifted the 3D contact network toward the K562 cancer cell
line. Our analysis also showed a strong correlation between 3D con-
tact change and GV occurrence in the hubs of cancer cell lines, sug-
gesting that cancer-specific GVs tend to significantly alter the 3D
contacts of hubs. These results indicate that hubs likely play critical
roles in normal cells, and noncoding disease-associated GV can
occur in hub regions to form or disrupt hubs in normal cells, which may
cause aberrant cellular functions leading to diseases. Therefore,
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our analysis provides a new perspective to understand the mechanisms of
noncoding GVs that do not overlap with any epigenetic mark, TF
binding, or open chromatin but are tightly associated with diseases.

To further examine the importance of the hub regions, we deleted
960 hubs in K562 cells using a pgRNA CRISPR-Cas9 library. Through
computational analysis combined with the in-library AAVSI controls
and stringent filtering to avoid the potential issues of off-target ef-
fects and copy number amplifications, we found that 35 hubs could
affect cell growth or viability after targeted deletion. The percentage

Ding et al., Sci. Adv. 7 , eabi6020 (2021) 3 November 2021

of hubs essential for cell fitness is comparable to those of essential
IncRNAs (<3%) (8, 9) and protein-coding genes (< 3%) (36), which
further supports the importance of hubs. Five of seven loci were
individually validated with multiple pgRNAs, and hub_22_7 was fur-
ther validated to be specifically essential for cell fitness in the K562
cell line. Using WGS analysis, we also confirmed that the targeting
PgRNA of hub_22_7 has no off-target effect across the genome.

To understand the impact of hub deletion, we focused on §
validated hub hub_22_7 that has no epigenetic mark, TF binding,
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or open chromatin signal in K562 cells. This hub was randomly
selected from the K562 essential hubs and could serve as a representa-
tive group of cell type—specific essential hubs. Hi-C analysis showed
that deleting the 5-kb hub significantly altered the 3D contact
networks, as quantified by the significant change in FCN properties,
including diameter and modularity. The hub deletion effects were
far beyond the contacting loci of the hub and indicate that the im-
pact of hub deletion is global.

We speculate that this global impact may start from the disrup-
tion of chromatin packing around the deleted hub and propagate to
affect distal chromatin looping and promoter-enhancer interactions.
An analogy is mutation of a residue in the interior of a protein’s
structure that can significantly change the protein conformation,
leading to protein dysfunction. Therefore, although hubs do not host
or interact with any gene, the propagated effect can alter the tran-
scription of distal genes, as shown by the scRNA-seq data, which are
essential for cell viability by themselves or in combination with other
affected nonessential genes. We recognize that it is difficult to prove
the causal relationship between global chromatin organization change
and cell proliferation or gene expression, which still remains techni-
cally challenging and worthy of future investigation. Nevertheless,
this is the first study to observe that noncoding loci without any
epigenetic signals are not junk DNA, which could contribute to
maintaining the global chromatin structure.

Furthermore, we showed that hubs can be cancer specific, which
indicates a possibility of developing treatments to target a specific
cancer. We are aware that the present studies are in cell lines and
that further analysis in tumor tissues is necessary to confirm the
translational value. However, it is worth noting that, because the
global impact of hub deletion can affect many genes located distal
from each other in the genome, the identified cancer-specific hubs
could be potential new therapeutic targets. Targeting these noncoding
loci could leverage the synergistic effects of multiple mechanisms to
develop potent therapeutics, and treatment resistance is harder to
develop because it requires mutations to interfere with the large
number of genes affected by hub inhibition. There is a long way to
go to translate this discovery, and there are possible roadblocks
such as targeting multiple genes/pathways that may lead to lack of
specificity for developing new therapeutics. As there are much more
noncoding loci than the genes, overcoming the potential pitfalls
requires additional effort to better understand the mechanisms of
these “dark matter” in the genome for treating disease. Our findings
here suggest an exciting direction for further exploration given the
fast advancement of genome editing and delivery technologies.

