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COMPOSITIONS FOR RNA-CHROMATIN INTERACTION ANALYSIS
AND USES THEREOF

REFERENCE TO RELATED APPLICATION

This application claims priority to and the benefit of the filing date of U.S. Provisional
Application No. 61/873,928, filed on September 5, 2013, the entire content of which is

incorporated herein by reference.

BACKGROUND OF THE INVENTION

Noncoding RNAs (ncRNAs) are now believed to be transcribed pervasively in the
genome, and large numbers of ncRNAs have been identified. However, disproportionally,
still very little is known about their functional roles. Many of the known ncRNA functions
were inferred by perturbation experiments, which lack the details of what specific target an
ncRNA interact with. Technologies like CLIP/ RIP-Seq and ChiRP-Seq have provided
tremendous insights of what the protein factors and chromatin loci for some ncRNAs to
interact with. However, current methods are limited to examine ncRNA or interacting target
one at a time. Thus it is desirable to have an unbiased genome-wide strategy to identify the

functional targets for all ncRNAs.

SUMMARY OF THE INVENTION

One aspect of the invention provides a kit comprising: (1) an RNA linker comprising:
(1) a first polynucleotide, and, (ii) a second polynucleotide, wherein the first and the second
polynucleotides form a first double stranded region flanked by a first ligation compatible end,
and a 3’-overhang at the 3’-end of the first polynucleotide, wherein the 3’-overhang
comprises a random-sequence primer; and, (2) a DNA linker comprising: (iii) a third
polynucleotide, and, (iv) a fourth polynucleotide, wherein the third and the fourth
polynucleotides form a second double stranded region flanked by a blunt end and a second
ligation compatible end, wherein the first and the second ligation compatible ends ligate to

each other, or are adaptable to ligate to each other.

In certain embodiments, the first ligation compatible end is a 3’-overhang at the 3’-
end of the second polynucleotide, and the second ligation compatible end is a 3’-overhang at
the 3’-end of the third polynucleotide, wherein both 3’-overhangs anneal to each other for

ligation.
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In certain embodiments, the first double stranded region comprises a first recognition

site for a first restriction enzyme (RE) that cleaves 3’ to the random-sequence primer.

In certain embodiments, the second double stranded region comprises a second
recognition site for a second restriction enzyme (RE) that cleaves 5’ to the third

polynucleotide.

In certain embodiments, one or more of said first, second, third, and fourth

polynucleotides are DNA.

In certain embodiments, one or more of said first, second, third, and fourth

polynucleotides comprise a modified nucleotide.
In certain embodiments, the modified nucleotide is a biotinylated T (Thymidine).

In certain embodiments, the first polynucleotide comprises a plurality of

polynucleotides, each differing only at the random-sequence primer region.

In certain embodiments, the first polynucleotide comprises a homogeneous population

of polynucleotides having identical random-sequence primer.

In certain embodiments, the random-sequence primer comprises 4, 5, 6, 7, 8, or more

nucleotides.

In certain embodiments, the first double stranded region comprises a unique sequence

that distinguishes the RNA linker from the DNA linker.

In certain embodiments, the second double stranded region comprises a unique

sequence that distinguishes the RNA linker from the DNA linker.

In certain embodiments, the last nucleotide of the first recognition site is the last base-

paired nucleotide 5’ to the random-sequence primer.

In certain embodiments, the last nucleotide of the second recognition site is a base-

paired nucleotide at the blunt end.
In certain embodiments, the first and the second restriction enzymes are the same.

In certain embodiments, the first or the second restriction enzyme is independently
selected from: Aarl, Acelll, Alol, Bael, Bbr7I, Bbvl, BbvIl, Becl, Bce831, BeeAl, Beefl,
Bcegl, BeiVI, Bfil, Binl, Bpll, BsaXI, BscAl BseMII, BseRI, Bsgl, Bsml, BsmAI, BsmFI,
Bsp241, BspCNI, BspMI, Bsrl, BsrDI, BstFSI, BtgZl, Btsl, Cjel, CjePl, Ecil, Eco311, Eco571,
Eco57MI, EcoP151, Esp3l, Fall, Faul, Fokl, Gsul, HaelV, Hgal, Hin4I, Hphl, HpyAV,
Ksp6321, Mboll, Mlyl, Mmel, Mnll, Plel, Ppil, Psrl, RleAl, Sapl, SfaNI, SspD5I, Sth1321,
Stsl, Taqll, TspDTI, TspGWI, TspRI or Tth111IL
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In certain embodiments, the cleavage site of the first or the second restriction enzyme
is at least about 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30 or more nucleotides 3’ to the last

nucleotide of the recognition site.
In certain embodiments, the first and the fourth polynucleotides are dephosphorylated.

In certain embodiments, the kit further comprises a reagent that cross-links protein

and polynucleotide.
In certain embodiments, the reagent comprises formaldehyde.

In certain embodiments, the kit further comprises an affinity reagent (e.g., an
antibody, or a monoclonal antibody) that specifically or selectively binds a component of

chromatin (e.g., histone).

In certain embodiments, the kit further comprises an end-repairing mixture that
converts DNA containing damaged or incompatible 5’- and/or 3’-protruding ends to 5’-

phosphorylated, blunt-ended DNA.
In certain embodiments, the kit further comprises a DNA ligase (e.g., T4 ligase).

In certain embodiments, the kit further comprises a reagent that reverses cross-linking

of protein and polynucleotide (e.g., Proteinase K).

In certain embodiments, the kit further comprises the first and/or the second

restriction enzyme(s).

In certain embodiments, the kit further comprises a pair of concatenating adapters for

PCR amplification of blunt-ended double stranded DNA.
In certain embodiments, the kit further comprises a Taq DNA polymerase.
In certain embodiments, the kit further comprises a reverse transcriptase.

Another aspect of the invention provides a paired-end tag (PET) polynucleotide
comprising a central region comprising the first and second double stranded regions of the
subject RNA and DNA linkers, said central region being flanked by: (1) at a site proximal to
said first double stranded region, a sequence tag of a non-coding RNA (ncRNA); and (2) ata

site proximal to said second double stranded region, a sequence tag of a genomic DNA.

In certain embodiments, the sequence tag of the non-coding RNA (ncRNA) has a free

end resulting from digestion by said first restriction enzyme.

In certain embodiments, the sequence tag of the non-coding RNA (ncRNA) uniquely

identifies a genomic region from which the ncRNA is transcribed.
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In certain embodiments, the sequence tag of the non-coding RNA (ncRNA) is about
8-30 base pairs in length.

In certain embodiments, the sequence tag of the genomic DNA has a free end

resulting from digestion by said second restriction enzyme.

In certain embodiments, the sequence tag of the genomic DNA uniquely identifies a

genomic region at which the genomic DNA is located.

In certain embodiments, the sequence tag of the genomic DNA is about 8-30 base

pairs in length.

Another aspect of the invention provides a paired-end tag (PET) library comprising
two or more members of the subject PET polynucleotide, wherein each member of the PET
library comprises the same said central region, and different said sequence tag of the subject
non-coding RNA (ncRNA) or different said sequence tag of the subject genomic DNA or
both.

Another aspect of the invention provides a vector comprising a subject PET

polynucleotide.

In certain embodiments, the vector comprises a plurality of concatenated subject PET

polynucleotide.

Another aspect of the invention provides a concatemer of two or more subject PET

polynucleotides.

Another aspect of the invention provides a method of identifying functional
interaction loci within a genome for non-coding RNAs (ncRNAs) of the genome, the method
comprising: (1) providing chromatin fragments comprising cross-linked genomic DNA
fragments and cross-linked ncRNAs; (2) using the RNA linker and the DNA linker of claim
1, ligating an end of a cross-linked genomic DNA fragment to an end of a cDNA of a cross-
linked ncRNA, under a condition for proximity ligation, wherein said end of the cross-linked
genomic DNA fragment is ligated to the DNA linker, and said end of the cDNA of the cross-
linked ncRNA comprises the RNA linker; (3) isolating a PET polynucleotide of claim 29 for
sequencing analysis; and, (4) mapping the sequence tag of the genomic DNA and the
sequence tag of the ncRNA within each said PET polynucleotide to a reference genome,
thereby identifying functional interaction loci within the reference genome for said non-

coding RNAs (ncRNAs) of the reference genome.
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In certain embodiments, the ncRNAs and the genomic DNA are cross-linked in live

cells through formaldehyde-mediated cross-linking.
In certain embodiments, chromatin fragments are generated by sonication.

In certain embodiments, the cDNA of the cross-linked ncRNA comprises a first strand
cDNA reverse transcribed from the random-sequence primer of the RNA linker, and the

ncRNA template.

In certain embodiments, 2™ strand cDNA synthesis is carried out after proximity

ligation but before step (3).

In certain embodiments, the method further comprises repairing the ends of the cross-

linked genomic DNA fragments to 5’-phosphorylated, blunt-ended DNA prior to step (2).

In certain embodiments, the third polynucleotide of the DNA linker is
dephosphorylated and the DNA linker does not self-ligate.

In certain embodiments, the method further comprises identifying clusters of two or
more PET polynucleotides having overlapping sequence tags of the genomic DNA and

overlapping sequence tags of the ncRNA.

In certain embodiments, the method further comprises excluding PET polynucleotides

comprising sequence tags of rRNA.

In certain embodiments, the method further comprises isolating or enriching a subset

of chromatin fragments prior to step (2).

In certain embodiments, the subset of chromatin fragments is isolated or enriched by
immunoprecipitation using an antibody specific for a protein component of the subset of

chromatin fragments.

In certain embodiments, the protein component is a histone, a transcription factor, a
polycomb-group (PcG) family protein; a recombination involved factor; a chromatin insulator

or chromatin waver; a methyl-CpG-binding protein; or an RNA binding protein.

It should be understood that any description disclosed for the purpose of carrying out
one embodiment of this invention (such as embodiments only described in the example
section only), including but not limited to any technique(s), reagents, experimental
conditions, restrictions sites, enzymes, vectors, primers, and the like, may also be used in
combination with other embodiments of the invention, including those embodiments

described only in detail in one (but not any other) aspect of the invention. It will be evident
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to any skilled person how to adapt techniques and material disclosed for the other

embodiments to the present embodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows a schematic flow of a typical setting of the RICh-PET method using
the RNA linker and DNA linker pair. The interactions of ncRNA to chromatin are captured
by crosslinking, followed by sonication to break up the chromatin fibers into tethering
complexes with RNA, DNA and protein components. The tethered RNA and DNA in each
of the chromatin fragment complex are then connected by a set of ligation reactions mediated
by specifically designed RNA linker and DNA linker oligonucleotides that may also have
unique sequence barcodes for orientation and specificity. Within each of the chromatin
complexes, the 3’-end of RNA is annealed to the random hexamer protruding portion of the
RNA linker followed by reverse transcription for cDNA synthesis. Meanwhile, the DNA
linker is added to the blunt ends of the tethered DNA fragments by ligation. After wash of
the excess linker oligos, the attached RNA and DNA linkers are ligated to each other, thus
linking the tethered RNA and DNA molecules. After reverse cross-linking, the hybrid
ligation products are fragmented either by shearing or restriction digestion into desired sizes
for further amplification, sequencing, and mapping analysis to identify the locations where

the RNA was transcribed and where it interacted in the genome.

FIG. 1B shows a schematic flow of a typical setting of the RICh-PET method using
the modified RNA linker.

FIG. 1C shows a schematic flow of a typical setting of the RICh-PET method using
the direct RNA linker. “App” stands for the 5’ adenylation at the 5’-end of the first

polynucleotide.

FIGs. 2A-2C present statistics of selected RICh-PET libraries, and sequencing and
mapping data. FIG. 2A shows proportions of singleton PET (no overlap with other PET
sequences) and PET clusters. Using the PET cluster data, approximately 700 RNA loci and
about 5000 DNA loci were identified. FIG. 2B shows RNA-Seq data intensity at the RNA
and DNA loci identified by the RICh-PET data. FIG. 2C shows that most of the RICh-PET

data defined ncRNA interactions were trans-acting and inter-chromosomal.

FIG. 3 demonstrates reproducibility and sensitivity of the subject method. The figure
shows representative scatter plots showing the comparison of RNA interacting sites identified

in technical and biological replicates. Known IncRNAs MALAT]1 (PET count 174) and
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NEAT]1 (PET 18) were repeatedly detected in RICh-PET data (not shown). RNAPII ChIA-
PET data also shows that these two IncRNAs are also connected spatially within the same
RNAPII transcriptional complex possibly for co-regulation. In addition, RNA-Seq and RNA-
PET data were used to assess the expression level of ncRNA genes in HelLa S3 (data not
shown). Both data showed that MALAT] was highly expressed, NEAT1 was expressed at
middle level, and HOTAIR was expressed at very low level. RICh-PET mapping at the
HOTAIR locus shows poor RICh-PET data in this region (data not shown).

FIGs. 4A-4B show data for validation of NEAT1 and MALAT]1 RICh-PET data.
FIG. 4A shows that both NEAT1 and MALATT] are expressed in HeLLa S3 cells, and are
abundantly detected in RICh-PET data. NEAT] is restricted only in cis-acting, in that both
RNA and DNA tags were mapped in short distances within the same locus. MALAT]1 is
mostly trans-acting, in that most of the DNA tags were mapped in large distances in the same
chromosome or in different chromosomes (inset). FIG. 4B shows RNA-FISH experiments in
human A549 and HeLa S3. The NEAT]1 probe generated few fluorescent spots (1-2 per
nucleus in HeLa S3 cells), whereas the MALAT] probe generated much more spots (13 per

nucleus in HeLLa S3 cells). Counts were based on 100 nuclei per probe per experiment.

FIGs. 5A-5B characterize the RICh-PET data. FIG. SA shows pie charts of categories
of RNA tag cluster locations in the genome, showing that the vast majority of RNA tags were
found in putative ncRNA regions, only 3% were overlap with protein-coding exons. Many
know ncRNAs were detected, and many new ones were identified. FIG. 5B shows pie charts
of categories of DNA tag cluster locations in the genome, showing that the majority of DNA

tag clusters were mapped to protein coding regions, mostly in either promoters or introns.

FIGs. 6A-6B show multi-targets and multi-functions by MALAT]1 interactions. FIG.
6A is a connectivity map of MALAT]1 interacting with 59 genomic loci. FIG. 6B is a box
plot showing genes with MALAT] presence at their promoter regions have higher RNA-seq
reads than the genes with MALATT interactions at their intron regions. In an aggregation
plot of RNAPII ChIP-Seq intensity (not shown), genes with MALAT] presence at their
promoter regions have higher RNA-seq reads than the genes with MALATT interactions at

their intron regions.

FIG. 7 shows a schematic drawing of CCAT1 and its IncRNA transcript acting as

transcription activator or co-activator for several target genes.

FIG. 8A shows the location on the human chromosome 8 of the CCAT1 genomic and

cDNA sequences corresponding to SEQ ID NO: 9. FIG. 8B shows the location on the human
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chromosome 8 of the eight additional CCAT1 genomic and cDNA sequences corresponding
to SEQ ID NOs: 1-8 (CCAT1_JAX_1 to _8, respectively). Filled boxes represent exon

sequences, while lines linking the exon sequences represent intron sequences.

FIG. 9A shows the counts of XIST (which specifically targets the X chromosome in
female cells) measured by RNA-Seq data, in reads per kb per million reads (RPKM).

FIG. 9B shows the proportion of each chromosome covered by XIST binding.
DETAILED DESCRIPTION OF THE INVENTION

1. Overview

The invention described herein is partly based on the realization that, if an ncRNA
had an epigenetic regulatory role in the nuclear space, it would have to either directly or
indirectly interact with chromatin at certain locations in chromosomes, in which functions
take place for modulating chromatin states and target gene activity. Hence, the invention
described herein provides a new approach to globally map ncRNA-chromatin interactions

through RNA-DNA ligation, followed by paired-end-tag sequencing (RICh-PET).

In brief, compositions described herein can be used in a method comprising three
main parts: 1) chromatin crosslinking to capture (preferably all) molecular interaction events
between RNA, DNA and proteins in a live cell (such as one cultured in vitro, or a primary
cell obtained from a tissue sample); 2) ligation of the tethered interactive RNA and the
chromatin DNA fragment (e.g., through specifically designed linker, such as the RNA linker
and DNA linker pairs, or through ligating RNA 3’ end to 5° adenylated ssDNA or 5’
adenylated overhang); and, 3) sequencing and mapping analysis of the RNA-DNA ligation
products or tag sequences derived therefrom (e.g., PET polynucleotide) to localize ncRNAs’

transcription sites and their chromatin target sites in the genome.

Thus one aspect of the invention provides a method of identifying functional
interaction loci within a genome for non-coding RNAs (ncRNAs) of the genome, the method
comprising: (1) providing a chromatin fragment comprising a cross-linked genomic DNA
fragment and a cross-linked ncRNA (or a fragment thereof); (2) ligating an end of the cross-
linked genomic DNA fragment to an end of the cross-linked ncRNA, under a condition for
proximity ligation; (3) isolating a paired-end tag (PET) polynucleotide for sequencing
analysis, wherein the PET polynucleotide comprises a sequence tag of a non-coding RNA
(ncRNA), and a sequence tag of a genomic DNA; and, (4) mapping the sequence tag of the

genomic DNA and the sequence tag of the ncRNA to a reference genome, thereby identifying
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functional interaction loci within the reference genome for the non-coding RNAs (ncRNAs)

of the reference genome.

This RNA-DNA ligation approach not only applies to global study of all ncRNA-
chromatin interactions, but can also be applied to studying RNA-protein interaction at
specific chromatin locations. Thus, a chromosomal immunoprecipitation (ChIP)-based
RICh-PET method could provide additional specificity of RNA-protein-chromatin interaction

information.

The reagents and methods of the invention have a wide range of potential uses in
research, development, drug target identification, drug screening, diagnosis, treatment /
efficacy monitoring, prognosis, etc. For example, the reagents and methods of the invention
can be used to comprehensively characterize ncRNA-chromatin interactomes for a number of
established cell lines, stem cells, iPS cells, and cells from primary tissues, such as those
derived from cancer and healthy tissue control; and to significantly increase our capability of
investigating the immense complex world of RNA functions in regulating the output of the
genome. The successful completion of the characterization of RNA-chromatin interactomes
would provide a comprehensive chromatin address book for most (if not all) of the ncRNA
species, which would add another dimension of genomic information to help understand how

the genome functions in healthy and disease conditions.

