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the present invention are intended to interfere or manipulate the function of
loop anchor motifs, such as CTCF motifs. In certain example embodiments,
the present invention may block formation of an loop anchor or chromatin
domain or induce formation of a loop anchor or chromatin domain at a tar-
geted genomic location. For instance, a loop anchor motif can be altered,
such as by mutating (including inverting) a binding motif so as to remove
such a motif, or by adding new binding motifs in new locations within a loop
domain, so as to reduce the size of an existing loop, so as to modify the size
of an existing loop, or combinations thereof. Alternatively, the chromatin 3D
structure modulating agent may bind a target region and mask a loop anchor
motif, thereby preventing a loop anchor or chromatin domain from forming.
The chromatin 3D structure modulating agent may bind a target region and
cause a loop anchor of chromatin domain to form.
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METHODS AND COMPOSITIONS FOR ALTERING FUNCTION AND STRUCTURE
OF CHROMATIN LOOPS AND/OR DOMAINS

STATEMENT OF GOVERNMENT SUPPORT
[0001] This invention was made with government support under grant numbers HG003067
granted by the National Institutes of Health. The government has certain rights in the

invention.

REFERENCE TO RELATED APPLICTIONS

[0002] This application claims priority to U.S. Provisional Application No. 62/206,606
filed August 18, 2015 and entitled “Principles and Applications of Chromatin Looping,” U.S.
Provisional Application No. 62/239,135 filed October 8, 2015 and entitled “Principles and
Applications of Chromatin Looping,” and U.S. Provisional Application No. 62/347,585 filed
June 8, 2016 and entitled “Methods and Compositions for Altering Function and Structure of
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Chromatin Loops and/or Domains,” the complete disclosures of which are hereby fully

incorporated herein by reference.

FIELD OF THE INVENTION

[0003] The present invention is in the field of genetic engineering and medicine. The
present invention provides methods and tools for altering chromatin three dimensional (3D)
structure in a cell, in particular chromatin loop formation and structure. The present invention
allows the altering the transcriptional activity of chromatin domaisn or genomic loci, including
such domains and loci associated with a disease, such as cancer or a genetic disease, through
use of such methods and tools. The present invention provides methods of treatment
comprising altering chromatin 3D structure or gene expression within a chromatin domain.
The present invention further provides methods of modulating chromatin loop formation to
thereby interfere with higher-order chromatin structure, and ultimately control gene
expression.

[0004] Also, the present invention provides a method for probing higher order structures
formed by the chromatin loops, using in situ proximity ligation of multiple extremely short
fragments produced by restriction enzyme cleavage in combination with chromosome
conformation capture and deep sequencing methods in intact nuclei (in situ Hi-C) for creating

3D genome maps. The method for probing such higher order structures is particularly useful
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for determining the proximity among three or more loci. The methods of the invention rely on
a systematic approach of causing single and combinatorial genome-wide perturbations in cells,
with subsequent molecular profiling at the single cell level. Applications include dissection of
cell circuitry and delineation of functional or molecular pathways. The present invention is
also relevant for therapeutics target discovery.

[0005] The present invention further provides methods for sequencing and assembling
target genomes using 3D contact maps of chromatin loop structures in a target genome
defining spatial proximity relationships between genomic loci in the genome. Such methods

are in particularly useful when implemented on a computer.

BACKGROUND

[0006] It has been suggested that the three-dimensional structure of nucleic acids in a cell
may be involved in complex biological regulation, for example compartmentalizing the
nucleus and bringing widely separated functional elements into close spatial proximity.
Understanding how nucleic acids interact, and perhaps more importantly how this interaction,
or lack thereof, regulates cellular processes, presents a new frontier of exploration. For
example, understanding chromosomal folding and the patterns therein can provide insight into
the complex relationships between chromatin structure, gene activity, and the functional state
of the cell. Adding ribonucleic acids (RNAs) into the mix adds a further complexity.

[0007] Typically, deoxyribonucleic acid (DNA) is viewed as a linear molecule, with little
attention paid to the three-dimensional organization. However chromosomes are not rigid, and
while the linear distance between two genomic loci need may be vast, when folded, the special
distance may be small. For example, while regions of chromosomal DNA may separated by
many megabases, they can also can be immediately adjacent in 3-dimensional space. Much the
same way a protein can fold to bring sequence elements together to form an active site, from
the standpoint of gene regulation, long-range interactions between genomic loci may for the
same sort of active centers. For example, gene enhancers, silencers, and insulator elements
might function across vast genomic distances.