Together, we report here the first study to reveal that noncoding
loci without any epigenetic mark, TF binding, or open chromatin
signal can be essential for cell viability. The importance of these loci
for global chromatin organization and their impact on distal gene
expression upon deletion make them a potential new class of thera-
peutic targets that have not yet been found.

MATERIALS AND METHODS

Network construction and hub identification

Evaluating the significance of Hi-C interaction pairs

We collected the raw reads, scale factors for vanilla coverage (VC)
normalization, and the expected normalized reads for interaction pairs
from the Hi-C experiments provided by Rao et al. (13)(GSE63525).
The raw read, Ry, between fragments F; and F; was first divided by
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both sequence distances between F; and F; and obtained the expected
normalized reads for the scale factors Sg, and Spj for VC normaliza-
tion, R;*™ = ¢ ;F]. Then, we calculated the distance Rj;*. Last, the
significance of the interaction between F; and F; was evaluated using
the P value of the normalized read Rj;*"calculated on the basis of a
Poisson distribution (4) with an expectation equal to R}
Consideration of translocation in K562 cells
When processing the Hi-C reads in K562 cells, we took the reciprocal
translocation between chr9 (9q34) and chr22 (22q11) into account.
We mapped the reads to chr9 and chr22 in the reference genome
and then translocated them. Next, the reads were normalized to the
scale factors for each fragment provided by the study from Rao et al.
(13). The P value was then calculated in the same way as described
above. The translocated chr9 is ~10 Mbp longer than the reference
chr9. As the expected reads and the genomic distance follow a power
law (4), we fitted a linear model between the logarithm of expected
reads and the logarithm of genomic distance and estimated the ex-
pected reads for longer genomic distances.
Hub identtification
We identified hubs in each FCN using a z score of its degree,
zscore = “ =X, where d; is the degree of the ith fragment and p and
o are the average and SD of the degrees of all nodes in a chromo-
some of a cell line. We used a z score cutoff of 2.0 to select hubs that
accounted for less than 10% of the total nodes (see the “FCN
Network Analysis Results” section in the Supplementary Materials
and table S2).
Epigenetic signal/gene enrichment in hubs and nonhubs
The peaks of six histone modifications (H3K4mel, H3K4me3,
H3K27ac, H3K36me3, H3K27me3, and H3K9me3) and ATAC-seq
peaks were counted in the hub/nonhub regions in the six cell lines
(GM12878, HMEC, HUVEC, IMR90, NHEK, and K562). They were
downloaded from www.encodeproject.org/. The KBM?7 cell line was
not included in the analysis because of the lack of enough histone
modification ChIP-seq data. Distributions of the overlapping histone
modification and ATAC-seq peaks were compared between hubs and
nonhubs, and P values were calculated using matched-pairs ¢ test.
To check the gene enrichment in the hub region and the entire
genome, the annotated genes in hg19 genome downloaded from the
UCSC genome browser overlapped with the whole genome (all
563,566 5-kb fragments covered in the Hi-C data in the entire
genome), union of the hubs (union of all 87,324 hubs in the seven
cell lines), and common hubs (8025 common hubs were found in
the seven cell lines).
Cell line specificity of the node degree distribution
For 5-kb resolution Hi-C data in the five cell lines, we used a
correlation-based method to evaluate cell type specificity. (i) The
degree of each node was represented as a vector containing the de-
gree z score values calculated for the five cell lines that had both GV
and Hi-C data (GM12878, HMEC, HUVEC, IMR90, and K562). (ii)
For cell type specificities, there are 2° = 32 possible vectors, includ-
ing 2 with no cell line specificity (0,0,0,0,0), (1,1,1,1,1); 5 specific to
one cell line (1,0,0,0,0), (0,1,0,0,0)...(0,0,0,0,1); 10 specific to two cell
lines (1,1,0,0,0), (1,0,1,0,0)...(0,0,0,1,1); 10 specific to three cell lines
(1,1,1,0,0), (1,0,1,1,0)...(0,0,1,1,1); and 5 specific to four cell lines
(1,1,1,1,0), (1,0,1,1,1)...(0,1,1,1,1). (iii) For each node, we calculated
the Pearson correlation between the degree vector and these cell line
specificity vectors. If the best correlation coefficient was larger than
a threshold of 0.9 (P < 0.006), then we assigned the node with the
corresponding cell line specificity.
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For 20-kb resolution Hi-C data in 12 normal cell lines and 2 cancer
cell lines, we used a distribution-based method to evaluate the cell
type specificities. (i) The degree of each node was represented as a
vector containing the degree z score values calculated in all cell lines
that had both GV and Hi-C data. (ii) For each node, we assumed
that the normalized degrees obey a Gaussian distribution across
normal cell lines, and we calculated the mean and SD. (iii) On the
basis of the mean and SD for each node, we calculated the z score for
each cell line, i.e., the cell line specificity z score. A node was consid-
ered cell line-specific if the absolute value of the cell line specificity
z score was greater than 1. The “Network construction and hub
identification” section was presented in an earlier and limited pre-
print version of this study deposited in BioRxiv (14)