Several specific embodiments of the invention are described in more details below.

a) RNA Linker and DNA Linker Pairs

In the first specific embodiment, the method of the invention can be carried out using
an RNA linker and DNA linker pair to ligate the crosslinked RNA and chromosomal DNA in

the same chromatin fragment.

Thus one aspect of the invention provides a kit comprising: (1) an RNA linker
comprising: (1) a first polynucleotide, and, (ii) a second polynucleotide, wherein the first and
the second polynucleotides form a first double stranded region flanked by a first ligation
compatible end, and a 3’-overhang at the 3’-end of the first polynucleotide, wherein the 3’-
overhang comprises a random-sequence primer; and, (2) a DNA linker comprising: (iii) a
third polynucleotide, and, (iv) a fourth polynucleotide, wherein the third and the fourth
polynucleotides form a second double stranded region flanked by a blunt end and a second
ligation compatible end, wherein the first and the second ligation compatible ends ligate to

each other, or are adaptable to ligate to each other.
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In certain embodiments, the first ligation compatible end is a 3’-overhang at the 3’-
end of the second polynucleotide, and the second ligation compatible end is a 3’-overhang at
the 3’-end of the third polynucleotide, wherein both 3’-overhangs anneal to each other for

ligation.

In certain embodiments, the first ligation compatible end is a 5’-overhang at the 5°-
end of the first polynucleotide, and the second ligation compatible end is a 5’-overhang at the
5’-end of the fourth polynucleotide, wherein both 5’-overhangs anneal to each other for

ligation.

In certain embodiments, the first and/or the second ligation compatible ends are
adaptable for ligation. For example, instead of having the requisite 3’ or 5’ overhangs for
ligation, the first and/or the second ligation compatible ends may comprise a restriction
enzyme (RE) site, which can be cleaved by the RE to produce the requisite 3’ or 5’ overhangs
required for ligation. Prior to cleavage by the restriction enzyme, however, the ligation
compatible ends may be blunt ended (e.g., dephosphorylated blunt end to prevent self-
ligation), or have non-compatible overhang that prevents self-ligation or ligation with the

other ligation compatible end.

In certain embodiments, the two 5°- or 3’-overhangs at the compatible ligation ends
do not self-anneal and do not anneal with each other. This can be accomplished, for example,
by designing the sequences of the overhangs such that the overhang sequences do not self-

anneal or anneal with each other, at least when under the conditions the linkers are to be used.

This design may be advantageous in certain embodiments, in which, for example, a
downstream step includes PCR amplification. One frequently observed type of non-specific
amplification product is a template-independent artifact of amplification reactions referred to
as “primer dimer,” which is a double-stranded fragment whose length typically is close to the
sum of the two primer lengths and appears to occur when one primer is extended over the
other primer. The resulting extension product forms an undesired template which, because of

its short length, is amplified efficiently.

Each of the first, second, third, and fourth polynucleotides may be provided in
separate containers, such as synthesized polynucleotides, either in freeze dried, lyophilized
form or in water or a suitable buffer solution. Alternatively, the first and the second
polynucleotides may be combined in the same container (lyophilized or in solution), for
example, in 1:1 molar ratio, such that they can be used as pre-annealed RNA linker.

Similarly, the third and the fourth polynucleotides may be combined in the same container

10
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(lyophilized or in solution), for example, in 1:1 molar ratio, such that they can be used as pre-

annealed DNA linker.

The second, third, and fourth polynucleotides are substantially homogeneous or pure
(e.g., individual polynucleotide molecules within the same container are the same), while the
3’-end of the first polynucleotide in the 3’-overhang region comprises a random-sequence
primer (e.g., individual first polynucleotide molecules within the same container are the same
except that each may have a different random sequence primer within the 3’-overhang
region). Thus the first polynucleotide may be unique in that it is in fact a mixture of
polynucleotides differing only at the random-sequence primer region of the individual

polynucleotides.

In a related embodiment, however, when a specific ncRNA with a defined 3’-end
sequence is of interest, and first polynucleotide of the invention may be homogenously
containing the same matching sequence at the random-sequence primer region, in order to
initiate first strand cDNA synthesis specifically from the specific ncRNA with the defined 3’-

end sequence.

The random-sequence primer generally has sufficient length (e.g., hexamer), so as to
be capable of directing 1* strand cDNA synthesis from the 3’-end of a non-coding RNA.
Although hexamer random sequences can be used, other lengths, such as 4, 5,7, 8, 9, 10, 11,

12 random sequence primers may also be used.

In certain embodiments, the most 3’-end of the random-sequence primer is not
deoxythymidine (T) or Uridine (U), or other nucleotide analog that can base pair with
adenine (A) in the poly A tail of mRNA. Such design may further help to avoid reverse

transcription from the polyA tail of an mRNA.

The 5°- or 3’-overhangs at the 3’-end of the second and third polynucleotides (the first
and second ligation compatible ends) are designed to be complementary such that they anneal
to each other. The length of the overhang regions in the second and third polynucleotides can
be the same, but need not be the same. In certain embodiments, about 2, 3,4, 5, 6,7, 8, or
more nucleotides in the overhang regions of both polynucleotides are complementary and can

form base pairs (Watson-Crick or wobble base pairs).

In certain embodiments, the length of the first double stranded region on the RNA
linker is about 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 60 or more base pairs.

In certain embodiments, the length of the second double stranded region on the DNA

linker is about 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 60 or more base pairs.

11
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In certain embodiments, the total length of the first and the second double stranded
regions, in the ligated RNA-DNA linker, is about 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60,
65, 70, 75, 80 or more base pairs.

In certain embodiments, the first double stranded region may comprise a first
recognition site for a first restriction enzyme, such as a Type II restriction enzyme (RE). The
RE recognition site may be strategically placed such that, when the RE cleaves, it cleaves
outside the RE site, 3’ to the random-sequence primer. This allows the generation of an RNA
tag linked to the RNA linker. For example, a Mmel recognition site may be placed at the end
of the first double stranded region, distal to the other end of the first double stranded region
(where the RNA linker and the DNA linker are linked via their respective 3’-overhang
regions). The Mmel site is designed to be in the orientation such that when Mmel cuts, an
RNA tag comprising a 18-bp fragment with a 2 bp overhang is generated in the cDNA
derived from a linked ncRNA. However, the placement of the RE site does not need to be at
the end of the first double stranded region. A more internal placement generates a

correspondingly shorter RNA tag sequence.

In certain embodiments, the last nucleotide of the first recognition site (for the first
(Type II) restriction enzyme) is the last base-paired nucleotide 5’ to the random-sequence

primer.

Likewise, in certain embodiments, the second double stranded region may comprise a
second recognition site for a second restriction enzyme, such as a Type Il restriction enzyme
(RE), which may cleave 3’ to the second RE recognition site and 5’ to the third
polynucleotide. The orientation of the RE recognition site is arranged in such a way that it
generates a DNA tag based on the terminal sequence of a linked genomic DNA. In certain
embodiments, the placement of the RE site does not need to be at the end of the second
double stranded region. A more internal placement generates a correspondingly shorter DNA

tag sequence.

In certain embodiments, the last nucleotide of the second recognition site (for the

second (Type II) restriction enzyme) is a base-paired nucleotide at the blunt end.

In certain embodiments, the first and the second (Type II) restriction enzymes are the
same. In other embodiments, the first and the second (Type II) restriction enzymes are

different.

For RE that generates relatively long tag sequences, such as Type I or Type III RE,

the orientation of the first and second RE recognition sequences may be reversed, such that

12
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the RE site in the RNA linker directs the generation of a DNA tag, while the RE site in the
DNA linker directs the generation of an RNA tag.

For RE that recognizes two recognition sites (such as Type IIB RE), one of the RE
site may be in the RNA linker, and the other may be in the DNA linker, such that the RE only
cleaves when the RNA and DNA linkers are correctly ligated as designed to reconstitute the

full RE recognition site.

Suitable restriction enzymes that may be used according to the instant invention are
described in more details below. In certain embodiments, the cleavage site of the first or the
second restriction enzyme is at least about 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23,24, 25, 26, 27, 28, 29, 30 or more nucleotides 3’ to the last nucleotide of the recognition

site.

In certain embodiments, the RNA linker, the DNA linker, or both, does not have a

restriction enzyme recognition site for generating the RNA tag or DNA tag.

In certain embodiments, one or more of the first, second, third, and fourth
polynucleotides are DNA (e.g., all are DNA), or comprise both DNA and RNA nucleotides.
In other embodiments, any of them may be RNA.

In certain embodiments, one or more of the first, second, third, and fourth
polynucleotides may comprise a modified nucleotide. The modified nucleotide may be at the

5’-end, 3’-end, and/or at an internal position.

In certain embodiments, the modified nucleotide is a biotinylated nucleotide, such as
biotinylated dT (deoxy- thymidine). The presence of the biotinylated nucleotide allows
affinity purification of the polynucleotide comprising one or more of such biotinylated
nucleotides by, for example, using resins, agarose, nanoparticles, metal or magnetic beads
conjugated to a biotin binding partner, such as avidin or streptavidin. Such beads can then be
isolated by magnets. The biotinylated nucleotide may be present in the RNA linker, the DNA
linker, or both. This technique may also be combined with high throughput next generation
sequencing, such as single-molecule real-time sequencing (Pacific Bio); ion semiconductor
(Ion Torrent sequencing); pyrosequencing (454); sequencing by synthesis (Illumina);
sequencing by ligation (SOLiD sequencing); polony sequencing; massively parallel signature
sequencing (MPSS); DNA nanoball sequencing; Heliscope single molecule sequencing, or be
used with a Luminex-type system, using color beads or other antibodies for laser- or FACS-

based sorting.

13
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In certain embodiments, the modified nucleotide enhances the ability of the random
sequence primer to synthesize first strand cDNA via reverse transcription, such as by
enhancing the stability and/or specificity of the hybridization between the random primer

with the 3’-end of the ncRNA.

In certain embodiments, the random priming sequence may include at least one
nucleotide containing a sugar other than the conventional 2’-deoxy-D-ribose or D-ribose
found in naturally occurring DNA and RNA, such as a nucleotide in which the sugar is
modified by the addition or substitution of a side group, or in which the sugar is a
stereoisomer of the conventional 2’-deoxy-D-ribose or D-ribose found in naturally occurring
DNA and RNA, or both. See U.S. Pat. No. 6,794,142 (incorporated herein by reference).
Such modified nucleotide may be at or near the 3’-end of the random priming sequence. In
one embodiment, the modified random primer sequence consists essentially of an
oligonucleotide in which at least one of the three 3’ terminal nucleotides is a modified
nucleotide selected from the group consisting of 2'-O-methyl-nucleotides, 2'-amino-
nucleotides, and 2'-fluoro-nucleotides. In one embodiment, the modified primer sequence
consists essentially of an oligonucleotide in which at least one of the three 3’ terminal
nucleotides is a modified nucleotide selected from the group consisting of 2'-O-methyl-
ribonucleotides, 2'-deoxy-2'-amino-nucleotides, and 2'-deoxy-2'-fluoro-nucleotides. These
modifications represent the addition of a moiety to the 2" OH, or the replacement of the 2’-OH

by an alternative moiety.

In certain embodiments, the random priming sequence comprises one or more LNA or
PNA. The presence of unusually thermodynamically stable structural fragments in RNAs,
such as hairpins, can makes it nearly impossible to carry out primer extension. Replacement
of DNA primers with LNA-modified primers may overcome this limitation (see Fratczak et
al., Biochemistry, 48(3):514-6, 2009; Uppuladinne et al., Biomol. Struct. Dyn., 31(6):539-60,
2013).

Other modified nucleotide, such as thiophosphate (or phosphorothioate, a family of
compounds and anions with the general chemical formula PS4_XOX3' (x=0,1,2,0r3))
modification that renders the internucleotide linkage resistant to nuclease degradation,
morpholino oligonucleotides, 2° F-ANA, 2’-O-alkyl, etc., may also be incorporate to the
linkers to enhance the stability and nuclease resistant ability of the linkers. See Verma &
Eckstein, “Modified oligonucleotides: synthesis and strategy for users,” Annu. Rev. Biochem.,

67:99-134, 1998 (incorporated herein by reference).
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In certain embodiments, the RNA linker and/or the DNA linker may comprise a
unique sequence (e.g., a “bar code”) that distinguishes the RNA linker from the DNA linker,
or the RNA/DNA linker from other RNA/DNA linker (e.g., when two or more sets of RNA
linkers are used together). For example, the first and/or the second double stranded region(s)
may comprise a unique sequence that distinguishes the RNA linker from the DNA linker.
Such bar code may simply be a small stretch of unique sequence, such as a 2-, 3-, 4-, 5-, 6-,
7-, 8-, 9-, 10-nucleotide sequence (or more). In certain embodiments, the difference in the
sequence of the RNA linker and the DNA linker may be sufficient to distinguish the RNA
linker from the DNA linker. In certain embodiments, only the RNA linker or only the DNA
linker has the unique sequence / bar code. In certain embodiments, both the RNA linker and

the DNA linker have their respective unique sequences / bar codes.

In certain embodiments, the first polynucleotide is dephosphorylated. In certain
embodiments, the second polynucleotide is dephosphorylated. In certain embodiments, the
third polynucleotide is dephosphorylated. In certain embodiments, the fourth polynucleotide
is dephosphorylated. The dephosphorylation may help to avoid self-ligation of the
polynucleotides or the DNA / RNA linkers, such as self-ligation through the blunt ends of
two DNA linkers, each may be ligated to a chromosomal DNA fragment in the same
chromatin fragment. In addition, if the linkers or the ligatable ends of the linkers are
dephosphorylated, it is expected that the linkers are unlikely to ligate to form dimers or
concatemers of linkers. Furthermore, it is expected that the DNA linker may ligate to the
phosphorylated ends of the chromosomal DNA molecule but cannot ligate to link together the

ends of the chromosomal DNA molecules until they are phosphorylated.

In an alternative embodiment, the first and the second polynucleotides may hybridize
and form an RNA linker that has, at one end, the 3’-overhang comprising the random priming
sequence of the first polynucleotide, and, at the other end, the first ligation compatible site
comprising a recognition site for a restriction enzyme. Similarly, the third and the fourth
polynucleotides may hybridize and form a DNA linker that has, at one end, the blunt end for
ligating to a free end of a chromosomal fragment, and, at the other end, the second ligation
compatible end comprising a recognition site for the same restriction enzyme, or a
recognition site for a compatible restriction enzyme that generates a compatible ligatable end.
Thus digestion by the restriction enzyme and/or its compatible RE produces the overhang

(could be 3’ or 5 overhang) that can be used to ligate the DNA and RNA linkers.
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In this embodiment, prior to the restriction enzyme digestion, the ends of the DNA
and RNA linkers may not be ligatable (for example, the RNA linker may have a 5’ overhang
and the DNA linker may have a blunt end of 3” overhang, or vice versa), and such ends may
be further dephosphorylated. After the RE digestion, ligatable ends at the DNA and RNA
linker ends are generated, with proper phosphorylation. The ligatable ends of the DNA and
RNA linker(s) may then be ligated. The ligatable end after restriction may be a blunt end, or
have a cohesive end with a 5' or 3' overhang. In particular, a restriction enzyme which cuts
rarely may be used so as to reduce the possibility of cutting the nucleic acid material at

unintended locations and/or to produce very short fragments.

The subject polynucleotides can be prepared by any suitable method, including direct
chemical synthesis by a method such as the phosphotriester method of Narang ef al., 1979,
Meth. Enzymol., 68:90-99; the phosphodiester method of Brown et al., 1979, Meth. Enzymol.,
68:109-151; the diethylphosphoramidite method of Beaucage et al., 1981, Tetrahedron Lett.,
22:1859-1862; and the solid support method of U.S. Pat. No. 4,458,066, each incorporated
herein by reference. A review of synthesis methods of conjugates of oligonucleotides and
modified nucleotides is provided in Goodchild, 1990, Bioconjugate Chemistry, 1(3):165-187,

incorporated herein by reference.

One or more additional reagents for carrying out the methods of the invention may

also be included in the kit of the invention.

In certain embodiments, the kit further comprises a reagent that cross-links protein

and polynucleotide, such as formaldehyde (e.g., 1% formaldehyde).

In certain embodiments, the kit further comprises an affinity reagent that specifically
or selectively binds a component of chromatin (e.g., histone or a specific ncRNA of interest).
For example, the affinity reagent may be an antibody (such as a monoclonal antibody), or any
of the functional antigen-binding fragments or derivatives thereof. The affinity reagent may
also be a polynucleotide (such as an antisense polynucleotide) that can hybridize / bind to the
polynucleotide component of the chromatin. The antisense polynucleotide may be labeled to
facilitate subsequent capture of the hybridization complex formed between the antisense
polynucleotide and its complement target sequence. For example, the label can be a biotin
label (such as biotinylated U or T) that can be captured by avidin or streptavidin coated
beads. The antisense polynucleotide may also be immobilized on a solid support, such as on

the surface of a microbeads or nanoparticles, which may be packed into a column or used in
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batch mixture for affinity capture of the complement target sequence.

In certain embodiments, the kit further comprises an end-repairing mixture that
converts DNA containing damaged or incompatible 5’- and/or 3’-protruding ends to 5’-
phosphorylated, blunt-ended DNA. Such reagents are readily available commercially, such
as the End-It™ DNA End-Repair Kit from Epicentre.

In certain embodiments, the kit further comprises a DNA ligase (e.g., T4 DNA ligase

from various commercial sources, such as New England Biolabs (NEB)).

In certain embodiments, the kit further comprises a reagent that reverses cross-linking

of protein and polynucleotide (e.g., Proteinase K from various commercial sources, such as

New England Biolabs (NEB)).

In certain embodiments, the kit further comprises the first and/or the second
restriction enzyme(s), and optionally any suitable buffers or cofactors required for RE

digestion.

In certain embodiments, the kit further comprises a pair of concatenating adapters for
PCR amplification of blunt-ended double stranded DNA. The adapters may comprise
restriction enzyme sites useful for concatemerization, and may comprise PCR primer

sequences suitable for PCR amplification.

In certain embodiments, the kit further comprises a Tag DNA polymerase for PCR
amplification, or other DNA polymerases required for other forms of amplification (e.g.,

rolling circle amplification).