[0008] The existence of long-range interactions complicates efforts to understand the
pathways that regulate cellular processes, because the interacting regulatory elements could lie
at a great genomic distance from a target gene, even on another chromosome. In the case of
oncogenes and other disease-associated genes, identification of long-range genetic regulators
would be of great use in identifying the genomic variants responsible for the disease state and

the process by which the disease state is brought about.
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[0009] The roughly two meters of DNA in the human genome is intricately packaged to
form the chromatin and chromosomes in each cell nucleus. In addition to its structural role,
this organization has critical regulatory functions. In particular, the formation of loops in the
human genome plays an essential role in regulating genes. We herein demonstrate the ability to
create reliable maps of these loops, using an in situ Hi-C method for three-dimensional
genome sequencing, and to control the formation of such loops, thereby altering gene
expression. Hi-C characterizes the three-dimensional configuration of the genome by
determining the frequency of physical contact between all pairs of loci, genome-wide.

[0010] In order to control the regulatory function of chromatin folding, it would be
required to provide methods for altering chromatin three dimensional (3D) structure in a cell,
to remove or otherwise modify existing chromatin loop structures, or to introduce new
chromatin loop structures where their presence is required or beneficial, for instance, in the
context of treatment of disease conditions, such as cancer or genetic disease. However, to date,
no such methods exist. The present invention aims to provide essential methods and tools for
altering chromatin three dimensional (3D) structure.

[0011] In order to associate the dynamics of chromatin loop structure to cellular processes
in health and disease, the chromatin three dimensional (3D) structure from a large number of
cells in different stages of development, from diseased and healthy subjects, and from a wide
variety of cellular lineages and biological species need to be analysed and their genomes
sequenced. Such studies are hampered by costs. There is therefore a need for further
improvements in methods for de novo assembly of whole genomes and genomic fragments.
The present invention aims to provide such improved methods.

[0012] Further, while existing methods for assessing chromatin three dimensional (3D)
structure are very suitable for indicating that two loci are spatially co-localized in the nucleus,
it may be expected that there are multiple loci spatially co-localized in a living cell. Yet,
methods that can indicate simultaneous co-localization of more than 2, such as up to 10 or

more different loci are not available. The present invention aims to provide such methods.

SUMMARY

[0013] The present invention provides a method to engineer chromatin loops and contact
domains in one or more target regions of chromatin DNA inside the nucleus of a cell, said
method comprising interfering with the function of CTCF and/or cohesion.

[0014] In one embodiment, the present invention provides a method to engineer chromatin

loops and contact domains in a target region of chromatin DNA inside the nucleus of a cell,
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said method comprising the step of interfering with the function of CTCF and/or cohesin
during the extrusion process wherein chromatin DNA is extruded by each of the two subunits
of a CTCF and/or cohesin-comprising extrusion complex in opposite direction with respect to
the genome and halted by a forward and reverse CTCF or cohesin binding motif in convergent
orientation on opposite strands of the extruded chromatin DNA.

[0015] In one embodiment of the method of the invention, the interfering results in the
removal of one or more existing chromatin loops or contact domains, the introduction of one or
more new chromatin loops or contact domains, or the modification of one or more existing
loops or contact domains.

[0016] In one embodiment of the method of the invention, the removal of one or more
existing chromatin loops or contact domains comprises the targeted removal or modification of
one or more existing forward and/or reverse CTCF or cohesin binding motifs in or proximate
to said target region.

[0017] In one embodiment of the method of the invention, the introduction of one or more
new chromatin loops or contact domains comprises the targeted introduction of one or more
new forward and/or reverse CTCF or cohesin binding motifs in or proximate to said target
region.

[0018] In one embodiment of the method of the invention, the modification of one or more
existing loops or contact domains comprises the targeted introduction of one or more new
forward and/or reverse CTCF or cohesin binding motifs.

[0019] In one embodiment of the method of the invention, the modification of one or more
existing loops or contact domains comprises the targeted introduction of one or more
extrusion-blocking proteins or protein-binding sites in or proximate to said target region to
thereby prevent or attenuate the extrusion of at least one chromatin strand through the
extrusion complex whereby a smaller loop is formed or a loop is blocked from forming,
preferably said introduction being in a location between the forward and reverse CTCF or
cohesin binding motifs at an existing loop or contact domain boundary, more preferably in a
location within 150,000 base pairs, 125,000 base pairs, 100,000 base pairs, 90,000 base pairs,
80,000 base pairs, 70,000 base pairs, 60,000 base paris, 50,000 base pairs, 40,000 base pairs,
30,000 base pairs, 20,000 base pairs, 10,000 base pairs, 9,000 base pairs, 8,000 base paris,
7,000 base pairs, 6,000 base pairs, 5,000 base pairs, 4,000 base pairs, 3,000 base pairs, 2,000
base pairs, 1000 base pairs, 900 base pairs, 800 base pairs, 700 base pairs, 600 base pairs, 500
base pairs, 400 base pairs, 300 base pairs, 200 base pairs, 100 base pairs, 50 base pairs, 25 base
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pairs, 10 base paris, or 5 base pairs of an existing forward CTCF or cohesin binding motif. See
Fig. 24A.