Hub screening and validation

Cell culture

K562, H1975, and NAMALWA cells were cultured in RPMI 1640
medium (Gibco). 293T, HeLa, A549, and Huh7.5.1 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Gibco). All cells were
supplemented with 10% fetal bovine serum (Biological Industries)
with 1% penicillin/streptomycin and cultured in 5% CO; at 37°C.
Design and construction of the CRISPR-Cas9 pgRNA library

To validate the importance of the hub regions, we sorted the hub
regions with PLT and selected the top 700 all-cell line hubs and top
300 K562-specific hubs. Among them, 960 hubs were suitable for
designing pgRNAs for CRISPR-Cas9 screening. For each hub, up to
20 pgRNAs were designed to target 1-kb upstream and 1-kb down-
stream regions flanking the two boundaries of the 5-kb segment. To
ensure the cleavage accuracy and efficacy, we required sgRNAs in
each pair to contain at least two mismatches to any other loci in the
human genome, and their GC contents are between 0.2 and 0.8. For
all the possible pgRNAs obtained from the selected sgRNAs, we re-
moved those that may delete any promoter or exon of protein-coding
genes, and we ensured that the cut site of each sgRNA is at least
30 base pairs (bp) away from the exon-intron boundary of the coding
genes. We also designed 473 pgRNAs deleting the promoter region
and first exon of 29 ribosomal genes as positive controls, and
100 pgRNAs targeting the AAVSI locus as well as 100 nontargeting
pgRNAs as negative controls, which were obtained from our previous
library (16). As a result, the hub deletion library contained 17,476 pairs
of gRNAs targeting 960 hub loci. The 128-nt oligonucleotides con-
taining pgRNA coding sequences were designed, synthesized (Agilent
Technologies Inc.), and cloned into the lentiviral expression vector
following the two-step cloning method as previously described (16),
with a minimum representation of 150 transformed colonies per
pgRNA in each cloning step.

CRISPR-Cas9 pgRNA library screening

K562 cells stably expressing Cas9 were infected with pgRNA library
lentiviruses at an MOI of <0.3 (1000x to 1500x coverage of the library),
and two replicates were arranged. Seventy-two hours after infection,
enhanced green fluorescent protein—positive (EGFP") cells were se-
lected by fluorescence-activated cell sorting (FACS; day 0). For each
replicate, the harvested cells were divided into a day 0 control group
and an experimental group, which was further maintained at a min-
imum coverage of 1500x for 30 days. Then, cells from each group
with 1500x library coverage were, respectively subjected to genomic
DNA extraction, PCR amplification of sgRNA-coding sequences,
and high-throughput sequencing analysis (Illumina HiSeq 2500 and
HiSeq X Ten platform) as previously described (16).
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Identification of functional hubs