In certain embodiments, the kit further comprises a reverse transcriptase for first

strand cDNA synthesis.

Another aspect of the invention provides a paired-end tag (PET) polynucleotide
comprising a central region comprising the first and second double stranded regions linked
through the first and the second ligation compatible ends, said central region being flanked
by: (1) at a site proximal to the first double stranded region, a sequence tag of a non-coding
RNA (ncRNA); and (2) at a site proximal to the second double stranded region, a sequence
tag of a genomic DNA.

Such PET polynucleotides comprise both the RNA tag and the DNA tag, each derived
from the end sequence of the respective ncRNA and genomic DNA (paired-end tag).
Together, the paired-end tag represents an observed event or incident where the ncRNA and

the genomic DNA fragment are at close proximity of each other in a chromosomal fragment.
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In certain embodiments, the sequence tag of the non-coding RNA (ncRNA) has a free

end resulting from digestion by the first restriction enzyme.

The restriction enzyme may be any of the ones described above, such as a Type II RE
(Type IS, IIB, 1IG, etc.), Type I RE, or a Type III RE, which may digest outside their
recognition site. Alternatively, the free end may be generated by a naturally existing RE site
on the cDNA corresponding to the ncRNA. Preferably, the RE is selected based on the
sequence of the central region such that the RE does not cut inside the central region to

disrupt the structure of the linked DNA linker and RNA linker.

In certain embodiments, the RNA sequence tag of the ncRNA or the DNA sequence
tag of the genomic DNA has a free end resulting from physical shearing, such as shearing by

sonication, hydroshearing, repeated drawing through a hypodermic syringe needle, etc.

In certain embodiments, the RNA sequence tag of the ncRNA or the DNA sequence
tag of the genomic DNA has a free end resulting from limited digestion of a non-specific
endonuclease, such as Micrococcal Nuclease (NEB Catalog M0247S), DNase I (NEB
Catalog M0303S), or exonucleases that progressively digests from one end of a double
stranded DNA, or a combination of endo- and exonucleases (e.g., Exonuclease III and Mung
Bean Nuclease) to reduce the average length of the cross-linked genomic DNA or cDNA of
ncRNA. The extend of digestion may be controlled by limiting enzyme or substrate
concentration, temperature and/or pH of digestion, availability of co-factors, or a combination
thereof. Suitable digestion conditions may be pre-tested using standard substrates of defined
length, and examining digestion products (by electrophoresis of CE (capillary

electrophoresis), etc.) before and after digestion.

The length of the RNA or DNA sequence tags should be sufficient to uniquely
identify a genomic region from which the ncRNA is transcribed, or at which the genomic
DNA is located. For example, the RNA sequence tag of the non-coding RNA (ncRNA)
and/or the DNA sequence tag may be about 10-100 base pairs in length (or 15-50 bp, 20-40
bp, 20-30 bp, 20-25 bp) for relatively complicated genomes of higher eukaryotes, but may be
shorter (e.g., 6-10 bp, 8-10 bp, 8-12 bp) for relatively simple genomes of bacteria, or lower

eukaryotes.

In a related aspect, the invention provides a paired-end tag (PET) polynucleotide
library comprising two or more members of the subject PET polynucleotides, wherein each

member of the PET library comprises the same central region, and different RNA sequence
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tag of the non-coding RNA (ncRNA), different DNA sequence tag of the genomic DNA, or
both.

In yet another related aspect, the invention provides a vector or recombinant vector

comprising the subject PET polynucleotides.

In certain embodiments, the vector comprises a plurality of concatenated subject PET

polynucleotides.

Another aspect of the invention provides a method of identifying functional
interaction loci within a genome for non-coding RNAs (ncRNAs) of the genome, the method
comprising: (1) providing chromatin fragments comprising cross-linked genomic DNA
fragments and cross-linked ncRNAs; (2) using the RNA linker and the DNA linker of the
invention, ligating an end of a cross-linked genomic DNA fragment to an end of a cDNA of a
cross-linked ncRNA, under a condition for proximity ligation, wherein the end of the cross-
linked genomic DNA fragment is ligated to the DNA linker, and the end of the cDNA of the
cross-linked ncRNA comprises the RNA linker; (3) isolating a PET polynucleotide of the
invention for sequencing analysis; and, (4) mapping the sequence tag of the genomic DNA
and the sequence tag of the ncRNA within each PET polynucleotides to a reference genome,
thereby identifying functional interaction loci within the reference genome for the non-

coding RNAs (ncRNAs) of the reference genome.

In certain embodiments, the methods of the invention are performed using live cells,
such as tissue culture cells or cell isolated from freshly dissected tissues. In certain
embodiments, the ncRNAs and the genomic DNA in live cells are cross-linked through
formaldehyde- and/or EGS (Ethylene glycol bis[succinimidylsuccinate])-mediated cross-
linking. Other similar bifunctional crosslinking reagents suitable for crosslinking protein-
DNA, protein-RNA and/or protein-protein (e.g., those having two or more reactive chemical
groups suitable for reacting with the amide and/or thiol groups) may also be used. If EGS is
used, the spacer region between the two NHS-ester may be a 12-atom spacer, although longer
or shorter spacers (e.g., 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 atom spacers) may

be used as well.

If formaldehyde or EGS (typically about 1-2 mM, or 1.5 mM) are used, EGS may be
added first followed by (about 1%) formaldehyde. Reaction may be quenched by glycine.
Alternatively, about 1% formaldehyde or about 1% glutaraldehyde may be used.

In other embodiments, the nucleic acids are cross-linked to the chromatin via UV

cross-linking. For example, tissue culture cells may be UV-crosslinked at about 150 mJ/cm®
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at 254 nm (e.g., by using a UV crosslinker, such as STRATALINKER® UV crosslinker).

For example, about 1 - 2 x 10° live tissue culture cells or isolated cells may be first
collected and cross-linked with EGS with shaking for 40 min., then formaldehyde (final

concentration of about 1%; Sigma) for 10 minutes at room temperature.

Proteinase inhibitor and/or RNase inhibitor may be added to prevent non-specific

proteinase or RNase digestion.

The cells are then lysed in a suitable lysis buffer (e.g., 50 mM HEPES, 1 mM EDTA,
0.15 M NaCl, 1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate, all from Ambion).

Once the crosslinking step is complete, various methods may be used to produce

chromatin fragments comprising cross-linked genomic DNA and ncRNA.

For example, in certain embodiments, chromatin fragments are generated by physical
shearing, such as sonication, hydroshearing, or repeated drawing through a hypodermic
syringe needle. Sonication may be advantageous for breaking up the chromatin fibers into
tethering complexes with RNA, DNA and protein components, while “shaking off” spurious,

random, or week ncRNA-chromatin-DNA interaction.

Alternatively, in certain embodiments, chromatin fragments may be generated by
restriction enzyme digestion, or partial or limited endo- and/or exo-nuclease digestion under

controlled conditions, in order to produce RNA and DNA tags of suitable length.

To generate chromatin fragments comprising cross-linked genomic DNA fragments
and cross-linked ncRNAs, the chromatin can be solubilized by sonication (e.g., using a
Branson 450 ultrasonic cell disruptor, operated at 20% duty power output, 30 second, 5 to §
times; or using a probe sonicator operating at 35% power for 1.5 min, with 20sec on / 30sec

off cycles).

Other commercially available instruments may be used for sonication. For example,
the S220 Focused-ultrasonicator from Covaris, Inc. utilizes the Adaptive Focused
Acoustics™ (AFA) technology for DNA, RNA, and chromatin shearing. According to the
manufacturer, its software incorporates various preset protocols for standard methods, such as
DNA shearing to specific fragment lengths. Alternatively, the BIORUPTOR® UCD-200
(Life Technologies Corp.), a benchtop sonication device, may also be used for sonication
shearing. The device consists of a high-power ultrasound generating element located below a
water bath, and operates at a 20 kHz frequency (similar to a probe sonicator) to provide

automated sonication steps suitable for standardized protocols such as ChIP, MeDIP, etc.
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Once sheared, the chromatin is diluted (e.g., 10 times) to lower the SDS concentration
(e.g., to about 0.1-0.5%). The extract is then cleared by centrifugation (e.g., at 14,000 rpm

for 10 minutes at 4°C). This extract can be stored at -80°C until use.

If immunoprecipitation is desired, about 2 pg of monoclonal antibody (specific for a
chromatin component) can be bound to protein G sepharose (Pharmacia). The antibody
coated beads are then incubated with the chromatin extract at 4°C for 16 hours. The beads
are then washed (e.g., with the following reagents from Sigma Chemical Company: Wash
buffer 1 (50 mM HEPES, 1 mM EDTA, 0.15 M Na(Cl, 0.1% SDS, 1% Triton X-100, 0.1%
sodium deoxycholate); 2 times Wash buffer 2 (50 mM HEPES, 1 mM EDTA, 0.5 M NaCl,
0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate); 1 time Wash buffer 3 (20 mM
Tris.HCI pH 8.0, 1 mM EDTA, 0.25 M LiCl, 0.5% NP40, 0.5% sodium deoxycholate); 1
time Wash buffer 4 (20 mM Tris.HCI pH 8.0, 1 mM EDTA). The protein-DNA complexes
are then eluted from the beads with elution buffer (e.g., 50 mM Tris.HCI pH 8.0, 1 mM
EDTA, 1% SDS) for 20 min at 65°C. The eluent is then dialyzed in PBS (Ambion) to
remove SDS (e.g., for 3 hours at 4°C).

Optionally, the chromatin fragments may also be biotinylated (for example, by using
EZlink Iodoacetyl-PEG2-Biotin (IPB) (Thermo Scientific, cat.21334)), and be isolated as
streptavidin beads-bound chromatin fragments. For example, DYNABEADS® with
streptavidin (DYNABEADS® MyOne™ Streptavidin C1/T1) may be used to enrich

biotinylated chromatin fragments.

In addition, beads with silica like coating may be used to enrich the crosslinked

nucleic acid on the chromatin fragments.

The chromatin fragments, after shearing or RE digestion, may have damaged ends or
ends otherwise unsuitable for ligation with the DNA linker. Thus end-repair may be
performed using, for example, the End-1It kit from Epicentre or the T4 polymerase (Promega,

RO191), according to the manufacture’s suggestion.

First-strand cDNA synthesis can be performed using a reverse transcriptase and the
RNA linker (or the modified RNA linker in the second specific embodiment below), such as
the Superscript III First Strand Synthesis System (Life Technologies, cat.18080051).

The repaired chromatin DNA with 5° phosphorylation at its blunt end can then be
used in ligation with the DNA linker. This can be carried out in the same container for
reverse transcription using the RNA linker, provided that the proper buffer and other reaction

conditions for DNA ligation are provided. A DNA ligase, such as the T4 DNA ligase, may
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be used for this reaction. If necessary, the dephosphorylated DNA linker can then be
phosphorylated (e.g., by T4 polynucleotide kinase).

In certain embodiments, first strand cDNA synthesis is performed (either before or

after or concurrent with the DNA linker ligation) using the RNA linker.

In certain embodiments, the cDNA of the cross-linked ncRNA comprises a first strand
cDNA reverse transcribed from the random-sequence primer of the RNA linker, and the
ncRNA template. Due to the presence of the RNA linker, this first strand cDNA and ncRNA
template hybrid molecule can be ligated to the DNA linker already ligated to the free end of

the chromosomal DNA fragment.

Once the RNA linker and the DNA linker have been properly ligated to their
respective ends of the target nucleic acid, proximity ligation can be performed to connect the
DNA linker and the RNA linker on the same chromatin fragment. Proximity ligation is
usually carried out at a diluted environment such that RNA and DNA linkers on the same
chromatin fragment, due to their proximity to one another, are much more likely to be ligated

as compared to RNA and DNA linkers on different chromatin fragments.

In certain embodiments, proximity ligation is carried out with about 2, 3,4, 5, 6, 7, 8,
9,10, 12, 13, 14, 15, 16, 70, 18, 19, 20-fold or more dilution with respect to the linker

ligation steps.

In certain embodiments, proximity ligation is carried out in a total ligation volume of
about 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 mL or more, for each equivalent
amount of captured chromatin fragments derived from about 1 x 10° human cells. Ligation
volumes may be adjusted accordingly based on the type of cells (e.g., species of origin or

genome size).

The proximity ligation conditions may be modified or adjusted, as required, so as to
maximize the ligation of the DNA and RNA linkers. Any ligation condition may be modified
or adjusted, including but not limited to increasing or decreasing the time for the ligation
reaction and/or concentration of the reagents. In other words, the ligation reactions are
adjusted or modified to maximize intermolecular ligation of separate nucleic acid molecules
cross-linked to the same chromatin fragment. In particular, the ligation may be performed
under very dilute conditions of the nucleic acid molecules to maximize the ligation of the

ends of different nucleic acid molecules and to reduce the formation of circular multimers.

In certain embodiments, the method includes assessing the extent or frequency of

undesired or false positive ligation events between genomic DNA and ncRNA crosslinked to
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different chromatin fragments. Under ideal proximity ligation conditions, only genomic

DNA and ncRNA crosslinked to the same chromatin fragment should be ligated.

For example, one set of DNA and RNA linkers (e.g., linker set A) can be used for
ligating to the genomic DNA and RNA ends, respectively, in one reaction container.
Meanwhile, a second set of DNA and RNA linkers (e.g., linker set B) can be used for ligating
to the genomic DNA and RNA ends, respectively, in a second reaction container. The
contents of the two reaction containers are then pooled for the proximity ligation. If the RNA
linker in linker set A can be ligated to the DNA linkers of both linker sets (and the DNA
linker in linker set A can be ligated to the RNA linkers of both linker sets), then proximity
ligation condition is optimum if there is no or very infrequent ligation between linkers of sets
A and B (e.g., RNA linker in set A ligate to DNA linker in set B). Conversely, proximity
ligation condition is less than optimum if there is significant ligation between linkers of sets

A and B.

In certain embodiments, the ratio of the RNA and DNA linkers in linker sets A and B
can be further adjusted (e.g., not necessarily 1:1). For example, the molar ratio of RNA and
DNA linkers in linker set A compared to that in linker set B may be 2:1, 3:1, 4:1, 5:1, 6:1,
7:1, 8:1, 9:1, 10:1, or vice versa.

In certain embodiments, the first, second, third, and/or the fourth polynucleotide of

the invention is dephosphorylated and the DNA linker or RNA linker does not self-ligate.

Second strand cDNA synthesis can be completed either before or after the RNA linker
- DNA linker ligation, using, for example, the Superscript Double-stranded cDNA Synthesis
Kit (Life Technologies, cat.1197-020). In certain embodiments, 2" strand cDNA synthesis is

carried out after proximity ligation but before step (3).

In certain embodiments, a DNA polymerase, such as T4 DNA polymerase, may be

added after the 2™ strand cDNA synthesis.

Next, the cross-linked nucleic acid and protein component of the chromatin fragment
can be reverse cross-linked with proteinase K. In a typical reaction condition, for example,
sample can be reverse cross-linked as 20 pL aliquots by overnight incubation at 65°C in the
presence of 15 ul of 20 mg/ml proteinase K (Ambion) and optionally 0.3% SDS (Ambion).
The following day, about 1 uLL of 10 mg/ml RNase A (Qiagen) may be added to degrade
RNA (e.g., for 45 min at 37°C), followed by phenol extraction and ethanol precipitation of
DNA.
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Optionally, purification or enrichment of at least one linked and reverse cross-linked
nucleic acid molecule may be performed using a binding system comprising at least two
components, wherein at least one first component is coupled to the linker (e.g., a biotinylated
nucleotide incorporated into the RNA or DNA linker, for example), and at least a second
component binds the first component. The components include but are not limited to

streptavidin-biotin, avidin-biotin, protein-antibody and/or magnet/magnetic material.

In particular, biotinylated linker-ligated nucleic acid material may be purified using
streptavidin beads, such as streptavidin-conjugated magnetic DYNABEADS ™ (Life
Technologies, cat.11206D-10ML). Only the nucleic acid material that contains biotinylated
linkers will be immobilized on the streptavidin beads. If another component is bound to the
linkers used, other systems of purifying the nucleic acid molecules suitable for the component

may be used.

Alternatively, streptavidin columns may be used instead to capture the biotinylated
beads. In yet another alternative, the beads may be color or fluorescently coated such that
they can be sorted or collected by FACS, etc., on a flow-based detection instrument (e.g.,

LUMINEX® 100™, LUMINEX® 200™ or BIO-RAD® BIO-PLEX® type analyzer).

The resulting released DNA can be used to produce PET polynucleotides having
paired DNA and RNA tags through, for example, RE enzyme digestion. Optionally, the
released PET polynucleotides may be further amplified by PCR before sequencing analysis.
PCR adapters may be ligated to both ends of the PET polynucleotides (such as by T4 DNA
ligase) before carrying out the PCR amplification. Only blunt ended, non-circularized
nucleic acids can be ligated to the adapters. Self-ligated nucleic acid molecules and circular

multimers cannot be ligated to the adapters.

The PCR adapters may also comprise modified nucleotides for PCR product
purification. Similarly, streptavidin-biotin, avidin-biotin, protein-antibody and/or
magnet/magnetic material may be used for this purpose.

The PET polynucleotides (with or without amplification) may be directly sequenced,
such as according to the protocols for the various next-generation sequencing, such as 454
sequencing using the 454 multiplex sequencing machine (454 life sciences). The technique is
taught in Margulies ef al (2005) and US Application No. 20030068629 (both incorporated
herein by reference). Any other high throughput or next-generation sequencing (NGS)

methods may be used to determine the sequences of the PET polynucleotides.
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Mapping of the obtained RNA / DNA tag sequences to their respective genomic
locations can be performed using any of many commercially available tools, software, or

services.

Once the RNA and DNA tags of the PET polynucleotides are sequenced and mapped
to the reference genome, each linked RNA tag and DNA tag represents a putative ncRNA-
chromatin interaction. The collection of all such observed interactions constitute the
functional interaction loci within the reference genome for the non-coding RNAs (ncRNAs)

of the reference genome.

In certain embodiments, the method further comprises identifying clusters of two or
more PET polynucleotides having overlapping sequence tags of the genomic DNA and

overlapping sequence tags of the ncRNA.

The PET clusters are considered as high confidence data, reflecting recurrent
detection of more reliable events of ncRNA-chromatin interactions. In contrast, the singleton
PETs with no overlap on both the RNA tag and the DNA tag with other PET sequences may
represent weak linking signals, and may be indistinguishable from random background

noises.

