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Three-dimensional (3D) genome organization becomes altered during
development, aging and disease, but the factors regulating chromatin
topology are incompletely understood and currently no technology can
efficiently screen for new regulators of multi-scale chromatin organization.
Here, we developed animage-based high-content screening platform
(Perturb-tracing) that combines pooled CRISPR screens, a cellular barcode
readout method (BARC-FISH) and chromatin tracing. We performed a
loss-of-function screenin human cells, and visualized alterations to their 3D
chromatin folding conformations, alongside perturbation-paired barcode
readout in the same single cells. We discovered tens of new regulators

of chromatin folding at different length scales, ranging from chromatin
domains and compartments to chromosome territory. A subset of the
regulators exhibited 3D genome effects associated with loop extrusion

and A-B compartmentalization mechanisms, while others were largely
unrelated to these known 3D genome mechanisms. Finally, we identified
new regulators of nuclear architectures and found a functional link between
chromatin compaction and nuclear shape. Altogether, our method enables
scalable, high-content identification of chromatin and nuclear topology
regulators that will stimulate new insights into the 3D genome.

The spatial organization of chromatinis linked to many genomic func-
tions and shows intriguing dynamics in a variety of biological pro-
cesses and diseases'. Chromatin organization occurs at many levels
and length scales, from local accessibility to longer-range contacts
to global nuclear architecture. Studies on effectors such as histone
modification enzymes or chromatin loop organizers, for example,
CTCF, havebolstered our understanding of chromatin architecture, but
our overarching understanding of how chromatin is regulated across
lengthscales and in different cell types and conditions remains limited.
It is a substantial challenge to systematically identify new molecu-
lar regulators of complex 3D genome architecture and form testable

hypotheses about their mechanisms of action. Important 3D genome
regulators have been primarily discovered by perturbing one candidate
gene at a time”* or by plate-based screening focusing on relatively
low-content phenotypes such as the spatial distance between one pair
of genomic loci*®. Recently, high-content CRISPR screens combining
Perturb-seq and single-cell assay for transposase-accessible chroma-
tin with sequencing have enabled the high-throughput discovery of
candidate regulators of local chromatin accessibility”®. However, we
still lack scalable, broadly applicable methods to efficiently screen
for regulators of higher-order 3D chromatin folding architectures,
especially at the length scales of topologically associating domains
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(TADs, also known as contact domains), chromatin compartments
and chromosome territories’ ™.

TADs largely confine the scope of promoter-enhancer interac-
tionsand are structural units of chromatin with different DNA replica-
tion timing" and mutation susceptibility'. TADs are further sorted into
segregated A (active) and B (inactive) compartmentsin each chromo-
someterritory'®. Whole-chromosome territory compaction has been
observed in X-chromosome inactivation® and cellular senescence™®.
Defining the regulatory landscape and architectural basis of chro-
matin folding at the length scales that are relevant to each genomic
feature is critical to understanding their functions and dynamics in
development, aging and disease''"*®. Assessing multiple length scales
in parallel is technically challenging and currently only possible with
single-gene perturbations.

We endeavored to develop a technique that would allow for the
discovery of new factors influencing chromatin architecture as well as
providing clues into which length scales and chromatin features they
acton. Tothis end, here we present amethod termed Perturb-tracing
that combines the power of pooled CRISPR screening of candidate
regulators with high-content readout of chromatin organization over
multiple length scales. Our high-throughput, high-content genetic
perturbation screen is combined with super-resolved in situ tracing
of complex chromatin folding conformations and imaging of nuclear
architectures across multiple length scales in human cells. A key
innovation of our technology is the decoding technique we devised,
termed ‘barcode amplification by rolling circle and fluorescenceinsitu
hybridization’ (BARC-FISH), which enzymatically amplifies the barcode
of each single guide RNA (sgRNA) in situ for robust decoding using
fluorescenceinsitu hybridization (FISH), whichis compatible with the
multi-scale 3D chromatin mapping required to assess high-content
phenotypicreadouts for each barcode. After validating our method, we
appliedittoscreen137 candidate genes with 420 sgRNAs and imaged
30 chromatinor cellular targets per cell, generating 12,600 imaging tar-
get-perturbation combinations. The screen identified 21 top-ranking
hits as new regulators of 3D genome organization at different length
scales. Correlation analyses revealed regulators working in conjunc-
tion with known 3D genome regulatory mechanisms. In addition, we
discovered a general link between chromatin compaction regulation
and the maintenance of nuclear sphericity. Altogether, our work pre-
sented here provides a platform for the discovery and characterization
of new chromatinregulatorsacross multiplelength scales and pavesthe
way to build aglobal map of how 3D genomic architectureis regulated
indiverse contexts.