[0020] In one embodiment of the invention, extrusion-blocking proteins or protein binding
sites may be introduced upstream or downstream of an existing CTCF or cohesin binding
motif in order to introduce a new loop anchor to which a new chromatin loop may form. In
certain example embodiments, the distance from an existing CTCF or cohesin motif may be
within 1,000 — 150,000 base pairs of an existing CTCF or cohesin domain, or any sub-range
therebetween. The target sites for introduction of an extrusion-blocking protein or protein
binding site will depend on the distance from an existing CTCT or cohesin domain. For
example, if the extrusion-blocking protein is a dCa9 the corresponding gRNA will be based on
the genomic distance located at the desired distance from the existing CTCF or cohesin
domain.

[0021] In one embodiment of the method of the invention, the removal of one or more
contact domains comprises the targeted removal or modification of one or more, preferably all,
CTCEF or cohesin binding motifs located at the contact domain boundary.

[0022] In one embodiment of the method of the invention, the introduction of one or more
new contact domains comprises the targeted introduction of one or more new forward and/or
reverse CTCF or cohesin binding motifs in or proximate to said target region to thereby create
two consecutive CTCF or cohesin binding motifs that do not loop to one another.

[0023] In one embodiment of the method of the invention, the targeted removal or
modification comprises the mutation or inversion of said one or more CTCF or cohesin
binding motifs, preferably wherein said targeted removal or modification comprises the
mutation of at least a single base pair in said one or more CTCF binding motifs.

[0024] In one embodiment of the method of the invention, the targeted introduction
comprises the introduction of one or more CTCF or cohesin binding motifs, preferably in
convergent orientation on opposite strands of the chromatin DNA.

[0025] In one embodiment of the method of the invention, the targeted removal,
modification or introduction comprises genome editing.

[0026] In one embodiment of the method of the invention, the targeted removal,
modification or introduction comprises the use of a CRISPR/Cas system, an inactivate
CRISPR/Cas system, a Cas protein, a zinc finger protein (ZFP), a zinc finger nuclease (ZFN),
a transcription activator-like effector (TALE), a transcription activator-like effector nuclease

(TALEN), or a meganuclease.
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[0027] In one embodiment of the method of the invention, the CTCF or cohesin binding
motif is the CTCF motif.

[0028] In one embodiment of the method of the invention, the domain is an exclusion
domain, and wherein said exclusion domain is introduced by inserting, a CTCF or cohesin
binding motif downstream or upstream from an adjacent CTCF or cohesin binding motifs in
convergent orientation. In one embodiment of the method of the invention, the domain is an
exclusion domain and wherein said exclusion domain is deleted by deleting a CTCF or
cohesion binding motif downstream or upstream from an adjacent CTCF or cohesion binding
motif, or inverting a CTCF or cohesion motif downstream or upstream of an adjacent CTCF
such that the inverted CTCF or cohesion motif is not in a convergent orientation with the
adjacent CTCF motif or cohesin motif,

[0029] In one embodiment of the method of the invention, in addition to the step of
interfering with the function of CTCF and/or cohesin, said method comprises the step of
performing in situ Hi-C on said cell prior to or following said step of interfering with the
function of CTCF and/or cohesin, optionally combined with HYbrid Capture on the in situ Hi-
C library generated.

[0030] In one embodiment of the method of the invention, the method is for altering
chromatin three dimensional (3D) structure in a cell.

[0031] In one embodiment of the method of the invention, the method comprises
delivering to a cell one or more sequence-specific DNA targeting agents directed to said target
region or proximate thereto, preferably wherein said one or more sequence-specific DNA
targeting agents are selected from the group consisting of a CRISPR/Cas system, a Cas
protein, a catalytically inactive CRISPR-Cas system or Cas protein, a zinc finger protein
(ZFP), a zinc finger nuclease (ZFN), a transcription activator-like effector (TALE), a
transcription activator-like effector nuclease (TALEN), and a meganuclease. In certain
example embodiment the one or more sequence-specific DNA targeting agents are delivered to
the nucleus of the cell.

[0032] In one embodiment of the method of the invention, the target region comprises
genes the expression of which is to be modified, preferably wherein said proximity to the
target region is less than 2,000, 1,000, 900, 800, 700, 600, 500, 400, 300, 200, or 100 base
pairs.