In certain embodiments, the method further comprises excluding PET polynucleotides
comprising sequence tags of rRNA. Although some rRNA-chromatin-gDNA (genomic
DNA) interactions may be of true biological significance, the presence of large amount
(about 1/4 in some data set) of rRNA-chromatin-DNA interactions may obscure the other less
abundant interactions. Thus such digital subtraction before further data analysis may be

desirable for analyzing less frequent ncRN A-chromatin interactions.

In certain embodiments, the method further comprises isolating or enriching a subset
of chromatin fragments prior to the proximity ligation step. For example, the subset of
chromatin fragments can be isolated or enriched by immunoprecipitation using an antibody
specific for a protein component of the subset of chromatin fragments, or by hybridization
using a (labeled) polynucleotide specific for a nucleic acid component of the subset of
chromatin fragments. This may be useful for identifying specific interactions between a

known chromatin component and ncRNA.

In certain embodiments, the protein component is a histone, a transcription factor
(such as a general transcription factor RNAPII, RNAPI, RNAPIII), a polycomb-group (PcG)
family protein that remodels chromatin (such as EZH2, and others from insects, mammals,

and plants); a recombination involved factor (such as PRDMY); a chromatin insulator or
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chromatin waver (such as CTCF); a methyl-CpG-binding protein (such as MeCP2); or an
RNA binding protein.

In a variation of the method, a specific labeled ncRNA (such as biotyinylation) may
be added to the cell before crosslinking. Such labeled ncRNA can be isolated or enriched by

using magnetic beads coated with avidin or streptavidin.

In yet another variation of the method, complementary sequences to one or more
specific ncRNAs of interest may be used to isolate or enrich such specific ncRNAs (using an
array or column) cross-linked to chromatin fragments. Once isolated or enriched, such
chromatin fragments can be subject to the remaining steps of the method to identify the

regions of genomic DNA that interacts with the specific ncRNA.

In certain embodiments, the method further comprises validating one or more
observed ncRNA- chromatin interaction by, for example, DNA/RNA FISH and
immunofluorescence assays. For instance, if a specific ncRNA is linked to a particular
genomic locus, DNA/RNA FISH and immunofluorescence assays may be performed using

the ncRNA to confirm the observation (see, for example, Figure 4B).

b) Modified RNA Linker

In another / second specific embodiment, the method of the invention can be carried
out using one modified RNA linker (and no DNA linker) to ligate the crosslinked RNA and

chromosomal DNA in the same chromatin fragment.

Thus another aspect of the invention provides a modified RNA linker comprising: (1)
a first polynucleotide, and, (i1) a second polynucleotide, wherein the first and the second
polynucleotides form a double stranded region flanked by a genomic DNA ligation
compatible end, and a 3’-overhang at the 3’-end of the first polynucleotide, wherein the 3’-
overhang comprises a random-sequence primer.

According to this aspect of the invention, the 3’-overhang at the 3’-end of the first
polynucleotide has a similar function as that of the RNA linker in the specific embodiment
described in subsection a) (RNA and DNA linker pair), while the genomic DNA ligation
compatible end can be used ligate blunt ended genomic DNA crosslinked to the same
chromatin fragment.

In certain embodiments, the ligation compatible end may be blunt ended for direct

ligation to the blunt end of the crosslinked genomic DNA fragment.
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In another embodiment, the ligation compatible end may comprise a restriction
enzyme site, which can be cleaved by the RE to produce the requisite blunt end required for
ligation to the blunt end of the crosslinked genomic DNA fragment. Prior to cleavage by the
restriction enzyme, however, the ligation compatible ends may be blunt ended (e.g.,
dephosphorylated blunt end to prevent self-ligation), or have non-compatible overhang that

prevents self-ligation.

In certain embodiments, the modified RNA linker does not self-ligate, either through

its 3’-overhang or its ligation compatible end.

The first and second polynucleotides may be provided in separate containers, such as
synthesized polynucleotides, either in freeze dried, lyophilized form or in water or a suitable
buffer solution. Alternatively, the first and the second polynucleotides may be combined in
the same container (lyophilized or in solution), for example, in 1:1 molar ratio, such that they

can be used as pre-annealed modified RNA linker.

The second polynucleotide is substantially homogeneous or pure (e.g., individual
polynucleotide molecules within the same container are the same), while the 3’-end of the

first polynucleotide in the 3’-overhang region comprises a random-sequence primer.

In a related embodiment, the first polynucleotide may be homogenously containing
the same matching sequence at the random-sequence primer region, in order to initiate first
strand cDNA synthesis specifically from the specific ncRNA with the defined 3’-end

sequence.

In certain embodiments, the double stranded region may comprise a first recognition
site for a first restriction enzyme, such as a Type Il restriction enzyme (RE). The RE
recognition site may be strategically placed such that, when the RE cleaves, it cleaves outside
the RE site, 3° to the random-sequence primer. This allows the generation of an RNA tag
linked to the RNA linker. For example, a Mmel recognition site may be placed at the end of
the double stranded region, proximal to the 3 overhang comprising the random-sequence
primer. The Mmel site is designed to be in the orientation such that when Mmel cuts, an
RNA tag comprising a 18-bp fragment with a 2 bp overhang is generated in the cDNA
derived from a linked ncRNA. However, the placement of the RE site does not need to be at
the end of the first double stranded region. A more internal placement generates a

correspondingly shorter RNA tag sequence.

In certain embodiments, the last nucleotide of the first recognition site (for the first

(Type II) restriction enzyme) is the last base-paired nucleotide 5’ to the random-sequence
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primer.

In certain embodiments, the double stranded region may comprise a second
recognition site for a second restriction enzyme, such as a Type Il restriction enzyme (RE), at
or near the ligation compatible end. The RE may cleave 3’ to the second RE recognition site
and 5’ to the first polynucleotide (e.g., into the ligated genomic DNA). The orientation of the
RE recognition site is arranged in such a way that it generates a DNA tag based on the
terminal sequence of a linked genomic DNA. In certain embodiments, the placement of the
RE site does not need to be at the end of the double stranded region. A more internal

placement generates a correspondingly shorter DNA tag sequence.

In certain embodiments, the last nucleotide of the second recognition site (for the
second (Type II) restriction enzyme) is a base-paired nucleotide at the ligation compatible /

blunt end.

In certain embodiments, the modified RNA linker does not have a restriction enzyme

recognition site for generating the RNA tag or DNA tag.

In certain embodiments, the modified RNA linker may comprise a unique sequence
(e.g., a “bar code”) that distinguishes the modified RNA linker from other modified RNA
linker(s).

In certain embodiments, the first and/or the second polynucleotide is

dephosphorylated.

Another aspect of the invention provides a paired-end tag (PET) polynucleotide
comprising a central region comprising the double stranded region (of the modified RNA
linker) flanked by: (1) at a site proximal to the random-sequence primer, a sequence tag of a
non-coding RNA (ncRNA); and (2) at a site proximal to the ligation compatible end, a

sequence tag of a genomic DNA.

In a related aspect, the invention provides a paired-end tag (PET) polynucleotide
library comprising two or more members of the subject PET polynucleotides, wherein each
member of the PET library comprises the same central region, and different RNA sequence
tag of the non-coding RNA (ncRNA), different DNA sequence tag of the genomic DNA, or
both.

In yet another related aspect, the invention provides a vector or recombinant vector

comprising the subject PET polynucleotides.
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Another aspect of the invention provides a method of identifying functional
interaction loci within a genome for non-coding RNAs (ncRNAs) of the genome, the method
comprising: (1) providing chromatin fragments comprising cross-linked genomic DNA
fragments and cross-linked ncRNAs; (2) using the modified RNA linker of the invention,
ligating an end of a cross-linked genomic DNA fragment to an end of a cDNA of a cross-
linked ncRNA, under a condition for proximity ligation, wherein the end of the cross-linked
genomic DNA fragment is ligated to the ligation compatible end of the modified RNA linker,
and the end of the cDNA of the cross-linked ncRNA comprises the modified RNA linker; (3)
isolating a PET polynucleotide of the invention for sequencing analysis; and, (4) mapping the
sequence tag of the genomic DNA and the sequence tag of the ncRNA within each PET
polynucleotides to a reference genome, thereby identifying functional interaction loci within

the reference genome for the non-coding RNAs (ncRNAs) of the reference genome.

In certain embodiments, the cDNA of the cross-linked ncRNA comprises a first strand
cDNA reverse transcribed from the random-sequence primer of the modified RNA linker,
and the ncRNA template. Due to the presence of the modified RNA linker, this first strand
cDNA and ncRNA template hybrid molecule can be ligated to the free end of the

chromosomal DNA fragment.

In certain embodiments, the length of the double stranded region on the modified

RNA linker is about 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 60 or more base pairs.

Other embodiments as described in the first specific embodiment described in
subsection a) (RNA and DNA linker pair) are generally applicable, and are incorporated (but

not reiterated) herein.

c) Direct RNA-DNA Ligation

In another / third specific embodiment, the method of the invention can be carried out
using certain enzymes (such as the truncated RNA Ligase 2 or RNL2) that directly ligate the
3’-OH group of the ncRNA to a 5° adenylated single-stranded DNA (5* App-ssDNA), such
as a ssDNA linker that is later hybridized to a complement polynucleotide, or a dsDNA with
a 5’ adenylated overhang that can serve as a substrate of the enzyme for direct ligation to the

3’-OH group of the ncRNA.

Thus the invention also provides an alternative way to ligate the 3’-end of the cross-
linked ncRNA and a free end of a cross-linked genomic DNA fragment in the same

chromatin fragment. According to this aspect of the invention, a single stranded DNA
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oligonucleotide is provided with its 5° pre-Adenylated (5> App ssDNA). An RNA-DNA
ligase (such as the Thermostable 5> AppDNA/RNA Ligase, NEB Catalog M0319S or
MO319L) can then be used to directly link the 3’-OH of the ncRNA to the 5> App ssDNA.

According to the manufacture, the thermostable 5> App DNA/RNA Ligase is a point
mutant of catalytic lysine of RNA ligase from Methanobacterium thermoautotrophicum
(Zhelkovsky and McReynolds, BMC Mol. Biol., 13:24, 2012). This enzyme is ATP
independent, but requires a 5’ pre-adenylated linker for ligation to the 3’-OH end of either
RNA or single stranded DNA (ssDNA). The enzyme is also active in ligation of RNA with
2’-O-methylated 3’ end to 5’-adenylated linkers (Zhelkovsky and McReynolds, supra). The
mutant ligase is unable to adenylate the 5’-phosphate of RNA or ssDNA, which reduces the
formation of undesired ligation products (concatemers and circles). The ability of the ligase
to function at 65°C might further reduce the constraints of RNA secondary structure in RNA

ligation reactions.

Another suitable ligase for this embodiment of the invention is RNA Ligase 2, such as
the AIR™ RNA Ligase 2 (RNL2) from Bioo Scientific (Austin, TX), which specifically
ligates the adenylated 5 end of an adapter to the 3” end of RNA. Similarly, the enzyme does
not require ATP for ligation but does need an adenylated substrate, which dramatically
reduces the amount of ligation between random RNA molecules. The ligase is a truncated
version of T4 RNA Ligase 2. Unlike the full length RNA ligase 2, AIR™ Ligase does not
ligate the phosphorylated 5 end of RNA or DNA without the adenylated substrate.

Alternatively, T4 RNA ligase 1 (NEB Cat. No. M0204S or M0204L) may be used to
ligate the ncRNA 3°-OH to the 5’ phosphoryl-terminated ssDNA.

Once the 3’-end of the ncRNA is ligated to the ssDNA, a complementary ssDNA can
be anneal to the ligated ssDNA to initiate 2" strand cDNA synthesis, and/or to form a blunt
end suitable for ligation with the free end of a cross-linked genomic DNA fragment in the

same chromatin fragment.

In an alternative embodiment, a dsDNA linker having a blunt end (or a ligation
compatible end) at one end and a 5° adenylated overhang (that can serve as the single strand
substrate for the various RNA ligases above) at the other end can first be ligated to the free
end of the crosslinked genomic DNA fragment, before the protruding adenylated 5° end is
directly ligated to the 3’-OH of the ncRNA.

Likewise, all the embodiments or variations described above for the ligated RNA

linker - DNA linker or the modified RNA linker are generally applicable to the double
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stranded region formed between the 5 App ssDNA and its complementary sequence.

For example, in certain embodiments, the double stranded region formed between the
5" App ssDNA and its complementary sequence may comprise one or more RE recognition
sites to facilitate the generation of RNA and DNA tag sequences. Two Mmel sites can be
situated at both ends of the double stranded region and direct the cleavage outside the double
stranded region to generate 18-20 bp RNA and DNA tags flanking the double stranded
region. Alternatively, one RE site may be used to generate the RNA tag (or the DNA tag),
and the DNA tag (or the RNA tag) may be generated by physical shearing or limited non-

specific enzyme digestion (see above).

Thus another aspect of the invention provides a direct RNA linker comprising: (i) a
first polynucleotide, and, (ii) a second polynucleotide, wherein the first and the second
polynucleotides form a double stranded region flanked by a genomic DNA ligation

compatible end, and a 5’-overhang at the 5’-end of the first polynucleotide.

The 5’-overhang is optionally 5° adenylated, or can be adenylated by a suitable
enzyme, such as the Mth RNA Ligase in the 5° DNA adenylation kit (Cat. No. E2610S or
E2610L). If the RNA ligation is to be performed with the 5’-overhang, as opposed to the first
polynucleotide as a ssDNA (before its annealing with the second polynucleotide), the 5°-
overhang is of sufficient length (e.g., 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15 bases or more) to
be used as a substrate for the enzyme for direct RNA ligation.

In certain embodiments, the ligation compatible end may be blunt ended for direct

ligation to the blunt end of the crosslinked genomic DNA fragment.

In another embodiment, the ligation compatible end may comprise a restriction
enzyme site, which can be cleaved by the RE to produce the requisite blunt end required for
ligation to the blunt end of the crosslinked genomic DNA fragment. Prior to cleavage by the
restriction enzyme, however, the ligation compatible ends may be blunt ended (e.g.,
dephosphorylated blunt end to prevent self-ligation), or have non-compatible overhang that

prevents self-ligation.

In certain embodiments, the direct RNA linker does not self-ligate. For example, the
3’ end of the first polynucleotide may be blocked by a dideoxynucleotide or other modified
nucleotide to prevent self-ligation (self-circularization) of the first polynucleotide. Upon
completion of RNA-DNA ligation, the blocked 3’ end of the first polynucleotide becomes
part of the ligation compatible end, and may be cleaved off through RE digestion to create a

blunt end for genomic DNA ligation.
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In certain embodiments, the double stranded region may comprise a first recognition
site for a first restriction enzyme, such as a Type Il restriction enzyme (RE). The RE
recognition site may be strategically placed such that, when the RE cleaves, it cleaves outside
the RE site, 5° to the 5° adenylated end of the first polynucleotide. This allows the generation
of an RNA tag linked to the direct RNA linker. For example, a Mmel recognition site may be
placed at the end of the double stranded region, proximal to the 5’ end of the 5 -overhang of
the first polynucleotide. The Mmel site is designed to be in the orientation such that when
Mmel cuts, an RNA tag comprising a 18-bp fragment with a 2 bp overhang is generated in
the cDNA derived from a linked ncRNA. However, the placement of the RE site does not
need to be at the end of the first polynucleotide. A more internal placement generates a
correspondingly shorter RNA tag sequence. Longer RNA tag sequences can be generated if
the first polynucleotide is used as a ssDNA substrate (as opposed to its 5’-overhang is used as

substrate), since the RE site can be placed at the 5’-end of the first polynucleotide.

Thus in certain embodiments, the last nucleotide of the first recognition site (for the

first (Type II) restriction enzyme) is the 5’-end of the first polynucleotide.

In certain embodiments, the double stranded region may comprise a second
recognition site for a second restriction enzyme, such as a Type Il restriction enzyme (RE), at
or near the ligation compatible end. The RE may cleave 3’ to the second RE recognition site
and 3’ to the first polynucleotide (e.g., into the ligated genomic DNA). The orientation of the
RE recognition site is arranged in such a way that it generates a DNA tag based on the
terminal sequence of a linked genomic DNA. In certain embodiments, the placement of the
RE site does not need to be at the end of the double stranded region. A more internal

placement generates a correspondingly shorter DNA tag sequence.

In certain embodiments, the last nucleotide of the second recognition site (for the
second (Type II) restriction enzyme) is a base-paired nucleotide at the ligation compatible /

blunt end.

In certain embodiments, the direct RNA linker does not have a restriction enzyme

recognition site for generating the RNA tag or DNA tag.

In certain embodiments, the direct RNA linker may comprise a unique sequence (e.g.,

a “bar code”) that distinguishes the direct RNA linker from other direct RNA linker(s).
In certain embodiments, the second polynucleotide is dephosphorylated.

The PET polynucleotides generated according to this aspect of the invention

comprises a central region corresponding to the double stranded region formed between the
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5 App ssDNA and its complementary sequence (i.e., the second polynucleotide). There is no
specific sequence requirement for this region, and the length of the region is flexible (e.g., as
short as a few bp, sufficient long to support the substrate requirement of the RNA-DNA
ligase, and that for the reverse transcriptase), although longer sequences may be used to
incorporate any desired RE recognition sites, bar code sequences, or modified nucleotide

(e.g., biotinylated nucleotide for affinity purification).

Thus another aspect of the invention provides a paired-end tag (PET) polynucleotide
comprising a central region comprising the double stranded region (of the direct RNA linker)
flanked by: (1) at a site proximal to the 5° end of the first polynucleotide (either 5* adenylated
or suitable to be 5’ adenylated), a sequence tag of a non-coding RNA (ncRNA); and (2) ata

site proximal to the ligation compatible end, a sequence tag of a genomic DNA.

In a related aspect, the invention provides a paired-end tag (PET) polynucleotide
library comprising two or more members of the subject PET polynucleotides, wherein each
member of the PET library comprises the same central region, and different RNA sequence
tag of the non-coding RNA (ncRNA), different DNA sequence tag of the genomic DNA, or
both.

In yet another related aspect, the invention provides a vector or recombinant vector

comprising the subject PET polynucleotides.