Results

Perturb-tracing enables image-based screening of 3D

genome regulators

To systematically discover new regulators of chromatin conformation,
we developed animage-based method termed Perturb-tracingtoscreen
chromatin structures in individual knockout cells. Briefly, we used
CRISPR-Cas9 technology to generate a pooled library of knockout
A549 human lung cancer cells that coexpress Cas9 withasgRNA and a
unique RNA barcode (Fig.1aand Extended Data Fig.1a,b). The barcode
RNA comprised ten regions, each encoding one of three sequences
(Fig.1b), adesigninspired by arecentreport”. Eachregionis analogous
to aternary digit (with values ‘0’, ‘1’ or 2’) in computation, and each
ten-digit barcode was uniquely paired with an sgRNA in the same cell
(Fig.1a,b). We developed BARC-FISH to visually read out the barcode
RNAs in single cells, and thereby identify the genetic perturbation in
eachcell (see below). To map the phenotypic effects of each knockout
on 3D spatial organization of numerous genomic loci in single cells,
we performed the highly multiplexed DNA FISH method known as
chromatin tracing? on chromosome 22 (chr22; Fig. 1a). Finally, we
used ahigh-throughput computational approach toidentify conserved
features and systematic changes of chromatin organization caused by

the same genetic perturbationinmultiple cells, for every gene knockout
inthe pooled screen.

For BARC-FISH, we adopted a high-efficiency rolling circle
amplification (RCA) strategy from an in situ sequencing method?.
Specifically, a linear probe and a ‘padlock’ probe are hybridized to
each ‘digit’ in the RNA barcode. Circularization and ligation of the
padlock probe generate a template for RCA, primed by the linear
probe, whichinturnlocally generates many copies of part of the digit
sequence (Fig.1b).For each of the ten digits, we hybridized dye-labeled
secondary probes to the RCA product and observed a strong signal
over background (Fig. 1b,c). To detect the value of each digit in indi-
vidual cells, we sequentially applied three-color secondary probes
for each digit, and imaged the fluorescence signals from the labeled
RCA products over tenrounds of three-color sequential FISH imaging
(Fig. 1c). After each round of imaging, the fluorescence signals were
removed from the cells before the next round of sequential FISH.
Finally, the fluorescence signals from all rounds of imaging were com-
putationally converted to barcode values, and subsequently to sgRNA
identities forindividual cells by referring to the barcode-sgRNA asso-
ciations mapped by high-throughput sequencing (Methods). With
high signal-to-background ratio and an error-correcting decoding
algorithm (Methods), BARC-FISH achieved robust decoding while
being compatible with chromatin tracing (Fig.1c,d and Extended Data
Fig. 1c,d), allowing us to match sgRNA identities underlying genetic
perturbations to 3D genome phenotypes (Fig. 1e).

For our screen, we generated a plasmid library of 420 sgRNAs
composed of 10 non-targeting control sgRNAs and 410 sgRNAs tar-
geting 137 selected genes (a coverage of 2 to 3 sgRNAs per target
gene; Supplementary Table1). The plasmid library was cloned using a
high-throughput pooled cloning strategy (Extended Data Fig. 2aand
Methods). This strategy randomly paired the ten-digit barcodes with
the sgRNAs and used a bottlenecking method to ensure unique map-
ping of each barcodeto asingle sgRNA. With this strategy, up to~5,000
sgRNAs can be distinguished with the current barcoding scheme
(Methods). Itis possible to extend the barcode sequence to allow for
more perturbationsinasingle screen. The 137 selected genesincluded
ones encoding known chromatin conformation regulators such as
NIPBL and CTCF as positive controls?, and primarily genes encoding
nuclear proteins that are differentially expressed by more than five-
fold upon oncogene-induced senescence”, given the extensive 3D
genome reorganization during this process'®*®. We generated the cell
knockout library by lentiviral transduction of the plasmid library with
puromycin selection, and detected 8 non-targeting sgRNA controls
and 404 sgRNAs corresponding to all 137 targeted genes, suggesting
an sgRNA dropout rate of 1.9% with our library construction. To esti-
mate the knockout efficiency in our cell background, we transduced
A549-Cas9 cells with selected individual sgRNA constructs and per-
formed next-generation sequencing (NGS) on the target genomic DNA
of the polyclonal cells after transduction and selection. The results
showed knockout efficiencies of 43-70% for the selected sgRNAs
(Extended Data Fig. 2b), close to the predicted knockout efficien-
cies in previously reported CRISPR editing prediction models**.
This less-than-100% knockout efficiency is intrinsic to CRISPR and is
expected to potentially lead to a mixture of wild-type and knockout
phenotypesinsubpopulations of cells carrying the same sgRNA, but
we expect to still capture knockout phenotypes that are sufficiently
strongin population analyses.