Sequencing reads were mapped to the pgRNA library and further
normalized to reads per million for each barcoded gRNA. After cal-
culating the quantile of pgRNA counts from two replicates, we
removed noisy pgRNAs if a pgRNA’s quantile difference of two
replicates was in either 3% tail of the distribution. Then, log,FC be-
tween the experimental and control groups was calculated for each
PgRNA, and 100 negative control genes were generated by randomly
sampling 20 AAVSI-targeting pgRNAs with replacement. Two scores
for each set of hubs were calculated: (i) the mean log,FC of all pgRNAs
in the set, denoted by FChyp; and (ii) -10g10Pyalue Of the one-sided
Mann-Whitney U test of all pgRNAs in the set compared with pgRNAs
targeting the AAVSI locus, denoted by Ppyp. The background distri-
bution of these two scores was represented by the mean (upc and pp)
and SD (ogc and op) of all negative control genes. Then, the essentiality
of hubs was evaluated by the following function

FChub — UrC « “ FChub — UEC |+ Phub — up ‘
OFC OFC op

Iscore = Sign(

and hubs with the lowest I;.,.(< —1) were identified as essential hubs.

To further avoid the potential issue of cell toxicity generated from
multiple cleavages by some pgRNAs, we retrieved the GuideScan
specificity score to evaluate each sgRNA (21). By calculating the
harmonic mean of the two sgRNAs for each pgRNA, a specificity
score was generated for each pgRNA. We kept only the identified
essential hubs if their targeting pgRNAs had specificity scores > 0.1
and log,FC < —1. Furthermore, to avoid the copy number effect on
dropout screening, the copy number of each hub locus in the K562
cell line was analyzed on the basis of ENCODE consortium copy
number data (www.encodeproject.org/files/ENCFF486MJU/). After
further filtering hub loci with copy number amplification, the re-
maining hits were regarded as essential hubs.

Distance between hubs and centromeres

We calculated the distances between hubs and centromeres using
their nearest boundaries and compared the distance distributions
for essential and nonessential hubs. Chi-squared goodness of fit test
was used to calculate the P value.

Individual validation of essential hubs by cell

proliferation assay

For each candidate hub locus, two pgRNAs were used for the indi-
vidual validations, and they were either newly designed or selected
from the library showing consistent depletion in replicates. To en-
sure high targeting specificity of all the selected pgRNAs, we required
that their specificity scores are all greater than 0.15, and the score of
at least one pgRNA for each hub is greater than 0.2. For the newly
designed pgRNA, we further required that they do not include >4-bp
homopolymer stretches and that their GC contents are between 0.4
and 0.7. We also changed the deletion regions, which included each
sgRNA targeting —1 to +0.5 kb, flanking the two boundaries of the
5-kb hub loci (- and + refer to the outer and inner hub directions,
respectively). Other rules were the same as those used for the pgRNA
design in the library screening.

All the pgRNAs targeting each hub to be validated were individ-
ually cloned into a lentiviral expression vector containing an EGFP
selection marker. After virus packaging, the pgRNA lentiviruses
were respectively transduced into K562 cells at an MOI of <1. The
percentages of EGFP-expressing cells indicating the fraction of
pgRNA-containing cells were quantified every 3 days by FACS. Cell
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proliferation of each sample was measured by normalizing the per-
centage of EGFP" cells at each time point to that at 3 days after in-
fection (labeled day 0), which was the same as previously described
(9, 16). The experiments lasted for 15 days after the first FACS anal-
ysis, and at least 100,000 cells were analyzed.

WGS to evaluate off-target effects

K562 cells were lentivirally transduced with the pgRNA hub_22_7-pg2.
The EGFP" cells were collected by FACS sorting at day 8 after pgRNA
infection at an MOI of <1, and the sorted cells were subjected to
genomic DNA extraction. The WGS library was prepared following
the manufacturer’s instructions and sequenced using the Illumina
HiSeq 4000 platform. Using the WGS data, we evaluated the dele-
tion efficiency at the targeted locus and off-target effects.