Yet another aspect of the invention provides a method of identifying functional
interaction loci within a genome for non-coding RNAs (ncRNAs) of the genome, the method
comprising: (1) providing chromatin fragments comprising a cross-linked genomic DNA
fragment and a cross-linked ncRNA; (2) ligating the 3’-OH of the ncRNA to a 5’ pre-
adenylated ssDNA; (3) providing a complement of the ssDNA to form a double stranded
region between the ssDNA and the complement, (4) if necessary, producing a blunt end at the
end of the double stranded region; (5) ligating the blunt end to an end of the cross-linked
genomic DNA fragment under a condition for proximity ligation; (6) isolating a PET
polynucleotide for sequencing analysis, wherein the PET polynucleotide comprises the
double stranded region flanked by a DNA tag of the cross-linked genomic DNA fragment and
an RNA tag of the ncRNA; and, (7) mapping the DNA tag and the RNA tag to a reference
genome, thereby identifying functional interaction loci within the reference genome for the

non-coding RNAs (ncRNAs) of the reference genome.

An alternative aspect of the invention provides a method of identifying functional

interaction loci within a genome for non-coding RNAs (ncRNAs) of the genome, the method
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comprising: (1) providing chromatin fragments comprising a cross-linked genomic DNA
fragment and a cross-linked ncRNA; (2) ligating the 3’-OH of the ncRNA to a 5’ pre-
adenylated overhang of a dsSDNA having a double stranded region, (4) if necessary,
producing a blunt end at the end of the double stranded region distal to the 5’ pre-adenylated
overhang; (5) ligating the blunt end to an end of the cross-linked genomic DNA fragment
under a condition for proximity ligation; (6) isolating a PET polynucleotide for sequencing
analysis, wherein the PET polynucleotide comprises the double stranded region flanked by a
DNA tag of the cross-linked genomic DNA fragment and an RNA tag of the ncRNA; and, (7)
mapping the DNA tag and the RNA tag to a reference genome, thereby identifying

functional interaction loci within the reference genome for the non-coding RNAs (ncRNAs)

of the reference genome.

In certain embodiments, the complement of the ssDNA (i.e., the second
polynucleotide) has the same length as the ssDNA. In certain embodiments, the complement
is longer or shorter than the ssDNA, and forms a double stranded region with a protruding 3’
or 5" end. In the latter case, the overhang can be filled-in by enzyme to generate a ligation
suitable blunt end, or by cut off from the end by a restriction enzyme that generates a blunt

end. The RE site can be engineered into the sequence of the ssDNA.

In certain embodiments, the length of the first polynucleotide of the direct RNA linker
is about 6, 7, 8, 9, 10, 15, 20, 25, 30, 35, 40, 50, 60 or more bases.

Other embodiments as described in the first and second specific embodiments
described in subsection a) (RNA and DNA linker pair) and subsection b) (modified RNA

linker), respectively, are generally applicable, and are incorporated (but not reiterated) herein.

With the general aspects of the invention so described, the following sections provide
additional details and specific quantities and parameters relating to specific embodiments of
the present invention. It shall be apparent to one of skill in the art that the invention may be
practiced without such details or with minor modifications without departing from the general

scope of the invention.

2. Definitions

“Non-coding RNA (ncRNA)” includes an RNA molecule that is not translated into a
protein. Less frequently, it may also be referred to as non-protein-coding RNA (npcRNA),
non-messenger RNA (nmRNA) and functional RNA (fRNA). It is usually a functional RNA

having a function other than encoding protein, but some may be non-functional or without a
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known function. Sometimes, the term small RNA (sRNA) is often used for short bacterial
ncRNAs. The DNA sequence from which a non-coding RNA is transcribed is often called an
RNA gene.

Non-coding RNA genes include highly abundant and functionally important RNAs,
such as transfer RNA (tRNA) and ribosomal RNA (rRNA), as well as RNAs such as
snoRNAs (including scRNA; for nucleotide modification of RNAs), snRNA (for splicing and
other functions), gRNA (guide RNA; for mRNA nucleotide modification), RNase P (for
tRNA maturation), RNase MRP (for rRNA maturation, and/or DNA replication), Y RNA (for
RNA processing, and/or DNA replication), telomerase RNA (for Telomere synthesis), spliced
leader RNA, SmY RNA (for mRNA trans-splicing), antisense RNA, cis-natural antisense
transcript, microRNA (for gene regulation), siRNA (including trans-acting siRNA; for gene
regulation), exRNAs, and piRNA (including repeat associated siRNA; for transposon
defense, and maybe other functions), 7SK RNA (for negatively regulating CDK9/cyclin T
complex), and the long ncRNAs that include examples such as Xist and HOTAIR. The
number of ncRNAs encoded within the human genome is unknown, but recent transcriptomic
and bioinformatic studies suggest the existence of thousands of ncRNAs. Since many of the
newly identified ncRNAs have not been validated for their function, it is possible that many

are non-functional.

In certain embodiments, ncRNA of the invention does not include any one or more of
the above-referenced species. For example, in certain embodiments, ncRNA of the invention
does not include rRNA. In certain embodiments, ncRNA of the invention does not include

tRNA. In certain embodiments, ncRNA of the invention does not include tRNA.

“Restriction enzyme (RE)” and “restriction endonuclease” are used interchangeably
herein to include an enzyme that cleaves double-stranded DNA. The enzyme typically makes
two incisions, at, within, or near (e.g., from about a few bases to about a few kilobases)
specific recognition nucleotide sequences known as “restriction sites” or “RE recognition
sites,” one through each of the phosphate backbones of the double helix without damaging

the bases.

Restriction enzymes are commonly classified into three types, which differ in their
structure and whether they cut their DNA substrate at their recognition site, or if the
recognition and cleavage sites are separate from one another. Over 3000 restriction enzymes
have been studied in detail so far, and more than 600 of these are available commercially,

many of which are routinely used for DNA modification and manipulation in molecular
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biology.

Type I restriction enzymes cut at a site that differs, and is a random distance (at least
1000 bp) away, from their recognition site. The Type I restriction enzyme recognition site is
asymmetrical, and is composed of two specific portions - one containing 3-4 nucleotides, and
another containing 4-5 nucleotides - separated by a non-specific spacer of about 6-8
nucleotides. These enzymes are multifunctional and are capable of both restriction and
modification activities, depending upon the methylation status of the target DNA. Cofactors
S-Adenosyl methionine (AdoMet), hydrolyzed adenosine triphosphate (ATP), and

magnesium (Mg*") ions are required for their full activity.

Typical type Il restriction enzymes are homodimers, with recognition sites that are
usually undivided, palindromic, and 4-8 nucleotides in length. They recognize and cleave
DNA at the same site, and they do not use ATP or AdoMet for their activity - they usually
require only Mg*" as a cofactor. Recently, new subfamily nomenclature (defined using a
letter suffix) was developed to divide this large family into subcategories based on deviations
from typical characteristics of type II enzymes. For example, Type IIB restriction enzymes
(e.g., Begl and Bpll) are multimers requiring both AdoMet and Mg** cofactors, and they
cleave DNA on both sides of their recognition to cut out the recognition site. Type IIE
restriction endonucleases (e.g., Nael) cleave DNA following interaction with two copies of
their recognition sequence. One recognition site acts as the target for cleavage, while the
other acts as an allosteric effector that speeds up or improves the efficiency of enzyme
cleavage. Similar to type IIE enzymes, type IIF restriction endonucleases (e.g., NgoMIV)
interact with two copies of their recognition sequence but cleave both sequences at the same
time. Type IIG restriction endonucleases (Eco571) do have a single subunit, like classical
Type Il restriction enzymes, but require the cofactor AdoMet to be active. Type I[IM
restriction endonucleases, such as Dpnl, are able to recognize and cut methylated DNA.
Type 1IS restriction endonucleases (e.g., Fokl) cleave DNA at a defined distance from their
non-palindromic asymmetric recognition sites. That is, Type IIS enzymes cleave outside of
their recognition sequence to one side. Mmel as well as most of the type IIS restriction
enzymes produce variable end lengths. Dunn ef al. (2002) showed that Mmel can cut 18/20
or 19/21 bases away in a rough proportion of 1:1. Therefore, when 18/20 is used to describe
Mmel restriction cleavage site, 19/21 is also contemplated. Type IIT restriction enzymes
(e.g., BpulOI and Bsll) are composed of two different subunits. Some recognize palindromic

sequences while others have asymmetric recognition sites.
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Type I restriction enzymes (e.g., EcoP15) recognize two separate non-palindromic
sequences that are inversely oriented. They cut DNA about 20-30 base pairs after the
recognition site. These enzymes contain more than one subunit and require AdoMet and
ATP cofactors for their roles in DNA methylation and restriction, respectively. Type III
enzymes recognize short 5-6 bp long asymmetric DNA sequences and cleave 25-27 bp
downstream to leave short, single-stranded 5’ protrusions. They require the presence of two

inversely oriented unmethylated recognition sites for restriction to occur.

Restriction enzyme cleavage products may be blunt-ended or have sticky ends with 5’
or 3’ overhangs, which sticky-end fragment can be ligated not only to the fragment from
which it was originally cleaved, but also to any other fragment with a compatible cohesive or

sticky end.

“Nucleotide” as used herein includes a phosphoric ester of nucleoside - the basic
structural unit of nucleic acids (DNA or RNA). Short strands of two or more nucleotides
(e.g., 2-30, 5-25, 10-15 nucleotides) are sometimes referred to as “oligonucleotides,” while
longer strands are referred to as polynucleotides, although there is no definitive length
limitation between the two terms. The term nucleotide may be used interchangeably with the
term “nucleic acid.” A polynucleotide may be either single-stranded, or double-stranded with
each strand having a 5’ end and a 3’ end. The end regions of a strefch of nucleic acid may be
referred to as the 5° terminus and the 3’ terminus respectively. The nucleotides in a
polynucleotide may be natural nucleotides (deoxyribonucleotides A, T, C, or G for DNA, and
ribonucleotides A, U, C, G for RNA), or may include modified nucleotides, which may be
incorporated into a polynucleotide by, for example, chemical synthesis. Such modified
nucleotides may confer additional desirable properties absent or lacking in the natural
nucleotides, and polynucleotides comprising modified nucleotides may be used in the

compositions and methods of the invention.

The term “primer” or “priming sequence” refers to an oligonucleotide capable of
acting as a point of initiation of DNA synthesis under conditions in which synthesis of a
primer extension product complementary to a nucleic acid strand is induced, i.e., either in the
presence of four different nucleoside triphosphates and an agent for extension (e.g., a DNA
polymerase or reverse transcriptase) in an appropriate buffer and at a suitable temperature. A
primer may be a single-stranded DNA. The appropriate length of a primer depends on the
intended use of the primer but typically ranges from 10 to 50 nucleotides, such as from 15-35

nucleotides. Short primer molecules generally require lower temperatures to form
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sufficiently stable hybrid complexes with the template. A primer need not reflect the exact
sequence of the template nucleic acid, but must be sufficiently complementary to hybridize
with the template. The design of suitable primers for the amplification of a given target

sequence is well known in the art and described in, for example, the literature cited herein.

A “probe” generally refers to a nucleic acid molecule or a sequence complementary
therewith, used to detect the presence of at least a portion of the cDNA or an mRNA of a
target sequence, such as the CCAT1 ncRNA sequence or cDNA thereof. The detection may
be carried out by identification of hybridization complexes between the probe and the
assayed target sequence. The probe can be attached to a solid support or to a detectable label.
The probe will generally be single stranded. The probe(s) typically comprise 10 to 200
nucleotides. The particular properties of a probe will depend upon the particular use and are
within the competence of one of ordinary skill in the art to determine. Generally, the probe
will hybridize to at least a portion of the target cDNA or RNA under conditions of high
stringency hybridization.

“Adapter” refers to an oligonucleotide molecule to be ligated or is ligated to an end of
a nucleic acid molecule. Adapters may be used for amplification (PCR adapter having PCR
primer sequences), sequencing (having sequencing primer sequences), and/or inserting a
nucleic acid fragment into a vector (having suitable cloning sequences, such as RE

recognition sites).

“Concatemer” is usually composed of at least two nucleotide monomer sequences
linked end to end, optionally separated by a linker or spacer. The monomers may or may not
be the same in sequence, but may have similar structural elements (such as the RNA and
DNA linkers of the invention). The monomers may also be in the same or different
orientation (e.g., monomers within a concatemer may be linked to one another head-to-head,
head-to-tail, or a mixture of both). A concatemer of the invention comprises at least two
oligonucleotides (e.g., PET polynucleotides) prepared according to the method of the

invention.

“Library” includes a collection of like nucleic acid sequences, oligonucleotides, or
polynucleotides, with each member of the library sharing one or more defining
characteristics. For example, a library of PET polynucleotide of the invention comprises two
or more (e.g., tens of thousands, hundreds of thousands, millions, tens of millions, etc.) PET
polynucleotides of the invention, with each PET polynucleotide sharing a similar or identical

structure but having different DNA and/or RNA tag sequences.
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“Vector” or “recombinant vector” is an art-recognized term referring to a
bacteriophage, plasmid, or other agent that is capable of transferring or amplifying a genetic
material contained within (e.g., a cloned genetic information or cloned DNA) from one cell to
another. Such vectors, depending on specific nature and characteristics, may be introduced
into different host cells by transfection and/or transformation, such as lipofection, calcium
phosphate precipitation, retroviral deliver, electroporation, and biolistic transformation, and

any other molecular biology techniques available in the art.

Suitable vectors may include a plasmid, a viral vector or other vehicle known in the
art that has been manipulated by insertion or incorporation of heterologous genetic
sequences. Such vectors may contain a replication origin for suitable host amplification, a
promoter sequence that may facilitate the efficient transcription of the cloned sequences,
flanking PCR primers for direct amplification of the cloned sequences. The vector may also
comprise specific genes that allow phenotypic selection of the transformed cells. Vectors
suitable for use in the present invention include for example, pBlueScript (Stratagene, La
Jolla, Calit.); pBC, pZErO-1 (Invitrogen, Carlsbad, CA) and pGEM3z (Promega, Madison,
WI) or modified vectors thereof as well as other similar vectors known to those of skill in the
art. See, for example, the pGEM vectors disclosed in U.S. Pat. No. 4,766,072, herein

incorporated by reference.

“Chromatin” is used to describe a complex of nucleic acids and proteins, primarily
histones, in the cell nucleus that stains readily with basic dyes and condenses to form
chromosomes during cell division. Chromatin is an example of a nucleic acid-protein

complex.

“Tag” as used herein includes an identifiable stretch of sequence of nucleic acids that
may uniquely identify the origin of the sequence within a reference genome. The tag may be
of sufficient length (usually 18-20 bp, but can be shorter depending on the sequence
composition and reference genome size and complexity, efc.) that uniquely or unambiguously
maps the tag to one or several locations (such as duplicate copies of one gene or related genes
with high sequence identity) in a reference genome. A DNA tag of the invention originates
from a genomic DNA sequence. It may be linked to an ncRNA, or a cDNA of the ncRNA,
through, for example, the DNA linker and RNA linker of the invention (or the modified RNA
linker of the invention, or the direct RNA linker of the invention). An RNA tag of the
invention originates from an ncRNA, or a cDNA reverse transcribed from the ncRNA. The

RNA tag may be linked to genomic DNA through, for example, the DNA linker and RNA
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linker of the invention (or the modified RNA linker of the invention, or the direct RNA linker

of the invention).

The RNA or DNA tags of the invention can be of any size, but needs to be meaningful
and advantageous over the size of the parental sequence from which it is derived. In certain
embodiments, the size of a DNA or RNA tag is determined by genome complexity. For a
bacterial genome, a tag from about 8 bp to about 16 bp may be sufficient, whereas for a

complex genome like the human genome, a 16-20 bp tag may be considered.

“Linker” is usually an artificial sequence of nucleic acids designed for a specific
purpose, such as linking two polynucleotides together. The “RNA linker” of the invention is
designed to be linked to the DNA linker of the invention and to the cDNA synthesized from
the free 3’-end of an RNA, such as a cross-linked non-coding RNA. The “DNA linker” of
the invention is designed to be linked to the RNA linker of the invention and to a free end of
a DNA, such as a chromosomal DNA cross-linked to a chromatin fragment. The “modified
RNA linker” of the invention is designed to be linked to a genomic DNA fragment at one end
(e.g., a blunt end or a ligation compatible end capable of generating a blunt end), and to the
cDNA synthesized from the free 3’-end of an RNA, such as a cross-linked non-coding RNA,
at the other end. The “direct RNA linker” of the invention is designed to be directly linked to
the 3’-OH of ncRNA through a pre-adenylated 5’-end, and to be linked to genomic DNA
fragment at the other end (e.g., a blunt end or a ligation compatible end capable of generating

a blunt end).

“Sequencing” refers to the various methods used to determine the order of
constituents in a biopolymer, in this case, a nucleic acid. Suitable sequencing techniques that
can be used with the instant invention includes the traditional chain termination Sanger
method, as well as the so-called next-generation (high throughput) sequencing available from
a number of commercial sources, such as massively parallel signature sequencing (or MPSS,
by Lynx Therapeutics / Solexa / Illumina), polony sequencing (Life Technologies),
pyrosequencing or “454 sequencing” (454 Life Sciences / Roche Diagnostics), sequencing by
ligation (SOLiD sequencing, by Applied Biosystems / Life Technologies), sequencing by
synthesis (Solexa / llumina), DNA nanoball sequencing, heliscope sequencing (Helicos
Biosciences), ion semiconductor or Ion Torrent sequencing (Ion Torrent Systems Inc. / Life
Technologies), and single-molecule real-time (SMRT) sequencing (Pacific Bio), etc.
Numerous other high throughput sequencing methods are still being developed or perfected,

with may also be used to sequence the PET polynucleotides of the invention, including
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nanopore DNA sequencing, sequencing by hybridization, sequencing with mass
spectrometry, microfluidic Sanger sequencing, transmission electron microscopy DNA

sequencing, RNAP sequencing, and In vitro virus high-throughput sequencing, efc.

In certain embodiments, the sequencing method is capable of sequencing tags from
both sides of the subject PET polynucleotides, thus providing paired end tag information. In
certain embodiments, the sequencing method is capable of performing reads on long DNA

fragments of variable length, such as concatemers of the subject PET polynucleotides.