Identification of regulators of multi-scale chromatin folding

For chromatin tracing, we mapped the conformation of chr22 as a
model (duetoits short genomiclengthand thelack of known structural
variations on chr22 in A549 cells) at the TAD-to-chromosome length
scales by pinpointing the central 100-kb regions of all 27 TADs span-
ning chr22 (Fig. 1d). To exclude the potential influence of cell cycle
on chromatin conformation, we incorporated Geminin staining and
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Fig.1|Perturb-tracing enablesimage-based pooled CRISPR screen of
chromatin and nuclear organization regulators. a, Schematic of the
screening approach. For chromatin tracing, all 27 TADs spanning chr22 were
sequentially visualized in a multiplexed DNA FISH procedure. For BARC-FISH
decoding, ten digits of the barcode were amplified and sequentially imaged.
b, Ascheme of the BARC-FISH method. The expressed barcode RNA was
composed of ten ‘digits’, and each digit had one of three different values
(values 0,1and 2, represented by orange, cyan and magenta, respectively).
¢, An example of BARC-FISH decoding from one of 17 replicate datasets.
Arepresentative field of view (left image) from the screen with BARC-FISH
signals shown in orange, cyan and magenta; cell segmentation shown as white
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lines; and total protein stain in green. The right boxes depict magnifcations of
the yellow box in the left image in ten rounds of decoding. Scale bars, 20 um.
d, Chromatin tracing of the yellow-boxed cell in c. Left, an image of the cell,
with the traces of three copies of chr22 shown in red and DAPI stain shown in
blue. Right, 3D chromatin trace of the chromosome in the yellow box in the
leftimage. The 3D positions of each TAD are shown as pseudo-colored spots,
connected with asmooth curve. Below, The genomic positions of TADs 1-27
on chr22, and their corresponding compartment identity (red, compartment
A; blue, compartment B). Scale bar, 20 um. e, Example matrices of log, fold
changes of inter-TAD spatial distances for selected hits from the screen.
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onlyincluded G1 phase cells in our analyses (Extended Data Fig. 2c)*.
Individual G1 phase A549-Cas9 cells contained 2-4 chr22 traces each.
We analyzed 57,286 traces containing 1,407,797 3D positions from
17,304 cells.

Toidentify regulators of 3D genome organization, we firstinvesti-
gated the spatial distances between adjacent TADs on chr22. Consist-
ent with recent imaging studies focusing on single pairs of adjacent
TADs”?%, we found that loss of the known cohesin loader NIPBLled to a
significantincreasein adjacent TAD distance, whereas loss of CTCF sig-
nificantly decreased adjacent TAD distance as expected”*® (Fig. 2a,b).
These positive control results are consistent with the opposing roles
of CTCF and NIPBL in loop extrusion®***?® and cross-validated our
screening method. Importantly, other knockout hits also altered the
adjacent TAD distances, revealing new candidate regulators of chroma-
tin organization. We observed that loss of the tumor suppressor RB1,
MRVI1and PIP5K1B increased the adjacent TAD distance, while loss of
GLDC, the nuclear receptor NR4Al and ZNF114 caused the opposite
phenotype (Fig.2a-c).

We next explored the regulation of chromatin folding conforma-
tions at the length scale of A-B compartmentalization by measuring
long-range chromatin contact frequencies for each perturbation within
the same cells screened above. We defined two TADs spaced less than
500 nmapartasincontact witheach other, and derived the long-range
contact frequency betweennonadjacent TADs along the chr22 genomic
map. As A-B compartment organization stems from long-range chro-
matin contact'’, we further categorized the long-range contacts as
contacts between compartment A regions (A-A), contacts between
compartment B regions (B-B) and inter-compartmental contacts
between A and Bregions (A-B). We observed that loss of NR4A1, PDE1A
orthe homeobox transcription factor HOXB9 increased the long-range
A-A contact frequency, while loss of RB1, PCBP1 or LRRC10B showed
the opposite phenotype (Fig. 2d,e). Loss of RFESD, HOXB9 or FAM69B
increased the frequency of inter-compartmental A-B contacts, while
loss of C2CD2, the chromatin remodeler CHD7 or FAM13C decreased
A-B contacts (Fig. 2f,g). Finally, loss of the AP-1 transcription factor
subunit FOS, NR4A1 or the helicase DDX24 increased the long-range
B-B contact frequency (Fig. 2h,i).