[0033] In one embodiment of the method of the invention, the target region is located in or
overlaps with an existing chromatin loop or contact domain, or wherein said target region is to

be formed into or is to be made part of a new chromatin loop or contact domain.
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[0034] In one embodiment of the method of the invention, the delivering of the one or
more sequence-specific DNA targeting agents to the nucleus of a cell comprises delivering one
or more vectors encoding the one or more sequence-specific DNA targeting agents.

[0035] In one embodiment of the method of the invention, the delivering of the one or
more sequence-specific DNA targeting agents comprises delivering a cell-permeable reagent,
preferably a pyrrole-imidazole polyamide.

[0036] In one embodiment of the method of the invention, the one or more sequence-
specific DNA targeting agents bind to and mask one or more existing CTCF or cohesin
binding motifs such that an existing loop or contact domain is masked and a chromatin loop is
attenuated or removed. In other example embodiments, the one or more sequence-specific
DNA targeting agents bind to and mask one or more existing CTCF or cohesion binding motifs
such that an extrusion complex is not arrested at the existing CTCF or cohesin binding motif
thereby allowing the extrusion complex to arrest at a subsequent existing CTCF or cohesin
binding motif. In certain example embodiments, the arresting at a subsequent existing CTCF
results in formation of a new loop or contact domain and/or formation of a new chromatin loop
anchored at the subsequent CTCF or cohesion binding motif.

[0037] In one embodiment of the method of the invention, the one or more sequence-
specific DNA targeting agents comprise a DNA methyltransferase domain, wherein
methylation of one or more existing CTCF or cohesin binding motifs masks the existing CTCF
or cohesin binding motif preventing CTCF or cohesin from binding to the masked CTCF or
cohesin binding motif, thereby preventing a loop or contact domain from forming at the
masked CTCF or cohesin binding motif, preventing a chromatin loop anchored at the masked
CTCEF or cohesin motif from forming, or whereby an extrusion complex is not arrested at the
existing CTCF or cohesin binding motif. In other example embodiments, the one or more
sequence-specific DNA targeting agents comprise DNA demethyltransferase, wherein
demethylation of one or more existing CTCF or cohesin binding motifs unmasks the existing
CTCF or cohesin binding motif thereby allowing a loop or contact domain to form at the
unmasked CTCF or cohesin binding motif, a loop anchored at the unmasked CTCF or cohesin
binding motif to form, or an extrusion complex

[0038] In one embodiment of the method of the invention, the extrusion complex
comprises one or more members selected from the group consisting of CTCF, SA1/2, Smc3,
Smcl, cohesin and Rad21.

[0039] In one embodiment of the method of the invention, one or more members of the

extrusion complex, or a part thereof, are fused to a sequence-specific DNA targeting agent as
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defined hereinabove, wherein biding of the sequence-specific DNA targeting agent to a target
region results in formation of a a new chromatin loop anchor and/or new chromatin loop
structure.

[0040] In one embodiment of the method of the invention, two or more multimerizable
sequence-specific DNA targeting agents are targeted to two or more target regions in order to
bring them into physical proximity.

[0041] In one embodiment of the method of the invention, the multimerizable sequence-
specific DNA targeting agents comprise a catalytically inactive CRISPR-Cas system, a zinc
finger protein (ZFP), or a transcription activator-like effector (TALE) fused to a dimerization
domain.

[0042] In one embodiment of the method of the invention, the dimerization domain is
inducible upon addition of a ligand.

[0043] In one embodiment of the method of the invention, the one or more sequence-
specific DNA targeting agents comprises a site-specific nuclease.

[0044] In one embodiment of the method of the invention, the site-specific nuclease
comprises a CRISPR-Cas system, a zinc finger nuclease (ZFN), or a transcription activator-
like effector nuclease (TALEN).

[0045] In one embodiment of the method of the invention, the site-specific nuclease
comprises a nickase.

[0046] In one embodiment of the method of the invention, the one or more agents
comprise one or more recombination templates.

[0047] In one embodiment of the method of the invention, the one or more site-specific
nucleases inserts one or more new CTCF or cohesin binding motifs or inverts an existing
CTCEF or cohesin binding motif upon binding to the one or more target regions, whereby a new
pair of convergent CTCF or cohesin binding motifs is formed.

[0048] In one embodiment of the method of the invention, the site-specific nuclease inserts
one or more convergent pairs of CTCF or cohesin binding motifs, whereby each convergent
CTCEF or cohesin binding motif pair generates a new chromatin loop structure.