We downloaded the K562 (wild-type) WGS data from ENCODE
with accession codes ENCFF313MGL, ENCFF004THU, ENCFF506 TKC,
and ENCFF066GQD and then evaluated the potential off-target
effects following the published procedures (37). We first generated
putative off-target sites for hub_22_7 in the hgl9 genome using
Cas-OFFinder (23) . We called the base mismatch type with at most
four mismatches without considering any bulge (mismatch < 4,
bulge = 0). We also called bulge mismatch type with at most two
mismatches with at maximum two bulges (mismatch < 2, bulge < 2).
In total, we examined 455 potential off-target loci. To detect the
candidate mutations and indels in the hub-deleted cells, variant
calling was performed as described in genome analysis toolkit (GATK)
Best Practices (https://gatk broadinstitute.org/hc/en-us). Briefly, reads
were aligned to the human reference genome (hg19) using BWA-0.7.17.
Duplicated reads were then removed using GATK4 MarkDuplicatesSpark
(https://gatk.broadinstitute.org/hc/en-us/articles/360037224932-
MarkDuplicatesSpark). The reads were then processed via base
quality score recalibration using GATK4. Germline mutations
(compared to the hg19 reference genome) were called in both wild-type
and hub-deleted cells by GTAK HaplotypeCaller (version 4.1.4.1)
with the default parameters. SNVs and indels called by GATK4
Mutect2 (version 4.1.4.1) with the default parameters were used to
assess off-target deletions.

We further confirmed no off-target effects using a different anal-
ysis software, BCFTOOLS suite (version 1.9, www.htslib.org/doc/
bcftools.html), to reexamine the single-nucleotide polymorphisms
(SNPs) and indel sites from the WGS data. The mapped BAM file of
K562 cells was piped into bcftools mpileup and beftools call with
default parameters. The called raw variant call format (VCF) file was
filtered by a bcftools filter with “%QUAL < 30 || DP < 30” marked as
low-quality variants. Homozygous variants were also removed from
the raw VCF file with the parameter “GT = 1/1.” Gold standard indels
VCEF of Mills and 1000G were downloaded from GATK Resource Bundle
(https://gatk.broadinstitute.org/hc/en-us/articles/360035890811-
Resource-bundle). The gold standard indels were also removed from
the VCF file using bcftools isec with parameter “-n -1 -c all.” There
were no putative off-target sites found in the 13,809 indels obtained
using bedtools intersect (https://bedtools.readthedocs.io).

Hi-C library preparation and data analysis

Hi-C library preparation

The pgRNA Hub_22_7-pg2 was delivered into K562 cells through
lentiviral infection at an MOI of <1. EGFP* cells were collected by
FACS sorting at day 9 after infection, and the sorted cells were
allowed to recover under normal cell culture conditions for 2 hours
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before proceeding to conduct the Hi-C library. One million cells
were used for each Hi-C library preparation using an Arima-HiC
kit (Arima Genomics, San Diego) following the manufacturer’s
instructions. Hi-C libraries were sequenced using the Illumina
NovaSeq platform.

Hi-C data processing

The Hi-C raw FASTQ data were processed by the Juicer pipeline
(38) with the default parameters. Hi-C reads were aligned to hg19
(GRCh37), and the reads with mapping quality score (MAPQ) < 30
were further trimmed (table S15). The output bam files were trans-
formed into 5-kb, 10-kb, 25-kb, 50-kb, 100-kb, and 1-Mb resolution
contact matrix. The contact matrix was then normalized by the VC
method (13). The significance level of a given interaction pair was
calculated from Poisson distribution fitting between the measured
interaction reads and the expected reads by VC normalization. Juicebox
(https://aidenlab.org/juicebox/) and HiCExplorer (39, 40) were used
to visualize the processed Hi-C data.

Loop calling

In both wild-type K562 and hub_22_7-deleted K562 cells, the VC
normalized Hi-C contact reads were processed by HICCUPS with
default parameters at 25-kb resolution for calling loops. (https://
github.com/aidenlab/juicer/wiki/HiCCUPS).