Finally, we integrated all pairs of inter-TAD distances to measure
and compare the overall compactness of the chr22 chromosome ter-
ritory. The average fold changes of all 351 inter-TAD distances among
the 27 TADs were calculated. We found that knocking out PCBP1, RB1
or CHD7 decompacted chr22 (Fig. 2j-1), while GLDC, HOXB9 or BRME1
(C190rf57) knockout resulted in chr22 compaction (Fig. 2j,k). Intrigu-
ingly, RBlis known to promote the formation of senescence-associated
heterochromatin foci*’, ahighly compacted whole-chromosome con-
formation. Our results show that RBI knockout decompacts chr22
across multiple scales, including increased adjacent TAD distance
(Fig. 2a-c), reduced long-range A-A contact frequency (Fig. 2d,e)
and overall decompacted chromosome territory (Fig. 2j-1). The
high-contentreadouts of our screenare, therefore, inagreement with

this prior association but, importantly, provide new insights into the
scalesat whichRB1and the other hits impact chromatin organization.

We noticed that several chromatin folding regulators identified
above, suchasRB1,NR4A1, GLDC,HOXB9, PCBP1and CHD7, were called
as top hits in more than one architectural category. This observation
led us to ask if chromatin folding regulators in general tend to affect
multiple chromatin architectures across different length scales. To
thisend, we quantified the regulatory effects of each top hit onall five
architectural features analyzed above (adjacent TAD distances, A-A,
B-B and A-B interactions, and whole-chromosome compaction).
The results showed that most top hits significantly affect chromatin
folding in more than one architectural category (Fig. 2m). In general,
the top hits can be classified into chromatin compactors that reduce
inter-loci distances and increase contact frequencies, and chromatin
decompactors with the opposite function, although the extents of the
regulatory effects often differ between categories for agiven regulator
(Fig. 2m). These observations indicate 3D genome regulators often
have a multi-scale effect.

Correlation analyses link new regulators to known 3D genome
mechanisms

The high-content nature of our screen offers whole-distance matrices
forindividual perturbations, allowing for correlation analyses between
the 3D genome regulatory effects of the new regulators and those of
previously identified mechanisms. Exploiting this capacity, we first
quantified the correlations between each new regulator and NIPBL in
controlling short-range (<3 Mb) chromatin distances to detect potential
mechanistic associations with the loop extrusion mechanism*’. We
found DDX24, MRVI1 and ZNF114 showed significant correlations with
NIPBL (Fig. 3a-c), suggesting at least partial interactions or involve-
ment with the loop extrusion mechanism, although the involvement
may be indirect.

We next asked whether the regulatory effects of the top hits
are associated with or mediated by the A-B compartmentalization
scheme. We converted the one-dimensional A-B compartment score
profile to a 2D matrix by calculating the average A-B compartment
score between pairs of TADs (Fig. 3d,e), and measured the correla-
tions between this average A-B score matrix and the log, fold change
matrices of inter-TAD distances for individual top hits. Of the 18 top
hits, 9 showed significant correlations in this analysis, among which
FAMG69B, ZNF114, FOS, LRRC10B, DDX24 and RBI knockout led to
distance changes positively correlated with the average A-B score,
whereas PDEIA, PIPSK1B and FAM13C knockout showed distance
changes negatively correlated with the average A-B score (Fig. 3f-i).
These results indicate that a subset of our identified top hits at least
partially interact with or are modulated by the A-B compartmentaliza-
tion mechanism. We further calculated a correlation coefficient matrix
of the 18 top hits and used hierarchical clustering to group top hits
that are more correlated with each other in their 3D genome effects.
We observed that PCBP1, NR4A1, RFESD, ZNF114 and LRRC10B formed

Fig. 2| Perturb-tracing screenidentified regulators of multi-scale chromatin
folding. a, log, fold change (log,fc) of spatial distance between adjacent TADs
versus —log,, false discovery rate (FDR) for each perturbation. In all volcano plots,
top nuclear protein hits (largest log,fc, FDR < 0.1) are marked: blue indicates
upregulation and red indicates downregulation after knockout. b, log,fc of
adjacent TAD distances across chr22 for selected hits. ¢, Spatial distances
between adjacent TADs for control and selected hits. Number of traces analyzed:
57286,43,116,87,40,129 and 42 (left to right). d, log,fc of long-range A-A contact
frequency versus —log,, FDR for each perturbation. e, Long-range A-A contact
frequencies for control and selected hits. Number of traces analyzed: 57286, 129,
103, 65,43, 57 and 54 (left to right). f, log,fc of long-range A-B contact frequency
versus —log,, FDR for each perturbation. g, Long-range A-B contact frequencies
for control and selected hits. Number of traces analyzed: 57286, 92, 65, 50, 49, 41
and 53 (left to right). h, log,fc of long-range B-B contact frequency versus -log,,