[0049] In one embodiment of the method of the invention, the site-specific nuclease
deletes one or more CTCF or cohesin binding motifs.

[0050] In one embodiment of the method of the invention, the site-specific nuclease
inserts, deletes or substitutes one or more nucleotides in a loop binding motif.

[0051] In one embodiment of the method of the invention, the site-specific nuclease inserts

an array of CTCF or cohesin binding motifs in a target chromosome, preferably wherein the
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array comprises between 10-100 copies of a CTCF or cohesin binding motif, so as to alter
chromatin 3D structure at chromosome scale.

[0052] In one embodiment of the method of the invention, the array is a DXZ4 element.
[0053] In one embodiment of the method of the invention, the chromatin loop or contact
domain is associated with an actively transcribed gene. In one embodiment of the method of
the invention, modification or deletion of the chromatin loop anchor or chromatin loop
structure results in preventing the mRNA splicing machinery associated with said actively
transcribed gene from interacting with a transcription initiation complex, so as to alter mRNA
splicing. In another example embodiment, modification or deletion of the chromatin loop
anchor or chromatin loop structure results in allowing a mRNA splicing machinery associated
with said actively transcribed gene to interact with a transcription initiation complex, so as to
alter mRNA splicing. In certain other example embodiments, introduction of a new chromatin
loop anchor or chromain loop structure results in allowing a mRNA splicing machinery to
associate diwth an initiation complex of an actively transcribed genes, so as to alter mRNA
splicing.

[0054] In one embodiment of the method of the invention, a different
promoter/transcription start site is utilized, and/or whereby a different mRNA isoform is
produced.

[0055] In one embodiment of the method of the invention, an enhancer element, silencer
element or insulator element is insulated from or brought into contact with said chromatin loop
or contact domain or with the promoter of said gene.

[0056] In one embodiment of the method of the invention, the method for altering
chromatin domain activity comprises delivering to a cell or population of cells one or more
sequence-specific DNA targeting agents directed to one or more target regions of chromatin
DNA comprising an existing chromatin domain, wherein binding of the one or more DNA
targeting agents to one or more target regions alters the transcriptional activity of a chromatin
domain.

[0057] In one embodiment of such a method of the invention, the sequence-specific DNA
targeting agent targets a DNA contact site opposite a promoter site in the chromatin domain.
[0058] In one embodiment of the method of the invention, the DNA contact site is at a
CTCEF or cohesin binding motif.

[0059] In one embodiment of the method of the invention, the sequence-specific DNA

targeting agents comprise a transcription factor domain and a DNA targeting domain, whereby
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the transcription factor domain is brought into contact with a contact domain, or a proximity
sufficient to allow for interaction with the chromatin domain.

[0060] In one embodiment of the method of the invention, the transcription factor domain
is selected from the group consisting of an activator protein, a repressor protein, an elongation
factor, and a histone modifying enzyme.

[0061] In one embodiment of the method of the invention, the histone modifying enzyme
is selected from the group consisting of a DNA methyltransferase, a histone methyltransferase,
a histone demethylase, histone deacetylase and a histone acetyltransferase.

[0062] In one embodiment of the method of the invention, the DNA targeting domain
comprises a CRISPR-Cas system, a zinc finger protein (ZFP), or a transcription activator-like
effector (TALE).

[0063] The method of any one of the preceding claims, wherein the one or more vectors
are delivered in vivo.

[0064] In one embodiment of the method of the invention, the the one or more sequence-
specific DNA targeting agents are under the inducible control of a vector promoter.

[0065] In one embodiment of the method of the invention, the vector promoter is a tissue-
specific promoter or a ubiquitous expression promoter.

[0066] In one embodiment of the method of the invention, the vector is a viral vector.
[0067] In one embodiment of the method of the invention, the viral vector is selected from
the group consisting of lentiviral, adenoviral, adeno-associated viral, and herpes simplex virus
vectors.

[0068] In one embodiment of the method of the invention, the CRISPR-Cas system is self-
inactivating, whereby the self-inactivation of the CRISPR-Cas system limits duration of its
activity and/or expression in targeted cells.

[0069] In one embodiment of the method of the invention, the target region is associated
with a disease.

[0070] In one embodiment of the method of the invention, the disease associated with
aberrant chromatin folding.

[0071] In one embodiment of the method of the invention, the disease is cancer, a genetic
disease, or infectious disease.

[0072] In one embodiment of the method of the invention, the target region comprises an

oncogene Or tumor Suppressor gene.

10



WO 2017/031370 PCT/US2016/047644

[0073] In one embodiment of the method of the invention, a target region associated with
aberrant expression of an oncogene is targeted, whereby expression of the oncogene is
repressed.