TAD calling

We used insulation score (41) to identify the TADs for K562 wild-type
and hub_22_7 deletion cells in 10-kb resolution data. The HiCExplorer
software was used to plot the TADs. (39)

A/B compartment analysis

The A/B compartment analysis was conducted using 50-kb bins.
The eigenvectors for each chromosome in both K562 wild-type and
hub-deleted cells were extracted from the VC normalized Hi-C
counts processed by the Juicer pipeline with the default parameters
(38). The polymerase II (Pol IT) ChIP-seq data in K562 cells were
downloaded from ENCODE (42). The correlation between the first
eigenvector of each chromosome and the Pol II peaks density was
calculated, on the basis of which we determined the A and B com-
partments (43). We repeated this analysis in GM12878, HUVEC,
IMR90, and NHEK. For HMEC, there were no Pol II ChIP-seq data
available, and thus, we used TSS density for hgl9 genome to assign
A/B compartments.

Effective diameter comparison

The effective diameter was computed by SNAP software. We calcu-
lated the effective diameter deviation for each chromosome both
before and after hub deletion and found that the deviation followed
a Gaussian distribution by the Shapiro-Wilk normality test (P = 0.27
so that the null hypothesis of being normal distribution was accepted).
Then, we calculated the P value for the deviation of each chromo-
some on the basis of a Gaussian distribution and identified the sig-
nificantly changed chromosome with P < 0.05.

Modularity comparison

The modularity was computed by SNAP software. We collected the
modularity scores of each chromosome in the seven wild-type cell
lines (GM12878, K562, HUVECs, IMR90, NHEK, KBM7, and
HMEC) and found that the modularity score for each chromosome
followed a Gaussian distribution (all P values > 0.01 to accept the
null hypothesis of being a Gaussian distribution in the Shapiro-Wilk
normality test). Then, for each chromosome in hub-deleted K562
cells, we calculated the P value of its modularity score on the basis of
chromosome-specific modularity distribution and identified signifi-
cantly changed chromosomes with P < 0.05.
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Bulk RNA-seq and data analysis

Bulk RNA-seq library preparation

The pgRNA AAVSI-pgl targeting the AAVSI locus was delivered
into K562 cells at an MOI of <1. Then, 2 x 10° EGFP" K562 cells
were sorted by FACS 8 days after transfection. Total RNA was
extracted using the RNeasy Mini Kit (QIAGEN, 79254) with three
replicates. The RNA-seq libraries were further prepared following the
NEBNext PolyA mRNA Magnetic Isolation Module [New England
Biolabs (NEB), E7490S], NEBNext RNA First Strand Synthesis
Module (NEB, E7525S), NEBNext mRNA Second Strand Synthesis
Module (NEB, E6111S), and NEBNext Ultra DNA Library Prep Kit for
Nlumina (NEB, E7370L). All samples were subjected to next-generation
sequencing (NGS) analysis using the Illumina HiSeq 4000 platform.
Bulk RNA-seq data processing

In the bulk RNA-seq library, the sequencing reads with Phred scores
of >30 were aligned to the human reference genome (GRCh37/hg19)
using HISAT2 (2.0.4) (44, 45) and assembled and quantified by
StringTie (1.3.5) (44, 46). The gene read counts for each sample were
further normalized by CPM.

scRNA-seq and data analysis

Single-cell library preparation

K562 cells infected with Hub_22_7-pg2 were FACS-sorted 8 days
after lentivirus transduction for single-cell library preparation. The
single-cell library was prepared with the established protocol de-
scribed previously (24). Briefly, polyadenylated RNA was reverse
transcribed through tailed oligo(dT) priming directly in whole-cell
lysate (single droplet) using Moloney murine leukemia virus reverse
transcriptase (MMLV RT) and temperature switch oligos. The
resulting full-length complementary DNA (cDNA) contained the
complete 5’ end of the mRNA, as well as an anchor sequence that
served as a universal priming site for second-strand synthesis. The
c¢DNA was preamplified using 15 cycles with Kapa HiFi HotStart
ReadyMix. We used the Nextera DNA Sample Preparation Kit to
generate single-cell libraries. The amplified cDNA was tagmented
at 55°C for 5 min in a 20-pl reaction with 0.25 ul of transposase and
5 ul of Nextera reaction buffer. Five microliters of neutralization
buffer was added to the tagmentation reaction mix to strip the
transposase off the DNA, and the tagmented DNA was ampli-
fied by 12 cycles of standard Nextera PCR. Then the DNA was
purified with 20 ul of Ampure beads (sample to beads ratio of
1:0.6). The prepared libraries were sequenced on an Illumina HiSeq
4000 instrument.