“Reference genome” refers to the genome of the organism of interest, or the genome
from which the ncRNA and genomic DNA originates. The method and compositions of the
invention apply to any reference genomes for which a complete or substantially complete
sequence is available, including numerous archaeal or eubacterial, protist, fungi (e.g., S.
cerevisae or S. pombe), plant, animal genomes. For example, the genome sequences of
human, mouse and numerous other mammals and non-mammalian species are now readily
available in the public domain. See, for example, Venter et al., “The Sequence of the Human
Genome,” Science, 291(5507):1304-1351, 2001. Other non-limiting reference genomes
include those for numerous non-human primates, mammals, rodents (rats, mice, hamsters,
rabbits, efc.), livestock animals (cattle, pigs, horses, sheep, goat), birds (chickens), reptiles,
amphibians (Xenopus), fish (zebrafish (Danio rerio), puffer fish), insects (Drosophila,
mosquito), nematodes, parasites, fungi (e.g., yeast, such as §. cerevisae or S. pombe), various

plants, virus (such as those integrated into a host genome), efc.

Locked nucleic acid (LNA) is a modified RNA nucleotide in which the ribose moiety
of an LNA nucleotide is modified with an extra bridge connecting the 2' oxygen and 4'
carbon. The bridge "locks" the ribose in the 3'-endo conformation. LNA nucleotides can be
mixed with DNA or RNA residues in the oligonucleotide whenever desired. Such oligomers
are synthesized chemically and are commercially available. The locked ribose conformation
enhances base stacking and backbone pre-organization. This significantly increases the

hybridization properties (melting temperature) of oligonucleotides.

Peptide nucleic acid (PNA) is an artificially synthesized polymer similar to DNA or
RNA. PNA oligomers show greater specificity in binding to complementary DNAs, with a
PNA/DNA base mismatch being more destabilizing than a similar mismatch in a DNA/DNA
duplex. This binding strength and specificity also applies to PNA/RNA duplexes.

A “paired-end tag (PET) polynucleotide” of the invention is a polynucleotide that, at

or near one end, an RNA tag originating from a ncRNA, and at or near the other end, a DNA
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tag originating from a genomic DNA, wherein the ncRNA and the genomic DNA preferably
are crosslinked to the same chromatin fragment. In that sense, the RNA and DNA tags at the
two ends of the PET polynucleotide are paired, and reflects an event of physical proximity

between the ncRNA and the genomic DNA at the time of crosslinking.

“Proximity ligation condition” refers to a condition for polynucleotide ligation
reaction under which ligatable polynucleotide ends in close proximity, such as those genomic
DNA and ncRNA crosslinked to the same chromatin fragment, are ligated preferentially.
Meanwhile, ligatable polynucleotide ends not in close proximity, such as those genomic
DNA and ncRNA crosslinked to different chromatin fragments, are not ligated or
substantially not ligated. Such ligation condition include large volume ligation, such that
ligatable ends on the same chromatin fragment, due to their physical proximity to one
another, are much more likely to be ligated than ligation between ligatable ends on different

chromatin fragments.

“Mapping (a sequence tag to a genome)” includes the identification of the genomic

location of the sequence tag in the genome.

A “bifunctional crosslinking agent / reagent” or “crosslinking agent / reagent”
includes modifying agents that possess two or more reactive groups, each is capable of
reacting with one moiety (such as a DNA, an RNA, or a protein), thus crosslinking the two
moieties together when the two moieties represent separate molecules. Such bifunctional
crosslinkers are well known in the art (see, for example, Isalm and Dent in Bioconjugation,
Chapter 5, pp. 218-363, Groves Dictionaries Inc., New York, 1999). For example,
formaldehyde, glutaraldehyde or other similar reagents having aldehyde reactive groups may
cross-link primary amino groups in proteins with other nearby nitrogen atoms in protein or
DNA through a methylene (-CH»-) linkage. Other bifunctional crosslinking agents that
enable linkage via a thioether bond include N-succinimidyl-4-(N-maleimidomethyl)-
cyclohexane-1-carboxylate (SMCC) to introduce maleimido groups, or with N-succinimidyl-
4-(iodoacetyl)-aminobenzoate (SIAB) to introduce iodoacetyl groups. Other bifunctional
crosslinking agents that introduce maleimido groups or haloacetyl groups on to a polypeptide
are well known in the art (see US Patent Applications 2008/0050310, 2005/0169933,
available from Pierce Biotechnology Inc. P.O. Box 117, Rockland, IL. 61105, USA) and
include, but not limited to, bis-maleimidopolyethyleneglycol (BMPEO), BM(PEO),,
BM(PEO)3, N-(B-maleimidopropyloxy)succinimide ester (BMPS), y-maleimidobutyric acid

N-succinimidyl ester (GMBS), €-maleimidocaproic acid N-hydroxysuccinimide ester
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(EMCS), 5-maleimidovaleric acid NHS, HBVS, N-succinimidyl-4-(N-maleimidomethyl)-
cyclohexane- 1-carboxy-(6-amidocaproate), which is a “long chain” analog of SMCC (LC-
SMCC), m-maleimidobenzoyl-N-hydroxysuccinimide ester (MBS), 4-(4-N-
maleimidophenyl)-butyric acid hydrazide or HCI salt (MPBH), N-succinimidyl 3-
(bromoacetamido)propionate (SBAP), N-succinimidyl iodoacetate (SIA), k-
maleimidoundecanoic acid N-succinimidyl ester (KMUA), N-succinimidyl 4-(p-
maleimidophenyl)-butyrate (SMPB), succinimidyl-6-(-maleimidopropionamido)hexanoate
(SMPH), succinimidyl-(4-vinylsulfonyl)benzoate (SVSB), dithiobis-maleimidoethane
(DTME), 1,4-bis-maleimidobutane (BMB), 1,4 bismaleimidyl-2,3-dihydroxybutane
(BMDB), bis-maleimidohexane (BMH), bis-maleimidoethane (BMOE), sulfosuccinimidyl 4-
(N-maleimido-methyl)cyclohexane-1-carboxylate (sulfo-SMCC), sulfosuccinimidyl(4-iodo-
acetyl)aminobenzoate (sulfo-SIAB), m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester
(sulfo-MBS), N-(y-maleimidobutryloxy)sulfosuccinimde ester (sulfo-GMBS), N-(¢e-
maleimidocaproyloxy)sulfosuccimido ester (sulfo-EMCS), N-(x-
maleimidoundecanoyloxy)sulfosuccinimide ester (sulfo-KMUS), and sulfosuccinimidyl 4-(p-

maleimidophenyl)butyrate (sulfo-SMPB).

Heterobifunctional crosslinking agents that may be used for crosslinking may contain
an amine-reactive N-hydroxysuccinimide group (NHS group), and/or a carbonyl-reactive
hydrazine group. Examples of such commercially available heterobifunctional crosslinking
agents include succinimidyl 6-hydrazinonicotinamide acetone hydrazone (SANH),
succinimidyl 4-hydrazidoterephthalate hydrochloride (SHTH) and succinimidyl hydrazinium
nicotinate hydrochloride (SHNH). Conjugates bearing an acid-labile linkage can also be
prepared using a hydrazine-bearing benzodiazepine derivative of the present invention.
Examples of bifunctional crosslinking agents that can be used include succinimidyl-p-formyl

benzoate (SFB) and succinimidyl-p-formylphenoxyacetate (SFPA).

Other bifunctional crosslinking agents that enable crosslinking via disulfide bonds are
known in the art and include N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP), N-
succinimidyl-4-(2-pyridyldithio)pentanoate (SPP), N-succinimidyl-4-(2-
pyridyldithio)butanoate (SPDB), N-succinimidyl-4-(2-pyridyldithio)2-sulfo butanoate (sulfo-
SPDB) to introduce dithiopyridyl groups. Other bifunctional crosslinking agents that can be
used to introduce disulfide groups are known in the art and are disclosed in U.S. Patents
6,913,748, 6,716,821 and US Patent Publications 2009/0274713 and 2010/0129314, all of

which are incorporated herein by reference. Alternatively, crosslinking agents such as 2-
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iminothiolane, homocysteine thiolactone or S-acetylsuccinic anhydride that introduce thiol

groups can also be used.

Two or more of the above bifunctional crosslinking reagents may be used together to

crosslink DNA, RNA, and protein in a chromatin fragment.

3. Restriction Enzymes

It is not required that the DNA and/or RNA linkers of the invention comprise
restriction enzyme recognition sites. Indeed, in certain embodiments, it may even be desired
that the DNA and/or RNA linkers of the invention comprise no restriction enzyme
recognition sites. However, in certain embodiments, the DNA and/or the RNA linkers of the
invention may comprise at least one RE recognition site, such as a Type II RE recognition
site (e.g., Type IIS RE site).

In general, any RE and their recognition sites known in the art may be used, if the
result of the RE cleavage produces a DNA or RNA tag of desired length, such as 10-20 bp.
Such restriction enzymes recognizing at least one recognition site within the nucleic acid
molecule and which may be used with the instant invention will be evident to those skilled in
the art, particularly in view of the guidance provided herein and the illustrative examples.
See, for example, Current Protocols in Molecular Biology, Vol. 2, 1995, Ed. Ausubel, et al.,
Greene Publish. Assoc. & Wiley Interscience, Unit 3.1.15; and the most up-to-date New
England Biolabs Catalog or website information, 2005 and beyond.

A non-exclusive list of possible restriction enzyme recognition sites and the

corresponding restriction enzymes recognizing the same is reported below.

As an example, a Type IIS RE, such as Mmel, may be used to generate a fixed length
DNA or RNA tag that flanks the ligated RNA-DNA linkers. In particular, an Mmel
recognition site may be placed at the end of the double-stranded region of the RNA or DNA
linker, such that, upon Mmel cleavage, an 17-21 bp tag sequence originating from the RNA
or DNA sequence is linked to the now ligated RNA linker and DNA linker. If one Mmel site
appears in each of the RNA and DNA linkers, the two generated tags - one being a DNA tag,
another being an RNA tag - flanks the now ligated RNA linker and DNA linker. The two
tags may be additionally processed by blunting such that further downstream operation, such

as PCR amplification, concatenation, or sequencing, may be performed.

Examples of some non-exhaustive Type Il restriction enzymes that may be used with
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the instant invention include: Aarl, Acelll, Alol, Bael, Bbr71, Bbvl, BbvIl, Becl, Bece831,
BceeAl Beefl, Begl, BeiVI, Bfil, Binl, Bpll, BsaXI, BscAl, BseMII, BseRI, Bsgl, Bsml,
BsmAI, BsmFI, Bsp24I, BspCNI, BspMI, Bsrl, BsrDI, BstF51, BtgZI, Btsl, Cjel, CjePl, Ecil,
Eco311, Eco571, Eco57MI, Esp3l, Fall, Faul, Fokl, Gsul, HaelV, Hgal, Hin4l, Hphl,
HpyAV, Ksp6321, Mboll, Mlyl, Mmel, Mnll, Plel, Ppil, Psrl, RleAl, Sapl, SfaNI, SspD5I,
Sth132I, StsI, Taqll, TspDTI, TspGWI, TspRI and Tth1111I (see the list in the web site of
Rebase Enzymes: rebase dot neb dot com slash cgi-bin slash outsidelist; see also Szybalski,
W., 1985, Gene, 40:169). Other suitable RE enzymes known in the art or those later
discovered, which have the similar property of being able to generate a tag sequence of
desired length (e.g., 10-25 bp to hundreds of bps) may also be used to practice the present

invention.

In certain embodiments, the restriction enzyme is a Type IIS enzyme. In certain
embodiments, the RE produces a DNA or an RNA tag sequence of about 10-25 bp or 15-20
bp. In certain embodiments, the RE is Mmel or Gsul.

Other examples of recognition sites and cleavage sites of several class II restriction
enzymes include (into parenthesis are the recognition site and the cleavage site): Bbvl
(GCAGC 8/12), Hgal (GACGC 5/10), BsmFI (GGGAC 10/14) SfaNI (GCATC 5/9), and Bsp
I (ACCTGC 4/8).

Artificial restriction endonucleases may also be used. These endonucleases may be
prepared by protein engineering. For example, the endonuclease FoklI has been engineered
by insertions so that it cleaves one nucleotide further away from its recognition site on both
strands of the DNA substrates. See Li and Chandrasegaran, Proc. Nat. Acad. Sciences USA,
90:2764-8, 1993. Such techniques may be applied to prepare restriction endonucleases with

desirable recognition sequences and desirable distances from recognition site to cleavage site.

Thus in certain embodiments, the RE enzymes that may be useful for the composition
and methods of the invention includes artificial restriction endonucleases, such as those
capable of generating Type IIS type cleavage fragments outside the recognition sites. In
certain other embodiments, however, the RE enzymes that may be useful for the composition

and methods of the invention excludes artificial restriction endonucleases.

In certain embodiments, Type IIB restriction enzyme recognition sites may be
incorporated into the design DNA and/or RNA linkers. Type IIB restriction enzymes (e.g.,
Begl and BplI) are multimers requiring both AdoMet and Mg** cofactors, and they cleave

DNA on both sides of their recognition to cut out the recognition site. Thus, a Type IIB RE
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site may be engineered to span or straddle the linked RNA and DNA linkers (e.g., part of the
RE site is on the RNA linker, and the remaining part of the RE site is on the DNA linker,
such that the ligated DN A and RNA linkers reconstitute a complete Type IIB RE site), or
completely within the RNA linker or the DNA linker. Upon digestion with the Type IIB RE,
both the RNA and DNA tags can be generated.

In certain embodiments, Type IIG RE (such as Acul) recognition sites may be used
instead of the Type IIS RE sites. Such Type IIG RE recognize continuous sequences and

cleave on just one side (Acul).

A list of all suitable Type II RE recognition sites, e.g., Type II RE that cleaves outside
its recognition sequence on one or both sides, may be obtained from various sources. See, for
example, Restriction Endonucleases (Nucleic Acids and Molecular Biology), edited by A.
Pingoud, Springer; 2004 edition (December 1, 2004), incorporated herein by reference. Also
see, New England Biolabs’ 2010 catalog and subsequent updates (incorporated herein by

reference).

In certain embodiments, Type I restriction enzymes may also be used to generate
RNA or DNA tags, particularly DNA tags. For example, the Type I RE recognition sites may
be included in the DNA linker such that the RE cuts at a random distance in the linked

chromosomal DNA.

In certain embodiments, Type III RE recognition sites (e.g., EcoP15I site) may be
used in the RNA and/or DNA linkers. Type III RE enzymes cleave outside of their
recognition sequences and require two such sequences in opposite orientations within the
same DNA molecule to accomplish cleavage. The two required recognition site for each
cleavage may be contained completely within the DNA linker, or completely within the RNA
linker, or in both linkers (such that only correctly linked RNA-DNA linkers regenerate the

RE recognition site.

Examples of Type IlI restriction site(s) and Type III enzyme(s) have been described
in, for example, Matsumura et al., SuperSAGE, Proc. Natl. Acad. Sci., USA 100(26):15718-
23 (Dec. 2003; Moencke-Buchner et al., J. Biotechnol., 114: 99-106, 2004; Mucke et al., J.
Mol. Biol,. 312: 687-698, 2001; Rao et al., J. Mol. Biol., 209: 599-606, 1989; Hadi et al., J.
Mol. Biol,. 134: 655-666, 1979, all incorporated herein by reference. Type Il restriction
enzymes can also by purchased from New England Biolabs (NEB). In particular, an
exemplary Type III RE for carrying out an embodiment of the present invention is the type III

enzyme EcoP151. The recognition site(s) of EcoP151is CAGCAG (25/27).
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Any of the above restriction sites may be used together in the DNA or RNA linkers.
For example, the RNA linker may comprise a Type IIS RE site, and the corresponding DNA
linker may have no RE site, a Type IIG site, or a Type III RE site, efc.

4. Concatemers and Libraries

In certain embodiments, the isolated PET polynucleotides of the present invention
may be joined or concatenated with other isolated PET polynucleotides to form a concatemer
of PET polynucleotides. Any number of PET polynucleotides may be joined together for the

purposes of sequencing or for cloning into a suitable plasmid or vector.

Accordingly, in another aspect, the present invention provides a concatemer of PET
polynucleotides comprising at least two PET polynucleotides, each comprising at least a
DNA tag and at least one RNA tag, wherein the DNA tag is obtained from a chromosomal or
genomic DNA and the RNA tag obtained from a cDNA of a ncRNA, wherein the DNA and
the cDNA of the ncRNA are obtained from a cross-linked nucleic acid-protein complex,

using the RNA/DNA linkers and methods of the invention.

Each PET polynucleotide of the concatemer of PET polynucleotides may thus has the
general structure of RNA tag-RNA linker-DNA linker-DNA tag (or the reverse orientation).

The concatemers may be formed by any of many art recognized methods. In
particular, the length controlled concatenation method (Ruan ef al., U.S. patent application
publication US 2008/0124707 A1, incorporated herein by reference) may be used. In another
example, the isolated PET polynucleotides may be polished at both ends, if necessary, before
the ends are linked to one or more adapter oligonucleotide(s) that can be digested by a (Type
ID) restriction enzyme. The digestion products may have compatible sticky ends that can
facilitate the concatemerization of the individual PET polynucleotides. If the RE sites are the
same for all the adapters linked to the ends of the PET polynucleotides, all sticky ends are
compatible for ligation and concatemerization, and the individual PET polynucleotides may
be independently linked together either in head-to-tail manner or head-to-head manner. If the
adapters are different, for example, a first adapter having a first RE site may be linked to the
RNA tag, while a second adapter having a second (different) RE site may be linked to the
DNA tag. Upon concatemerization, all PET polynucleotides will be linked in a head-to-head

manner.
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Thus each PET polynucleotide of the concatemer of PET polynucleotides may be
independently linked to one (for the terminal PET polynucleotides) or two (for the internal
PET polynucleotides) another PET polynucleotide in a head-to-tail or head-to-head manner.
In certain embodiments, all PET polynucleotides within the concatemer are linked in a head-

to-head manner.

The DNA and/or RNA linkers of the PET polynucleotides may comprise at least one
restriction enzyme recognition site, such as an RE recognition site for a type IIS restriction

enzyme (e.g., Mmel or Gsul).

The concatemer of PET polynucleotides may be inserted into or cloned in a vector or
a cell; the cell may be a bacterial cell. The cloned concatemer of PET polynucleotides may

be digested by RE and isolated individually if desired.