[0074] In one embodiment of the method of the invention, a target region associated with
aberrant expression of a tumor suppressor is targeted, whereby expression of the tumor
suppressor is activated.

[0075] In one embodiment of the method of the invention, the genetic disease selected
from the disorders identified in Tables A B or C herein below.

[0076] In one embodiment of the method of the invention, the genetic disease is a disorder
associated with genomic imprinting.

[0077] In one embodiment of the method of the invention, the imprinted gene is
unsilenced.

[0078] In one embodiment of the method of the invention, the gene is silenced by
establishing imprinting.

[0079] In one embodiment of the method of the invention, the target region comprises a
virus integration site of an infectious virus, preferably wherein the virus is a retrovirus, an
adenovirus, an adeno-associated virus (AAV), a lentivirus or a herpesvirus.

[0080] In one embodiment of the method of the invention, the target region is associated
with improved yields, disease resistance, drought resistance or salt tolerance in plants or
animals.

[0081] In one embodiment of the method of the invention, the cells or population of cells
are part of a mammal.

[0082] In one embodiment of the method of the invention, the cells or population of cells
are part of a plant.

[0083] The present invention further provides a method of treatment comprising altering
chromatin 3D structure or gene expression within a chromatin domain according to any of the
preceding methods in a subject in need thereof suffering from a disease associated with
aberrant chromatin 3D structure or aberrant gene expression within a chromatin domain.

[0084] The present invention also provides a method of treatment comprising altering
chromatin 3D structure around an inserted therapeutic gene according to any of the preceding
methods in a subject in need thereof, in order to ensure proper regulation of the inserted
therapeutic gene and the surrounding endogenous genes.

[0085] In one embodiment of the method of treatment of the invention, the one or more

vectors are delivered to the subject, wherein the one or more sequence-specific DNA targeting
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agents introduced by the one or more vectors corrects the aberrant loop chromatin 3D structure
or aberrant gene expression within a chromatin domain.

[0086] In one embodiment of the method of treatment of the invention, one or more
vectors are delivered to the subject suffering from a genetic defect such that the one or more
sequence-specific DNA targeting agents introduced by the one or more vectors silences
expression of one or more defective genes or rescues expression of one or more silenced
functional genes.

[0087] In one embodiment of the method of treatment of the invention, one or more
vectors are delivered to a subject suffering from a cancer such that the one or more sequence-
specific DNA targeting agents introduced by the one or more vectors silences expression of
one or more oncogenes or induces expression of one or more tumor Suppressors.

[0088] In any and all embodiments of the methods the invention as described above, in
addition to the step of interfering with the function of CTCF and/or cohesin, said method may
comprise the step of performing in sifu Hi-C on said cell prior to or following said step of
interfering with the function of CTCF and/or cohesin, optionally combined with HYbrid
Capture on the in situ Hi-C library generated, wherein said in situ HiC method identifies target
chromatin loop modification sites or monitors the result of chromatin loop or contact domain
modification in a target region, said method comprising performing prior to or following said
step of interfering with the function of CTCF and/or cohesin the steps of generating a 3D
contact map of the genome of said cell; identifying a target modification site from the 3D
contact map, wherein the target modification site comprises either an existing loop or domain
or a target nucleic acid sequence for introducing a new chromatin loop or domain, or
identifying modified sites from the 3D contact map, wherein a modified site comprises a
modified loop or domain.

[0089] In one embodiment of such combined methods of the invention, the method further
comprises the steps of: generating a set of vectors wherein each vector encodes one or more
chromatin loop perturbations, wherein expression of the one or more vectors results in removal
of one or more existing chromatin loops or domains, introduction of one or more new
chromatin loops or domains, or modification of one or more existing loops or domains at one
of the identified target modification sites; delivering each vector in the set of vectors to a
different cell or cell population to determine an impact of the introduced chromatin loop
perturbations on cell function; and identifying one or more vectors that introduce the one or

more chromatin perturbations with a minimal negative impact on cell function.
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[0090] In a further embodiment of this method of the invention, cell function is assessed
by changes in gene expression and/or changes in cell phenotype.

[0091] In another aspect, the present invention provide an agent for use as a medicament or
for use in the treatment of a disorder in a human or animal subject in need thereof, wherein
said agent comprises one or more sequence-specific DNA targeting agents selected from the
group consisting of a CRISPR-Cas system, a zinc finger protein (ZFP), a zinc finger nuclease
(ZFN), a transcription activator-like effector (TALE), a transcription activator-like effector
nuclease (TALEN), a catalytically inactive CRISPR-Cas system, and a self-inactivating
CRISPR/Cas system, wherein binding of the sequence-specific DNA targeting agents to the
one or more genomic loci removes one or more existing chromatin loop or domain structures,
introduces one or more new chromatin loop or domain structures, or modifies one or more
existing chromatin loop or domain structures in a cell of said subject.