scRNA-seq processing

The FASTQ files were first mapped to the human reference genome
(GRCh37/hg19) using Picard (2.17.0) (47) and STAR (2.5.3a) (48).
We used the Drop-seq processing pipeline developed by the McCarroll
laboratory (24) to remove low-quality reads (lower than Q10) and
PCR duplicates (identified by cell barcodes and molecular barcodes).
The cells were descendingly ordered by read count. Reads from all
the cells were pooled together to form a cumulative distribution.
Cells with the most reads before the inflection point “knee” of
the cumulative distribution were kept for the following analysis
(table S16).

We calculated a P value for each gene to assess whether the
change was significant. Each cell was first normalized by CPM. We
calculated E;, which is the sum of CPMs for a given gene across all
the cells, and Ejot,), which is the sum of E; for all the genes. We then
computed P; = Ei/Eyy1. In a given cell j, the normalized gene expression
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of all genes was assumed to follow a binomial distribution G;; ~ B
(N}, P;) independently and identically, where G;; is the expected reads
of gene i in cell j and N; is the total reads for cell j. We calculated
a P value to evaluate how significantly each gene expression in each
cell deviated from the expected value on the basis of the binomial dis-
tribution, which indicates its differential expression across cells.
We also calculated the P value for genes in the negative control
(AAAVSI) and wild-type bulk RNA-seq data the same way.
Single-cell trajectory branching and pseudotime analysis
Because hub deletion affected cell proliferation, we focused on ana-
lyzing the apoptosis genes annotated in the KEGG database (www.
genome.jp/kegg/). Considering the noise in the scRNA-seq data, we
selected apoptosis genes that showed differential expression in at
least 10 to 15% of cells (P < 0.05). As a result, 93 apoptosis genes
were identified in K562 cells with the essential hub chr22: 17,325,000
to 17,330,000 deleted. All the single-cell and bulk data were clustered
with trajectory branching and pseudotime analysis using the Monocle
R package (25, 26). Monocle (25, 26) assigned each cell a pseudo-
time value and a “state” on the basis of the segment of the trajectory
according to the PQ tree algorithm. Cells with the same state were
clustered together (26), and then relative gene expression in each
cluster was computed.

DEGs identified from pseudotime analysis

To identify differentially expressed genes (DEGs) between state 1
and state 2 defined in the pseudotime analysis, a Wilcoxon rank sum
test was applied to identify DEGs in state 2 compared to those in
state 1 using a P value cutoff of 0.05. The chromosome distributions
for these DEGs are listed in table S16.

Investigation of the essentialities of DEGs from scRNA-seq data
Among the DEGs in chr22 upon hub_22_7 (chr22: 17,325,000 to
17,330,000) deletion, which were significantly decreased from state
1 to state 2, a top-ranked DEG THOCS was selected to analyze its
importance on cell growth and proliferation in K562 cells. Three
sgRNAs were designed to knock down its expression through the
CRISPRI strategy, which were selected from the hCRISPRi-v2 library
(27). These sgRNAs were also individually cloned into the lentiviral
expression vector with an EGFP marker and then respectively trans-
duced into K562 cells stably expressing dCas9-KRAB (Kriippel-
associated box) protein at an MOI of <1. The cell proliferation assay
was performed as previously described (9, 16). The first time point
of FACS analysis was 6 days after lentiviral infection, and the exper-
iment lasted for 12 days.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi6020

View/request a protocol for this paper from Bio-protocol.
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