It will be apparent that the number of PET polynucleotides of the present invention
that may be concatenated depends on the length of the PET polynucleotides, which may be
readily determined by those of skilled in the art without undue experimentation. After
formation of concatemers, multiple tags may be cloned into a vector for sequence analysis, or
the concatemers may be directly sequenced without cloning by methods known to those of
skill in the art, such as by any of the so called next-generation high throughput sequencing
methods described herein or known in the art, including single molecule sequencing methods.
Hence, the concatenation of the PET polynucleotides allows an efficient analysis of the
nucleic acid molecules in a serial manner by sequencing multiple PET polynucleotides within

a single vector or clone.

In a related aspect, the present invention provides a library of PET polynucleotides
comprising at least two PET polynucleotides, each comprising at least a DNA tag and at least
one RNA tag, wherein the DNA tag is obtained from a chromosomal or genomic DNA and
the RNA tag obtained from a cDNA of a ncRNA, wherein the DNA and the cDNA of the
ncRNA are obtained from a cross-linked nucleic acid-protein complex, using the RNA/DNA

linkers and methods of the invention.

In certain embodiments, the library may comprise up to 10 million PET
polynucleotides, or up to 1 million, 100 thousand, 10 thousand, 1 thousand, 100 hundred, or
10 PET polynucleotides.

In certain embodiments, the library has not been through any amplification, such as

PCR amplification.
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In certain embodiments, the library has been amplified, such that at least two
members within the library originate from amplification, such as PCR amplification, rolling
circle amplification, biological amplification of cloned genetic materials, or any other known
amplification methods. The PCR primers and the probes sequences may be prepared based
on the information of the PCR adapters linked to the end of the PET polynucleotides, or
based on the primer sequences on the cloning vector flanking the cloned PET polynucleotides

or concatemers thereof.

The PCR or other amplification products that contain the PET polynucleotides may
then be isolated with an enzyme recognizing the flanking RE restriction site (inside the
adaptors) to give rise to the amplified library, which may be used for any of many

downstream analysis.

In certain embodiments, the PET polynucleotide concatemers, before or after
amplification, may be selected for suitable sizes, by any standard method, including gel
electrophoresis and gel excision. The main considerations in selection for the appropriate
sizes are that the sizes should be above the size of primer dimers and unannealed adapters and
below the sizes of certain long linear multimers. In particular, concatemers with sizes of
approximately 100-1000 bp, or 200-500 bp may be selected. Accordingly, with size
selection, an advantage is that long linear multimers may be eliminated as their sizes will be
above the size range. Similarly, fragments that are too short, unannealed adapters and primer

dimers may also be eliminated.

5. Chromatin Immunoprecipitation (ChlP)

In certain embodiments, the methods of the invention may be used to identify specific
ncRNA-chromatin/protein-DNA interaction. For example, in certain embodiments, it may be
of interest to determine any ncRNA-DNA-chromatin interaction associated with a particular
chromatin component or protein. The methods of the invention may further comprising using

ChIP to immunoprecipitate the protein of interest.

ChIP has been used to enrich and thereby allow the identification of genomic regions
associated with specific proteins such as histones and other proteins binding to nucleic acids
in nucleic-acid protein complexes (reviewed in Taverner et al., Genome Biol., 2004,

5(3):210). The aim is to cross-link proteins with DNA at their sites of interaction.

This may be accomplished quickly and efficiently by adding a suitable fixative such

as formaldehyde, paraformaldehyde, glutaraldehyde, acetone, methanol, or other bifunctional
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crosslinking reagents (or mixtures thereof) directly to living cells in culture. Crude extracts
of these fixed cells are then prepared, and the chromatin fragmented according to the methods
of the invention. For example, fragmentation may be achieved either by physical sheering
(e.g., shearing by sonication, hydroshearing, repeated drawing through a hypodermic syringe
needle), or by enzymatic digestion (such as restriction enzyme digestion, or digestion with
endonuclease with controlled timing, enzyme concentration, temperature, pH, efc.) so as to
achieve a desired average size (e.g., usually about 1 kb). The cross-linked and sheered
chromatin fragments are then used in immunoprecipitation reactions with antibodies raised
against the specific protein of interest (e.g. transcription factors or histones). Crosslinked
ncRNA and DNA fragments enriched in each immunoprecipitation are subsequently linked
using the DNA and RNA linkers of the invention through proximity ligation, then de-linked
or reverse cross-linked from the protein components (e.g., through heat and/or Protease K

digestion), and purified to allow their identification by the methods of the invention.

The advantage of using ChIP is that this approach is able to “freeze” the ncRNA or
gene regulatory network in live cells, as such interactions exist in their natural states, by rapid
cross-linking of chromatin and other non-histone proteins, thereby in theory representing a
“true” picture of the specific ncRNA or gene regulatory system at any point in time, free of

potential artifacts imposed by heterologous expression, for instance.

0. Applications

The methods and compositions of the invention allow one to identify interaction
between ncRNA and genomic loci, either at a non-biased global level, or at the level of
specific ncRNA or specific chromatin components of interest. Information obtained using

the instant methods can be used in a wide variety of research and development settings.

For example, the invention provides a method to identify chromatin targets of a
specific ncRNA, which may previously have unknown or incompletely understood function,
the method comprising determining interaction between the specific ncRNA and its genomic
target sequences using the methods and compositions of the invention. The identified
genomic target sequences represent candidate targets upon which the ncRNA exerts its

biological function.

In a related aspect, the invention provides a method to identify ncRNAs that interact
with a specific gene or genomic region, such as gene or genomic region harboring a tumor

suppressor gene or an oncogene, the method comprising determining interaction between the
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specific gene or genomic region and ncRNAs of the genome using the methods and
compositions of the invention. The identified ncRNAs represent candidate modulators (e.g.,

suppressors, enhancers or co-activators) of gene function.

In certain embodiments, the method further comprises comparing the presence /
absence or the extent of the interaction between the ncRNA and the gene / genomic region,
among two or more samples. Such comparison may help to further decipher the biological

significance of the interaction and any observed differences between the samples.

For example, one of the samples may be a healthy control sample, and the other
samples may be disease samples, such as disease samples from animal models (e.g., mouse or
rat models); disease samples before and after a particular treatment; disease samples over
different stages of treatment; disease samples from patients who have responded to a
particular treatment, or patients who are resistant to a treatment, or patients who has relapsed

after a treatment.

In certain embodiments, one of the samples is a stem cell or induced pluripotent stem
(iPS) cell derived from the patient, and, optionally, the other samples may be cell lines
differentiated from such stem cells or iPS cells. Here, a specific ncRNA-chromatin
interaction may be associated with the initiation of a developmental or differentiation

program.

In certain embodiments, the sample(s) may be from a human, a non-human primate /
mammal, a livestock animal (cattle, horse, pig, sheep, goat, chicken, camel, donkey, cat, and
dog), a mammalian model organism (mouse, rat, hamster, guinea pig, rabbit or other rodents),
an amphibian (e.g., Xenopus), fish (e.g., zebrafish), an insect (Drosophila), a nematode (e.g.,
C. elegans), a plant, an algae, a fungus (yeast, such as S. cerevisae or S. pombe). The
sample(s) may be a tissue culture of established cell lines, cultured primary cells, tissue

biopsies (freshly dissected or frozen), etc.

As shown in Example 9, the methods of the invention identified an ncRNA - CCAT1
(Colon Cancer Associated Transcript 1) - as having a very complicated transcript isoform
structures in this locus. The RICh-PET data provides important insights of potential function
and underlying mechanism of CCAT1. Specifically, it was found that CCAT]1 locus itself
has significant enhancer features, that CCAT1 locus is highly transcribed in cervical cancer
cell line HeLa cells, and the RICh-PET data shows that the transcribed product from this
locus targets other enhancer and promoter regions. For example, for 122 loci targeted by

CCATI ncRNA transcript (each with >3 RNA tags), 88 loci are enhancer regions, including
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six enhancer loci with RNAPII interaction. Another 34 loci are within promoter regions.
This is consistent with the observation that CCAT] target genes on average are more highly
expressed than randomly selected groups of genes. Thus the IncRNA CCATI1 may act as a

transcription co-factor to activate a network of genes, including the oncogene c-myc.

Thus another aspect of the invention provides a method to treat a cancer expressing
CCAT]I, the method comprising administering an antagonist of the CCAT1-encoded
IncRNA.

In a related aspect, the invention provides a method to disrupt transcription activation
or co-activation mediated by a gene product of CCAT1 (e.g., a transcribed IncRNA),
comprising contacting the gene product with an antagonist of the CCAT1-encoded IncRNA.
In certain embodiments, the transcription activation or co-activation occurs in a cancer cell.
In certain embodiments, the transcription activation or co-activation is for c-myc, FAN§4B,
and/or SNX14. In certain embodiments, the transcription activation or co-activation is

effected by bringing the CCAT1 genomic locus to physical proximity of a target gene locus.

In certain embodiments, the cancer is a colon cancer (e.g., adenocarcinoma of the
colon), a rectal cancer, a cervical cancer, a lung cancer, a gastric carcinoma, a liver cancer,
and a metastase thereof. In certain embodiments, the cancer expresses CCAT]1 transcript at a
level that is 2-fold, 3-, 5-, 10-, 15-, 20-, 30-, 40-, 50-, 60-, 70-, 80-, 90-, 100-, 120-, 150-,
175-, 200-, 250-, 300-, 500-, 1000-fold higher compared to a matching or control sample.

In certain embodiments, the antagonist is an antisense polynucleotide that may
optionally comprise modified nucleotides to, for example, improve serum stability,
pharmacological or pharmacokinetic properties, etc. The modified nucleotide may comprise
PNA, LNA, 2’-O-alkyl or other 2’ modifications, and/or modifications on the sugar-
phosphate backbone.

In certain embodiments, the antagonist is an siRNA or miRNA construct that targets

the encoded CCATI1 IncRNA.

The invention also provides an antagonist of the CCAT1 IncRNA (antisense, siRNA,

miRNA, or vector encoding / expressing the same).

In another aspect, the invention provides a method for drug screening, the method
comprises establishing a statistically significant association or correlation between drug

efficacy and a specific observed ncRNA-chromatin interaction identified by the methods of
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the invention (such as an interaction identified in a responsive patient but not in a resistant
patient), determining the effect of a plurality of candidate drugs on the statistically significant
association or correlation, and identifying candidate drugs that promote the statistically

significant association or correlation.

In certain embodiments, effects of the candidate drugs are tested using samples from
the resistant patient. This may allow the identification of candidate drugs that restores the

statistically significant association in the resistant patient.

In another aspect, the invention provide a method to identify a target gene for treating
a disease, the method comprising: (1) using the methods of the invention, identifying (from
among the observed ncRNA - genomic DNA interactions), a statistically significantly
association between the efficacy of a drug and a particular ncRNA- genomic DNA (gene)
interaction (e.g., whenever efficacy is observed in a patient responsive to treatment, a
particular ncRNA-genomic DNA (gene) interaction(s) is observed; whenever efficacy is not
observed in a patient not responsive to treatment, the particular ncRNA-genomic DNA (gene)
interaction(s) is not observed), (2) determining the expression level of the involved ncRNA
and/or the DNA (gene); wherein the DNA (gene) is identified as a potential target gene for
treating the disease when drug efficacy is associated with increased ncRNA expression and

inhibition of DNA (gene) expression.

The compositions and methods of the invention can also be used to identify as yet
unknown ncRNA in a particular genome, since the method of the invention is an unbiased
approach for identifying such ncRNAs. If a cluster of PET polynucleotides consistently
identify a cluster of RNA tags in one region of genome that does not encode any protein, and
consistently link these RNA tags to a (remote, e.g., an interchromosomal) locus that is

represented by the corresponding DNA tags, it is likely that the RNA tags reveal an ncRNA.

Any candidate therapeutic reagents or target genes identified by the screening
methods of the invention can be validated in vitro and/or in vivo, using well-known
experimental models correlating to a disease or condition. For example, if a particular
ncRNA is identified as promoting the expression of an oncogene (or as inhibiting the
expression of a tumor suppressor gene), thus becoming a candidate drug target, a potential
therapy using antagonists of the ncRNA, such as siRNA, miRNA, antisense, efc., may be

further validated in vifro and/or in vivo, the latter may be carried out in an established cancer
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model, e.g., in a model animal, such as a mouse model of the cancer to be treated.

The mouse is a well-established model for drug discovery and development, with
many different strains available. For example, a large number of useful models for studying
cancer can be found at Mouse Models of Human Cancers Consortium, which has developed
several databases, e.g., Emice (emice dot nci dot nih dot gov), Cancer Models Database
(cancermodels dot nci dot nih dot gov) and Cancer Images Database (cancerimages dot nci
dot nih dot gov), or other resource such as cancer research models distributed via The
Jackson Laboratory (see jaxmice dot jax dot org slash list slash rax3 dot html). Further
xenograft models, using either primary cancer biopsies or cell lines, are useful to investigate

cancer.

For example, to develop a lung cancer model in which the efficacy of a potential
antagonist against a candidate ncRNA can be verified, six to eight §-week-old female
immunodeficient mice, such as CB17-SCID beige mice (Taconic, cat. no. CBSCBG) or
NOD/SCID (The Jackson Laboratory cat. 001303) or NOD SCID Gamma mice, also known
as NSG (The Jackson Laboratory cat. 5557) are injected either subcutaneously or
transthoracically (orthotopic; 10*/sup cells/25 pL) via the left lung with human lung
carcinoma A549 cells (ATCC® CCL-185). Tumor-bearing mice are intraperitoneally
injected with neutralizing anti-CXCL12 or preimmune serum, or receive no treatment.
Alternatively, tumor-bearing mice may be treated with Platinol (Cisplatin) or Abitrexate
(Methotrexate) or Paclitaxel, or other compounds. Tumors are isolated at various time points,
treated and untreated. Noncoding RNAs are identified according to the method described

previously.

7. CCATI Transcripts, Antagonists, and Uses Thereof

In another aspect, the invention provides various CCAT1 transcripts identified by the
methods of the invention, their cDNA sequences (both strands), antagonist (e.g., antisense
sequences, SIRNA or miRNA constructs that antagonizes the function of these CCAT1

ncRNA transcripts.