FDR for each perturbation.i, Long-range B-B contact frequencies for control and
selected hits. Number of traces analyzed: 57286, 124,129 and 213 (left to right).
Jj, log,fc of overallinter-TAD distances versus —log,, FDR for each perturbation.
k, Overallinter-TAD distances for control and selected hits. Number of traces
analyzed: 57286, 57,276, 41, 40, 65 and 61 (left to right). 1, log,fc of overall
inter-TAD distances in chr22 for selected hits. m, Fold change (circle color) and
significance (circle size) of multi-scale chromatin folding phenotypes of top
hits. Phenotypic changes with FDR > 0.05 are not shown. Pvaluesincand k were
calculated by two-sided Wilcoxon signed-rank test with FDR correction.
Pvaluesine, gandiwere calculated by two-sided Wilcoxon rank-sum test with
FDR correction. The boxes cover the 25th to 75th percentiles, the whiskers cover
the 10th to 90th percentiles, and the lines in the middle of the boxes represent
the median values.
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a cluster with correlated 3D genome effects (Fig. 3j,k). In addition,
some other pairs of hits also showed significant correlations, such
as FOS and FAM69B (Fig. 3j,1). These correlations suggest potential
co-regulatory mechanisms of the 3D genome.

Individual validations of selected top hits

As we examined our hits, CHD7 drew our attention because it regu-
lated chromatin conformation on different scales in opposing ways.
CHD7, or chromodomain helicase DNA binding protein7,isachromatin
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Fig. 3| Characterization of the regulators of multi-scale chromatin folding.
a-c, Correlation of log,fc of short-range inter-TAD distances (defined as spatial
distances between genomic regions that are less than 3 Mb apart) between
sgNIPBL and sgDDX24 (a), sgMRVI1 (b) or sgZNF114 (c). d, A-B compartment score
profile of chr22. e, Matrix of average A-B compartment scores of pairs of TADs.

f, Top hits with 3D genome effects (log,fc of inter-TAD distance upon knockout)
significantly correlated with the A-B compartment score matrix. Number of
traces analyzed: 50, 42,124, 54,213, 43,103, 87 and 53 (left to right).

Correlations were derived from 351 data points. Data are presented as correlation
coefficients with 95% confidence intervals as error bars. g-i, Correlation between
the average A-B compartment score of the TADs and the log,fc of inter-TAD
distances upon FAM69B (g), ZNF114 (h) or FAM13C (i) knockout. j, Hierarchical
clustering of correlation coefficients between the log,fc matrices of inter-TAD
distances for top hits. k I, Correlation of the log,fc of inter-TAD distances between
sgPCBP1and sgNR4A1 (k) or between sgFAM69B and sgFOS (I). Pvaluesina-c, f-i
and k-Iwere calculated by two-sided ¢-test. FDR corrections were applied tof.
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remodeler known to promote local chromatin openness and is associ-
ated with CHARGE syndrome®*. The results of our screen showed
that CHD7 knockout significantly reduced long-range A-B contact
frequencies (Fig. 2f,g) and resulted in decompaction of the whole
chr22territory (Fig. 2j,k). To validate this large-scale chromatin com-
paction function of CHD7 using an orthogonal method, we performed
knockdown of CHD7 using small interfering RNA (siRNA) in the same
A549-Cas9 cell line. Western blot analysis confirmed that the CHD7
protein level was reduced by >90% (Fig. 4a). Chromatin tracing of chr22
in the CHD7 knockdown (siCHD7) and control (siCtrl) cells showed
that while the compartmentidentities of TADs were largely identical
between siCtrl and siCHD7 (Fig. 4b,c), and the A-B compartments
were spatially positioned in a conventional, polarized manner® in
both cases (Fig. 4d), A-A, B-B and A-B contacts were less frequent
in siCHD7 compared to siCtrl cells (Fig. 4e). CHD7 knockdown also
caused overall chromosome territory decompaction, represented
by a global increase ininter-TAD distances (Fig. 4f,g) and larger radii
of gyration of the whole-chromosome traces (Fig. 4h). The spatial
regulatory effect of CHD7 appeared stronger at long range (>3 Mb)
compared to short range (<3 Mb; Fig. 4i). Altogether, these results
agree with the phenotypes we observed for CHD7 in our knockout
screen, confirming that this factor facilitates chromatin compaction
especially at long range.