[0092] In one embodiment of said aspect the agent introduces, masks, mutates or inverts
one or more existing forward and/or reverse CTCF or cohesin binding motifs or prevents the
extrusion of at least one chromatin strand through a CTCF and/or cohesin-comprising
extrusion complex in said cell.

[0093] In one embodiment of said aspect the agent comprises a DNA-targeting element
comprising a nucleotide sequence that hybridizes to one or more CTCF or cohesin binding
motifs or to a DNA target region in said chromatin DNA proximate to a location where one or
more CTCF or cohesin binding motifs are to be introduced into the genome.

[0094] In one embodiment of said aspect the agent comprises a DNA-targeting element
comprising a zinc finger motif that binds to one or more CTCF or cohesin binding motifs or to
a DNA target region in said chromatin DNA proximate to a location where one or more CTCF
or cohesin binding motifs are to be introduced into the genome.

[0095] In one embodiment of said aspect the agent is encoded by a vector for delivering
said agent to the nucleus of said cell.

[0096] In one embodiment of said aspect the vector is a viral vector.

[0097] In one embodiment of said aspect the viral vector is selected from the group
consisting of lentiviral, adenoviral, adeno-associated viral, and herpes simplex virus vectors.
[0098] It is expressly foreseen that embodiments of the method of treatment as disclosed
herein are also an embodiment of the agent for medical use as disclosed, including purposes,
structures and diseases.

[0099] Further embodiments of this invention include a method to engineer chromatin

loops and contact domains in a target region of chromatinized DNA inside the nucleus of a
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cell, said method comprising the step of modifying, adding, or removing a CTCF or cohesin
binding motif. Preferable, in such an embodiment, only a single loop anchor or domain
boundary is engineered.

[0100] Further embodiments of this invention include a method to engineer chromatin
loops and contact domains in a target region of chromatin DNA inside the nucleus of a cell,
said method comprising the step of interfering with the function of CTCF and/or cohesin.
[0101] Still further embodiments of this invention include a method to engineer chromatin
loops and contact domains in a target region of chromatin DNA inside the nucleus of a cell,
said method comprising the step of interfering with the function of CTCF and/or cohesin.
Preferable, in such an embodiment, only a single loop anchor or domain boundary is
engineered. Preferably, in such a method said interfering comprises interfering with a CTCF or
cohesin binding motif. Preferably, interfering with a CTCF or cohesin binding motif comprises
removing nucleotides, adding nucleotides, methylating nucleotides, and/or changing the
orientation of all or part of the motif.

[0102] Alternatively, or in addition thereto, in embodiments of the methods described
above, said interfering comprises adding a new CTCF or cohesin binding motif.

[0103] Alternatively, or in addition thereto, in embodiments of the methods described
above, said said interfering comprises modifying the native CTCF or cohesin proteins.

[0104] Alternatively, or in addition thereto, in embodiments of the methods described
above, said interfering comprises introducing modified CTCF or cohesin proteins.

[0105] Alternatively, or in addition thereto, in embodiments of the methods described
above, said said interfering comprises introducing a protein which interferes with the normal
function of CTCF. Preferably said protein is catalytically deactivated CRISPR/Cas protein,
such as a catalytically deactivated Cas9 (dCas9). In certain example embodiments the dCas9
targets a CTCF or cohesin binding motif or a region proximate to a CTCF or cohesin motif
using one or more guide RNAs. In one example embodiment, one or more gRNAs are used to
tile a target region proximate to and/or including an existing CTCF or cohesin motif to cause
binding of multiple dCas9s in the target region. In certain example embodiments, the gRNAs
target a region within 10 to 5,000 base pairs of an existing CTCF or cohesin motif.

[0106] Still further embodiments of this invention include a non-naturally occurring or
engineered composition comprising the agents described herein. In one preferred embodiment,
wherein the agent is a nucleic acid molecule, said molecule is cloned into an expression

vector.

14



WO 2017/031370 PCT/US2016/047644

[0107] Still further embodiments of this invention include a kit comprising the agents
described herein, or the expression vector as described herein, and further comprising
instructions for performing a method of the invention as described herein.

[0108] Still further embodiments of this invention include a composition as described
herein comprising agent as described herein or the expression vector comprising the agent; and
optionally one or more pharmaceutically acceptable excipients. In a preferred embodiment,
said composition is for use in therapy.