To further validate the regulatory effect of CHD7 on chromatin
organization, we overexpressed CHD7 in the A549-Cas9 cell line. In
comparison to control GFP overexpression using the same vector,
CHD7 overexpression significantly compacted chromatin and pro-
moted chromatin contacts across larger length scales. While the A-B
compartmentidentities of TADs and the polarized arrangement of A-B
compartments largely remained unchanged (Extended DataFig.3a-c),
CHD7 overexpression led to significantly higher contact frequencies
between A-A, B-B and A-B compartment regions (Extended Data
Fig. 3d), and significantly decreased global inter-TAD distances and
radii of gyration (Extended Data Fig. 3e-g), indicating overall chro-
matin compaction. Similarly to the CHD7 knockdown scenario, the
compaction effect upon CHD7 overexpression was more significant at
longrange (Extended DataFig.3h).Inaddition tothe chromatintracing
analyses above, we also used whole-chromosome paint (Methods) as
analternative readout method of chromosome territory compaction.
Whole-chromosome paint of chr22 showed smaller chromosome ter-
ritories upon CHD7 overexpressionin comparison to control (Extended
Data Fig. 3i). Together, these data further validate the findings from
our screen, and show that CHD7 specifically promotes long-range
chromatin compaction and contact.

To investigate if the chromatin compaction function of CHD7
applies to adifferent cell background and different genomic context,
we performed knockdown of CHD7 using siRNA in human RPE-1 cells
and conducted chromatin tracing on chromosome 21 (chr21). CHD7
knockdown caused anoverallincreaseininter-TAD distance (Extended
DataFig.4a,b) andanincreasein theradius of gyration of chr21territory
(Extended DataFig. 4c), which were mainly contributed by long-range
chromatin decompaction (Extended Data Fig. 4d). CHD7 knockdown
also led to decreased contact frequency between A-A, A-B and B-B
interactions (Extended DataFig. 4e). As CHARGE syndromeis known as
aneural crest disease and the multiple organs affected by the syndrome
are derived from neural crest progenitor cellsin early development™,
we further tested whether siCHD7 affects long-range chromatin com-
paction in neural crest progenitor cells differentiated from cultured
human embryonic stem cells. Western blots confirmed the neural
crest cell identity and effective knockdown of CHD7 (Extended Data
Fig. 5a). Chromatin tracing analyses confirmed that siCHD7 in neural
crest cells caused long-range chromatin decompaction (Extended Data
Fig.5b,c). Together, these results indicate that the chromatin compac-
tion function of CHD7 exists in distinct genomic contexts and cell lines,
including the cell type of origin of CHARGE syndrome.

We further individually validated two more top hits, PCBP1 and
ZNF114, using CRISPR knockout in A549-Cas9 cells. Western blots
confirmed the effectiveness of the knockouts (Fig. 4j and Extended
DataFig. 6a,b). Consistent with the primary screen results, chromatin
tracingtargeting chr22 showed that PCBP1 knockout led to decompac-
tion of chromatin folding at multiple scales, including aglobal increase
ininter-TAD distances and decrease inlong-range A-A and A-B contact
frequencies (Fig. 4k-m), while ZNF114 knockout led to aglobal compac-
tion of chromatin folding (Fig. 4n,0). Whole-chromosome paint of
chr22 consistently showed larger chromosome territories upon PCBP1
knockout and smaller chromosome territories upon ZNF114 knockout
(Extended Data Fig. 6i). Neither of the perturbations significantly
affected the compartmentidentities of TADs or the polarized organiza-
tion of the A-B compartments (Extended Data Fig. 6¢c-h). Altogether,
our individual validations of CHD7, PCBP1 and ZNF114 as new regula-
tors of 3D genome folding using various perturbation methods, cell
backgrounds, genomic contexts and readout modalities support the
effectiveness of the primary Perturb-tracing screen.

Identification of nuclear morphology regulators

Nuclear DAPI staining bears surprisingly rich information regarding
the nuclear organization that can be used to distinguish cell states™.
Chromatinisdistributed unevenlyin the cell nucleus, and the ‘texture’
of nuclear staining patternis often used as a diagnostic marker of can-
cer®®. Moreover, cells with abnormal, non-spherically shaped nucleiare
oftenseenin cancer and aging and may indicate genome instability®” .
By analyzing changes in DAPI staining caused by each perturbation
in our screen, we found that knockout of RBI or MYBPH reduced the
unevenness of nuclear DAPI staining, generating patterns with more
homogeneous intensity within each nucleus (Fig. 5a-d), whereas a
more heterogeneous intensity pattern with chromatin condensatesis
often associated with cancer®. In addition, knocking out TRIM36 and
EEPDI decreased the sphericity of the nuclei and led to multi-lobed
nuclei shapes (Fig. 5e-g).

To test if the nuclear phenotypes are fully orthogonal or at least
partially linked to the chromatin folding phenotypes analyzed before,
we calculated the correlations among the changes of different chro-
matin folding and nuclear organization features upon perturbations
of the top hits. As expected, all chromatin folding features (adjacent
TAD distances, A-A, B-B and A-B contact frequencies and inter-TAD
distances) were significantly correlated with each other (Fig. 5h),
consistent with the common muti-scale and multifaceted effects of
the chromatin folding regulators (Fig. 2m). Interestingly, nuclear
sphericity also showed significant correlations with chromatin fold-
ing features across length scales and categories (Fig. 5h). In general,
chromatin compaction (decreased inter-loci distance or increased
contact frequency) is associated with a more spherical nuclear shape
(Fig. 5h). To validate this observation, we measured and compared
the nuclear sphericity values of siCHD7 and control A549-Cas9 cells.
Indeed, CHD7 knockdown led to aless spherical and more multi-lobed
nuclear shape (Fig. 5i,j). Furthermore, sgPCBP1 and sgZNF114 cells
showed decreased and increased nuclear sphericity, respectively, in
comparison to controls (Fig. 5k), consistent with the general trend,
eventhough the extent of theincrease in nuclear sphericity in sgZNF114
cells was minimal, likely due to the already highly spherical shapes of
the control nuclei. These observations are consistent with previous
reports that increasing euchromatin or decreasing heterochromatin
(whichlikely causeslarge-scale chromatin decompaction) leads toless
sphericaland more multi-lobed nuclear morphologies*®*, further sup-
porting the effectiveness of the Perturb-tracing method. To interpret
thisresult, we performed simulation of aminimal chromatin polymer
model. We showed that reduced monomer-monomer interaction
strength (less chromatin compaction/interaction) can lead to a less
globular chromatin folding organization, and a bounding envelope
surrounding the polymer willin turn adopt a more multi-lobed shape
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Fig. 4 |Individual validations of top hits. a, Western blot of siCtrl-treated and
siCHD7-treated A549-Cas9 nuclear extracts. The experiment was repeated five
times with similar results. b, A-B compartment profile of chr22 in siCtrl cells.

¢, A-Bcompartment profile of chr22in siCHD7 cells. d, Polarization indices of
chr22 A-B compartments of siCtrl (white) and siCHD7 (orange). Shadowed boxes
show the polarizationindices from randomized controls, where the compartment
identities of TADs are scrambled. e, Compartmental contact frequencies of siCtrl
and siCHD7 (shadowed) among A compartment regions (red), between Aand B
compartment regions (purple) and among B compartment regions (blue). f, log,fc
ofinter-TAD distance of siCHD7 compared to siCtrl. g, Overallinter-TAD distance
of siCtrland siCHD7. h, Radii of gyration of siCtrl and siCHD7.1, log,fc of short-
range and long-range inter-TAD distances between siCHD7 and siCtrl. j, Relative
blotintensities of PCBP1and ZNF114 western blot bands (normalized by loading
controlactin Bbands). Dataare presented as mean values + s.d. Statistics are

derived from three biological replicates. k, log,fc of inter-TAD distance of
sgPCBP1compared tosgCtrl.1, Overallinter-TAD distance of sgCtrland sgPCBP1.
m, Compartmental contact frequencies of sgCtrl and sgPCBP1 (shadowed)
among A compartment regions (red), between A and B compartment regions
(purple) and among B compartment regions (blue). n, log,fc of inter-TAD distance
of sgZNF114 compared to sgCtrl. 0, Overall inter-TAD distance of sgCtrl and
sgZNF114. Pvaluesind, e, hand m were calculated by two-sided Wilcoxon rank-
sum test. Pvaluesing, i,1and o were calculated by two-sided Wilcoxon signed-
rank test. Pvalueinjwas calculated by a two-sided, two-sample t-test. The boxes
cover the 25th to 75th percentiles, the whiskers cover the 10th to 90th percentiles,
and thelines in the middle of the boxes represent the median values. Number of
traces analyzed: 3,181 (siCtrl) and 3,545 (siCHD?) for d and h; 3,558 (siCtrl) and
4,134 (siCHD?) for e-g andi; 4,627 (sgCtrl) and 3,543 (sgPCBP1) for k-m; 4,602
(sgCtrl) and 3,954 (sgZNF114) for nand 0. a.u., arbitrary units.
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Fig. 5| Perturb-tracing screenidentified hits that regulate the morphological
properties of nuclei. a, log,fc of nuclear intensity unevenness (measured as
coefficient of variation (COV) of nuclear voxel intensities) versus —log,, FDR.
b, Nuclear intensity unevenness of control and selected hits. Number of cells
analyzed:17304,12 and 36 (left to right). ¢, Heat map of nuclear intensity
deviation from mean intensity of representative nuclei from non-targeting
control (left column) and hit sgRB1 (right column). Scale bar, 10 um. d, Voxel
intensity distribution of all nuclei from non-targeting control (black curve)
and hit sgRB1 (red curve). Dashed lines indicate the standard deviations of

the distributions. e, log,fc of nuclear sphericity versus -log,, FDR. f, Nuclear
sphericity of control and selected hits. Number of cells analyzed: 17304, 14 and
64 (left toright). g, Representative nuclei images of non-targeting control