[0109] Still further embodiments of this invention include an in vitro method of modifying
chromatin loops or contact domains as described herein in a target region (or a genomic locus
of interest, which terms are interchangeable), comprising contacting the genomic locus with an
agent or composition of the invention as described herein.

[0110] Still further embodiments of this invention include the use of an agent or
composition of the invention as described herein or the expression vector as described to

modify chromatin loops or contact domains as described herein in a mammalian cell.

BRIEF DESCRIPTION OF THE DRAWINGS

[0111] Fig. 1. Chromatin is bendable at the Kkilobase scale. (A) in situ Hi-C couples
DNA-DNA proximity ligation with high-throughput paired-end sequencing to map contacts
occurring in intact nuclei, genome-wide. (B) 7op: probability that a single restriction fragment
will form a cycle is shown as a function of fragment length for Hi-C experiments performed
using four different restriction enzymes. Cycle formation in all experiments increased rapidly
for fragments up to 800bp and then plateaued, suggesting a Kuhn length for chromatin of
around 1kb. Computer simulations of 30nm fiber flexibility predict a peak at 30kb (yellow
shading, right). Thus, our findings suggest that continuous 30nm fibers are rare in nuclear
chromatin. /n graph: distribution of restriction fragment lengths when the human genome is
cut with Dpnll (restriction site: GATC), Mbol (GATC), Ncol (CCATGG), or HindIlI
(AAGCTT).

[0112] Fig. 2. Contact domains exhibit a consistent, non-equilibrium contact
probability scaling with y = 0.75. (A) Left: In our high-resolution in situ Hi-C maps, we
observe contact domains ranging in size from tens of kilobases to several megabases. A sample
region on chromosome 4 of GM12878 lymphoblastoid cells is shown. Right: Number of
contacts (fop) incident on a 50kb window at the center of a domain (bottom). Our high-
resolution maps enable measurement of contact probability relative to specific loci. (B)

Contact probability versus distance along the genome for 473 individual domains, each
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measured with respect to a S50kb locus at the center of a domain. A power law is consistently
observed at intra-domain distances (reference slope of -0.75, grey dashed line). Vertical dashed
lines indicate the approximate position of the domain boundary. A single black line shows
contact probability for the window and domain highlighted in Panel A. Plots are grouped by
domain size, but note that each group is vertically shifted by an order of magnitude for visual
clarity. (C) Histogram of y values for all high-confidence contact domains larger than 300kb
across six human cell types. /nsef: representative confocal microscopy images (maximum Z
projections) of four cell types, showing chromatin (blue, DAPI stain) and cytoplasm (red,
CellTracker CMTPX dye). Scale bar is 10um in all images. Values of y are consistent across
cell types and are independent of nuclear volume. (D) Histogram of y values observed inside
1057 high-confidence domains larger than 200kb throughout the genome. Average value is -
0.75, standard deviation is 0.05. y does not depend on domain size. (E) When only pairs of loci
that lie in the same contact domain are included, the genome-wide average contact probability
Lsame(s) exhibits a scaling with y = 0.76 over more than two orders of magnitude.

[0113] Fig. 3. A new mathematical theorem indicates that chromatin folding inside
contact domains is not strictly fractal. (A) By successive application of a simple folding
rule, we transform a one-dimensional line segment (left) into a two-dimensional Dragon curve
(right). By applying our new mathematical theorem to the Dragon curve, we can deduce that,
just as the curve doubles the dimension of the line segment, it must double the dimension of all
subsets of the line segment. Thus, when we intersect the Dragon curve with a line to create a
one-dimensional feature, the corresponding points in the original segment must have a
Minkowski dimension of %2. A corollary of this theorem makes it possible to calculate the
contact probability scaling exponent y for any fractal curve. (B) Contact probability vs.
distance for various fractal curves and contact domains. Our theorem shows that contact
probability scaling exponents of fractal curves obey y=2-(d../d), where dj,1s the dimension
of the curve’s surface and d is the dimension of its interior. Since d,r must be smaller than d,
this implies that 1<y<2 (light blue highlight). In contrast, contact domains exhibit scalings
between y = 0.85 and y = 0.65 (light red highlight). We illustrate this finding through a series
of specific examples; for fractal curves, values obtained via simulation (solid lines) are
compared to theoretical predictions (dashed lines). Botfom, left to right. 2D Hilbert curve
(purple, du=1, d=2, y=1.5), 3D Hilbert curve (blue, ds./~2, d=3, y=1.33), Inside-Out Hilbert
curve, rank 3 (teal, d,.,~1.5, d=2, y=1.25), fractal globule (green). As the rank of an Inside-

Out Hilbert curve increases, its boundary becomes nearly two dimensional and the value of y it
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