(left column) and selected hits that regulate nuclear sphericity, TRIM36
(middle column) and EEPDI (right column). Scale bar, 10 pm. h, Correlation
coefficients (bubble color) and significance of correlations (bubble size)

between pairs of 3D genome/nucleome features calculated using all top hits.

i, Nuclear sphericity values of siCtrl and siCHD7 A549-Cas9 Cells. Number of
cells analyzed: 1,156 (siCtrl) and 1,412 (siCHD?7). j, Representative DAPl images
of siCtrl and siCHD7 A549-Cas9 cells. k, Nuclear sphericity values of sgCtrl,
sgPCBP1and sgZNF114 A549-Cas9 Cells. Number of cells analyzed: 2,474
(sgCtrl), 1,395 (sgPCBP1) and 1,367 (sgZNF114).1, Simulated chromatin polymer
folding conformations and the corresponding bounding envelop sphericity
values at different chromatin self-interaction energies (K =1, 0.4 or 0.1). Lower
energy corresponds to weaker chromatin interaction. N =100 simulated
conformations for each energy. Pvaluesinb, f, i, kand l were calculated by
two-sided Wilcoxon rank-sum test. Pvalues in h were calculated by two-sided
t-tests. FDR correction was applied tob, fand h. The boxes cover the 25th to 75th
percentiles, the whiskers cover the 10th to 90th percentiles, and the lines in the
middle of the boxes represent the median values.

with lower sphericity (Fig. 5I). Overall, our experimental results suggest
ageneral link between chromatin compactionand nuclear shape, and
our simulation supportsamodel that chromatin compaction mediates
nuclear morphology.

In summary, our image-based Perturb-tracing screen using
pooled CRISPR perturbations, BARC-FISH and multi-scale chroma-
tin profiling allowed us to systematically and simultaneously profile
the effect of hundreds of candidate genes on many aspects of spatial
genome organization. In this work, we identified 21 top candidate
regulators of chromatin/nuclear organization from our screen of
137 selected genes (Supplementary Table 2). Our work represents a
high-content screen among recent image-based 3D genome regula-
torscreens, with~13,000 imaging target-perturbation combinations
(Extended DataFig. 7).

Discussion

Here, wereport the development of a high-throughput, high-content,
image-based genetic screening platform termed Perturb-tracing
and demonstrate its ability to systematically identify regulators of
3D genome folding architectures from short-range to long-range
and global nuclear organization. The Perturb-tracing platform inte-
grates a pooled CRISPR knockout screen comprising hundreds of
candidate genes with chromatin tracing and the development of a
cellularbarcoding and in situ decoding technique termed BARC-FISH.
Other FISH-based in situ genotyping techniques have previously
beenreportedingeneticscreens butare limited to bacterial applica-
tions and/or not integrated with 3D genomics'****¢, The BARC-FISH
barcode design has the capacity to simultaneously assess libraries
of up to -5,000 sgRNAs in pooled format with the current experi-
mental design (see the Methods for an explanation) and can be fur-
ther extended in the future with longer barcodes and/or with more
sequence varieties at each digit of the barcode. Importantly, the
phenotypic readout of this screening platform is information rich,
allowing for categorization of a gene of interest based on its effects
on many different length scales and aspects of chromatin organiza-
tion. The rich information and high-content nature of the screen
also readily enables detection of associations between new regula-
tors and known 3D genome organizers, and discovery of potentially
functional linkages and co-regulation mechanisms between different
3D genome and nucleome features.

We note some cytoplasmic proteinsincluded inour screen showed
3D genome phenotypes. For example, AQP3knockoutled toadecrease
inadjacent TAD distances (Supplementary Table 13). We hypothesize
thatthese cytoplasmic proteins may indirectly regulate the 3D genome
through cellular metabolism, signaling and/or mechanotransduction.
Indeed, arecent plate-based RNA interference (RNAi) screen discovered
many cytoplasmic signaling proteins that regulate the spatial distance
betweenadjacent TADs®. The cytoplasmic proteins might not be direct
regulators but could act through downstream effector molecules.

Whereas a recent plate-based RNAi screen focused on the drug-
gable genome and many target genes do not encode nuclear proteins®,
our screen focused on mostly nuclear protein-coding genes with signifi-
cantexpression changesin cellular senescence toincrease the chance
of discovery of direct regulators of the 3D genome. We intentionally
retained transcription factors among our candidates, as some classic
3D genomeregulators, such as CTCF, were originally identified as tran-
scription factors. We suspect that many previously identified master
transcription factorsin fact