The eight identified cDNA sequences representing different isoforms of the CCAT1
ncRNA are provided below in SEQ ID NOs: 1-8.
>CCAT1_JAX_ 1 Transcript sequence; Genomic location:
chr8:128128655-128241571 strand:-—
<128241571>
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CR
TATAGGTATAACCAATATATATGTATAACATATATATGTCCATATATATGTATAACCAAACC
ACAGGTGTITITITGGAAGTCATATTATACAGGGAGTTGACAGAGGTGTGAGCTGGACTTTA
AGAAGCTGCACATAAGATGCTAGTATGATCAAGCTGGAATGGACTTAGACAATTTGAAACAA
CITITCTCAGTITICAGATGAGGAAACTGACGGGTACCAAGCTTAAATGACTTGACGAAGCT
CATAGAAGATTAGCAGGTAGTAGAATAATGACTGCTGACTCCTAATTCAGTGGATCTTCCCT
GGCCACCGTITIGTATTGAGCTGCAATGCTTCCTTGACTGTTCTCCATGCCAGATTCTTATC
AATGATCTTITCACCTAAGAAACAGCAAAGATTCTGGCAAGCACACGATCTAGAGATACATCT
TATTGCGATTTTTCACAAAAATCAAAAGAAGAAAGAAGGCTTAGCTGGTGTTTAATTATTGT
TATTTTTTTCAATAGGGAAATCTGTACACAATGATTTATCTCCAGTGATTTGCCATTGATCA
ATTTTTTTCTCATTTCATTITICTATTTTTTTGTTTTTTGTTTTTCTTTATTTTTTATTITTTT
TCTCCTTTTTCTTTTTTTAAATTTTCTGTITTATCACAAATGATCATGTAATTATATGTTAAT
ACTATGTAACCCCAGTIGTTITTCAACTGTTTGTGATTCAATGTTACCCAGTTTITCTITTICTTA
ATTTTAAATAAATTTGAAAAATTATCTTAGAGTGTTTTGAGCCTGTGTTGGTACATTTAGTT
CTAGTTCATTGTGGTAAATCCACTTCAGTTTCTAAGTTTCCACCCTTTAGTAAAGACATATT
TCTAAATTTGGTTTATATCCTCAGTTACAAAAGATTCTAACTGCTAGTTTTGTGACAGCAAT
CACACATACCATCAAGGGATGGGGCAGGCAGTTTTGGAATGTGCTGATGCTAGCATTTTTAT
AAGCCTATGGCTTITTATAGTCTAAATTGTTCTTATTTCTATTAATGCTTCAATTTTTGACAA
ACACACAACCATAGAAACAAATAATAAATTTGTTTTTTGGGAATTATCCAGGATTICTTGGTT
AAGTGGGGAATTTAGGCTITGACAGCATAAAGGATCACGGATAAGTATTTTTCACGGTGGCT
CTAATTATAATGCTGAGCATGTGGCAGGCACAGAAATATTTACTCATTGACTGAATATAGCA
CATCGTAATGTTGATTTTTTTCCAACATAATTTTAGAGCTAGGCATATTGTATTCTATTACA
CTAGACTATATATCATTCTTAAATAGAACCAGCCTTGCTAGATAACACATGTTGGAGGAGAG
GCCCTICITCTTAGCCCTICAGTGTITTCCATCTATGGGGAAGAAGTTCCACCATACTAACATT
ACTATCGTCTCTCCACCTGCTCACTCACTTICTCCCCAAGGGAGGGGTGTTCGATATGGTTTC
TGAGCTTGGAAAGAAAACTCAGGCATGTGTAACATGGTITCCITCAGTCCCATGACCCACTGT
CCACAAATGGGCTGCTCACAGAGTGCATGCCTTCACCCTTGTTCCTGGCCATGCAGGAAATT
GTATGAAACAGTCCTAGCTGAAGCCTGAGATTTTCCTIGCATTGCCTAGTCCTGGTGGGTATC
TGTCTACTCCTGGAGTTTGGATTGGAAAGTCCACATGCCTGAAGGTATAAACCTATTCTACA
AAGGGGTGTTTTCTAGAATGAAGGTAATATTTTTATCTTACATTTGCAGAAAGAGACAGAAC
AATGTTATAGGTGAGTGCATGGACAATGACCTCAAACAGCTAAGATTCAAACCCCTIGCGTTG
AATGATTGAATTGAAATGATTCAATGAGCTAATGTACATAAAGCATCCAGAATGTTGCCTGG
CACAAGGGACTGTATTIGICIGCTAGACCATTTATTCAAAGTGGGAGGATGATGTTCTAAAAG
CCAATGATAAAGCTCATGGCAATGCAGGGTATATCTGATGGCATGGAATGCTTTAGGATGGC
CAAGATTGCCCATCAAATGCCAAGTCACCGAAGGGTTICTGGGAAATAAGAAATCATTAGAAA
AAGATTTICTIGCCITCTAGAAGTACACAGTCTAATGGTGAGATAGGCAGGTTATTAATGGCTC
TCCTACTAGGAGCCTGACATCATGGTGAGCATCGAGAAAGGAATAACCTAAGCTGAAGACAC
GCCITITCAGGAGGCCAAGTTCCACGTTICTGTGCATGCTTTTGGCGAAAGTCAGGTAAAGCC
TCCAGAAATGCATGGTICTATTCTCTCGGACCATATGGCTGTGGGCAAACTCTGGCTTICTTIGG
AGCCTICCATTAGCCACCTAGGGAAAGGTAATTGGCTTTATGTTTGGCTCCATCACTGCTGGC
GACAAGCTCCACTGCATTICTCAAGCAGTAGATGAAATACAACTGTIGCTCCTGAATGCAGCAA
AGGAAAGAGAACCCAACTGGACCAGTGTGAAATTGGGACCTTTGGAGGCAAGAATGCACATA
TTTATAAATGAATAAACATAATTTTTCTCTICTITCTTCCCATTGGCAGCATATCTGAAGGCCC
TGACTCAACAGTAGTGGGTICTTAATGCTITGTGCTITGTCCACCCTTCTCGGCAGTGATTGATT
TCATTGTTGGCTTGTITTTCATGACTTIGAATGTGCGATCTTCAGAGGGCCTAATTCCTTGCAA
GITCCATITGAGGGTGGAAGAGCTAGAACAAGCTATAACCAGTAGACAACTCCGTGACTCAG
GAGCTTAAGCATGTGACTAATTAGTAAGAAAAAATGTGGTGAAGATTTGTAGTTAATAAGAA
GGAAAGAAGAATCACTGGGGCTAGAATTATGCAAGCTTITTIGTITTCCTTTTGGGACTATATCA
GAACTATGAGAGAAGAAAGGCTACCTTTTACCTTTGAGGAATTTTCAAAGCCTTTTTTTITTT
TTTTTGGTTGGTTTGTGACTGACAAAGGGCACAATTTCAACACCTCAGAAAAATGCCTCATC
ATTTCCICITGTGAAATCTIGGGTGCTTCTGAATGAATCCATGTTAGGAATGTGTACTTCCAT
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CCATTAAAGTCAATGTICCAGTCTCATTTTGGGCCAGAGGCTGTTACTAAGTTGTAGTACTGG
TGAGAAAAGGACAGAGCATTTACCTICCCTIGGGTATCCTGTGACCTACATGTGTICCTTIGCAA
GGCAGGGAAATGTTACTAATTAAGAGCATAGCCTTTCGTICAGATGGGTTCAGATCCTAACAC
ATCCICITICIGGTTACAGGACAGTCCTICICTGAGCCTCAGTTTTCTCATCTCTAAGATGAG
GCTAATTATACCTACTTCCCAGGGGGGTACTAAGGATAAAGTAACAACACAAGAAAATTTTT
TATCCTTGATTTTCTTAGCTGGAAAATTAGGCTAGAAAGACCTCCATCCTITGGGGTATTTAA
AATAAAAGGACAAACATATGATGAGTCTAAGTGATCAATACATTGTGGCTTTTGTACTTACT
ATTCTGAAACATGGGTGTGGCCTAGATACTTTCCAAAATTCTGCCCTCTCCACCTAGCAAAA
TGACAACCAGACTTACAGATATGCCAACAAGCTAGTIGTITTAATAATGGTGTITGATGATAAA
TGGCATTTCTTITTCGACATTTGTCTCTITITAAAACTTIGGTGCTCTTAAATGCATCATTGGA
TAAGTGATGACTGTTCCCATTCGCAAGAAGAGACCTGGAATCTAAGCATGAAGGACCTGTCC
TGATGTTGAGAAGTGTGGATCACATTITATTITGTAAACTTAGCTICTITGCTCGTCTCATGGTT
GCTTTTTTTTCTTTTTCCTTTTITCTTTITTTITTTITTTITTTITTTTTTTTTTTTTTTTTGAGAGG
GAGTICTCACTICIGICACCCAGGCTGGAGTGCAGTGGTGTGATCCCGGCTCACTGCAACCTCC
ACCTCCCGGTITCAAGCAATTCTCCTIGCTTCAGCCTCCCCAGAAGCTGGGATTACAGGCACG
TGCCAAGGATTTAATGGCAAGATGCCATTATAGACAAGAACAGGATTCAGACACTTITCGTIGT
TATGTGTTCTTGTCCAAATACTGTIGTICACTICTGCACTGGCATCCCAATCCCACCAACACCTT
TAGCAGGAACTTCCTIGTITTCAATAACATTTICTCAATACTCTACCTGATTGCTTAGAATCCAT
GAGACAGCCATATTICICCATGTCTAGGTCCCTATCTTATTTTTGTTGAGATGGTGTTAAGAC
TTTATTTGTGAGGCTTCTGGGGAAGAGGAGTAAGGTATTGATCCCACTGACTGGATAATTTIG
GGTCTCAAAATGGATAATAAATAAGCATTACATATTITTGACCACTTCCTTGGAGGAGAACTT
CITGGAATGTIGCACCATGTCCGCTGCACTTITTITTTGCACAGATATCTAAGTTGGAGAAACAT
ACTACTAGATAAATCAATTTGTITCTICTITAGTACTCATGATATGGTTCCTGGGAACTTCTGAT
TCACCAAATTAATCTTGGCCAGGTACATACCTGGCAGGAATCCAAAAATTCCCCAAGTCTCC
TTGAAGTTCAGGATCATCATTCTTAATAAATACACCGAGGGAAAAACCATGGAGAGTTTIGTC
CCAGATGCTGTGAATCTGGCCCGGGGTACATGAAGAAGTCCTTAATTGCAGTCATTTACATG
GTAGATTCTCTATAATCATTTAATTTGCTATAGGTCTATGATTTTTAGTCCTTCTTCTCTAA
ATGATTGAACATGTATAATTCCCATTTCAATCATATTACCTGGATGAACAAAAGTAACGCTA
GACTCATTICATGCATICIGGTTGCCAAGGAAAAGGAAAAAAAAACAAAACAATCAACAGGAT
GITTAAACTGTCTTAGGGCAACTTCAGGCCATAGTCACTGGTGTTCTTGCAGACTATGAGAT
ATTTTACATTCTGATAAGGGATAAAAATTCGTGCCTCACATGGCTCCCATCACACTAAGATC
TTGCAACAATAACACTACTGATTCAGACATTAATCTITAAGTATCCAGGGAGCCCTAAAACAT
TGTATCCCACTAGCAAGGACCATGGTAATTGCCACGTAAATCCCCTCCATTATGTGGCCCTT
ATTATGACCAGCCAGCCAAGGCTTGCCTTTAAATCATACCAATTGAACCGAGCCTTGTAGAA
ACACTATCACCTACGCATACCTICIGCTTICTTITTCATTAACCTGCTATCCTCTTTACAAATGG
GATTICITCACCCACTCCCTICTTCTAGATTAGCAATGCCCTGTTAAGTAAACGAACACGAAA
TTCAAAGGGAAACAGGAGCAATCATCATTACCAGCTGCCGTGTTAAGCATTGCGAAAACGCT
CACGATTCACAGAAAAATCCATGCTIGTTICTITTGAAGGCATTCAAGCCTTAATAGCTAGCTGG
ATGAATGTTITAACTTICTAGGCCAGGCACTACTCTGTCCCAACAATAAGCCCTGTACATTIGGG
AAAGGTGCCGAGACATGAACTTTGGTICTTICTCTGCAATCCATCTGGAGCATTCACTGACAAC
ATCGACTTTGAAGTTIGCACTGACCTGGCCAGCCCTGCCACTTACCAGGTTIGGGCTCTGTATG
GCTAAGCGTITICICCTAAAATCCCTTGAAAACTGTGAGAAGACCATAAGAAGATCATATCT
TTAATTCTATTTCACAAGTCACACAATATTCCAATCAAATACAGATGGTTGAGAAAAGTCAT
CCATCITCCCTCCCCACCCTCCCACAGCCCCTCAACCACTGCCCTGAAACTTATATGCTGTT
ATCCGCAGCTCCATCTGGAGCATCACAGCTACTGTCAACCCTGACGCTCTTTCTGAAAAAAC
ACCGGATGGACATCAGAACTATTTCTTTAAGGATGTTACTGAGCCACACAGGAAAACTTGCC
TTATGATTTTGAATGCACGGATCTGATTITGACTAAACATGATAACTAGAGAATCACCCAATC
TACTCCCATTTTCAACTCTAAATCATCAGAGTGTICTCAAATCCAAAGCACACACAGACCAGC
CTGGCCAACACGGTGAAACTCCACCCCTACTAAAAGTATAAAAATTATCCAGGTGTGGTGGC
GGGCGCCTIGTAATCCAAGCTACTTGGGAGTCTGGAGGCAGGAGAATCCCTTGAACCTGGGAG
ATGGAGGTTGCAGTGAGCAGAGATCACACCACCGCACTCTAGCCTGGGCCACAAATCAACAA

56



WO 2015/035108 PCT/US2014/054185

CAACAACAACAACAAAAAACAAAGCGCACACAGAGACTGAGGTICCTICTITTIGGCATTGAGAAG
ATGGCTATGCAAGTCCCAACTAGCAAGTGCAAACTTCCCAGCTTCACTTCTGCCAGTGTCCC
TTCACCCCTTCTCAACCCCACTGGGAGGCAGGAGGGTGCTTGACAATAACAGCCTTGGCATC
ACTCTIGCCAGGGTGTAATAGGAACTGTTACAATTCTGAGATTCTGTGTAAGCACTGGCCTTT
CIGCCTAGAATGCCTICICCTICTICTTTTTTAACTGCATGCTCCTATTTATCTTTCAAAGCCC
GGAAAAAATAACACTGCACACGGGAAATGCTCCCTTCCTACTGCAGTCATTTAGATGACTCT
ATGCCATTCCATTICATITCTCTITTCCTACCACAGAAGTGCTTTGAGATTTTGGAGTCAGACT
GCTTGAACTTIGAATCCTGGCCCTCTCATCAGAGACTTIGACTTATTTTAGGCAAGTTATATAA
CCAATTTTACCTICAGITCCITACCCATAAAATGGGTCTAATGAGAGTACCTACCACACAGAA
TTTTGATGAAAACTGAATGAGATGAAGGCCTTITAAGGCAGTGGTCCCCAACCCTGGGGACAC
AGACAGGTACCATTITGTGGCCTGTTAGGAACTGGGCCACACAGCAGGAGGTGAGCAGTGGG
TGAGTGAGATCAGCGTTATTTACAGCTGCTCCCCATTGCTCACCTTACTGCCTGAGCTCCAC
CICCTGTCAGATCAGCAGTGGCATTAAATTCTCATAGCAGCACAAACCCTGTCATGAACTGC
ACATGCGAGGGATCTAGGTITGTIGCGCTCCTTATGAGAATCTAATGCCTAATGACCTGTCACC
GICTICCCATCACCCCTAGATGGGAGTGTCTAGTTGCAGGAAACAAGCTCAGGGCTTCCACTG
ATTCTACATTATGGTGAGTITGTATAATTATTTCATTATATAATACAATGTAATAATAATAGA
AACACAGTGCACAACAAATGTAATGTGCTTGAATCATCCCCAAACCATCCCAGTCCACGGTC
TTCCACATTTTIGICTTTTCACAAAATTGTCTTICCACAAAACTGGTCCCTGGTGCCAAAAAGG
CITGGGACCACTGCTITAAAGCCTTTGCATAGTGCTTAGAATTGAGGGGGAAAAAAAAAACA
AAAACAATGTAGCTAGTTIGCTACAATCACTATATTGGTGAGTTTCAAAAGGAAAAGAATTCT
GICCCATITATGCITGAGCCTTGAGTTGCTAACCAAGCCTGACACAAAATTACTGTTGAAGG
GATGTGTGAGTCCTAATTGAAATGAGGCCTCTTAAGGGAATTGTGGACCAAACCCCAAGCAG
GCAGAAAGCCGTATCTITAATTATTGCAAGTATTTCAGGCAAGGTGTGGATGGCCATTTGAAT
TCAAGCAGACTAGGACCTGGGATGAGAAAGAAGGTGTGTACGTGACTTIGATCTITGAACTTT
AGCTCACCATCTGGAAGAAGGCTGAGTATTCTCTGCACTCACATAGTAGCTAATGCCTACTC
CCCAGCCACCCACAATTCTITCTIGTAGGAAGGCTCGCTAGAATACTTTGTGATATTGGATAT
TAGTTCCATATTCTACTGTGTATCTTAGTTCAACCAAATTGTAATCATCTGATATTTATTTC
TTTTAATATAAATATAAGTATATTAAGTCTITGGCATGCTTIGCTCAGTICTICTICTICTICTICTCCC
ATTCCTCCCCGCTICCCCTCTCICTTTCCCAACAGGCTTGGAAAGCAGGCATCACCATGCCTA
TTTAACAGTTGGGGTCCCTTGGCCACCAGGTGCTGGAGTAGGAATCTGAGCCCGGACATGCC
TGATCTGTAAATTTTIGTIGITTTICCCCACTGTGCTGGGCAGATCACAGCTATCAGCGCCAAAT
TCATAGAAGGGGCGCCCCCTGTIGGTCAATTGAGGGATTITGTGTITGAGGTAGATCTCAAGAA
GGAATGGGTGGGGAACTTAGCCTAGGACAGAGCAGAAAGGAGCCCTCACTCCCCAAGCACCA
ACGGCCTICAGTICCTICCTGCTIGACTCCAGCCTCTAGCTCTCACCCAGACTATCTGCATCCTT
CICICCACCACGCICCTITGGAACCTGCGTAAAACACAGATTAAAGGAATTCCGCCTTACTT
CCCITICCGCATTATGACCAAATGGTTTTACACTATCATTGAACAGTTTAGTACAAAACATG
CCACCITITAATCTATTCATTCATTTAACAAATACTTTGGAGTGTTTACCATGTGCCAAGTG
CIGITCTAATAGACATAAGCTGTGAGGTTATGCTTATCTGATTCTCACAGCAACAGCTTTCG
AGATATGAATTGGTATACTCATTTGACAGATGAGGAAATTGAATTCATGTAGTGAGAAGGAA
GAGCTGCAATTCAGGGTTACTGGTITTCTCCTGCACTAAGCACTGAGCCACACTAGAAGAGAA
GGCATGAGGAAGACAAAAGTGAGGCTGTGGCTTGCCTTTTCACTTICTTGTGTCCTGTTTAAG
AAATATCTGCTATCCCAAGGTAAGATACTATACTTTTTTTAACATGTTATTTTGTITTTACCT
TTCACATTTGGTGTATACTACATTTGTAATTAATTTGTCCATATTATATGACATATAGCCAA
GATTITATTITITTACCATACAGATACTCAATATTGCCATTTACGTAGAACATCGTTICICTTCC
TACTCAATTGCCTTGGCACCTTITGTAATAAATCAGATGATCGTGTATGTGTAGTTCAGTTTIC
TGGACTCTIGTICTTICTIGTITICTTITAGICTATTIGCCTATTCTIGTACCAATATGCACTGTGTT
AATAATCGTAGCTITIGTAGTAGGTICTCGAAATCTGACAGTGTAATTCTTTTAGTTTICTTTICT
TCTGCAAATTTTCTTTAGCTIGITITACGTCCITIGCATTTGTATATAAACTTCAGAATCAGC
TTGTCTATTCCAAAAACAACAACAACAAATGAAAGTTTCAGAAACTTTAACTGAAATTGTAT
TGAATCTGTAGACAATTTTGGAGTAAATTGCATCTTAGCAATGTAGAGTCTITCGAACCATA
ACCATGGTAAGTCTCTCCATTITGCTTAAATCTTCTTTAATTTATTTCAACAATGGCTTCCAA
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TTTCCAGCGGGAGCTCTTGGAAACTACAATTTACATGAACTTCTAATTTGATATTTTTCGGT
GTCATTATAAACATTGTTGTTTITAAAAGTTGTCTTCAATTTTTTGTTGTCAGGCACAGAAAT
ACAATTATTGATAACATTTATATATAAACTGTATCCAGTGATCTTGCTAGATTCACTGATGA
GTCTGATGTTGTAGATTCTTTGGGATTTTCTCCGTACATAATCATATCCTTTCTGAATAAGA
TAGTTTTACTTCTTCATTTTTAATATCTATGCCTTITTATTTATTTTTCTTTTGAACTTTTTG
CTGACTTCATTATTCACTCTCATGTTTITTCTCTTTCATTAGACTATGACTCCTCGATGGTAG
CAATTTGTAGTAATCAAATTTTITGTATTTTATTTTAGCATCTGGCATCTTTCTTGACATATG
TAGCAGTTGCTTTTTGACAGCTTIGCTTCTTCAGTGAATGAATAAATTAATAAAGAGAAATGT
GATGTTCAGTIGATCCATTITTIGCAGGTAAGAAAACTGAGGCAGACAGAGGATGTTAGCAAGCA
AGAGGCCTTIGGCCTACAATTTAGATCACTGGACTCTTACTCCAGATGCAATCTGCAGAACCC
ACATACTTTTAATTAGTCCCTTTGTCTATGTTCTGCCACTGTCACTTCTAAGGAAGGTGTGT
CATCCCAAATGGGGTAGTATCTTATTGGTAGACCTAAATCTGCTGTGTTCGCCATCTCACCT
ACATGAGTATCTATGTGTAGCATTCTGCATATTCATCTTTTCCACCTTICTGGAGGTTTTGTC
TTTTTATAGGCAGCATGTGAATAACAATGGGGCCAAACTGGGGACCAGAAGGGGCCATTTTIC
TAGTTCTGAACATAGATAAGCATCACTAACTITICCCTICCTGGCAGTAATGGCCTCAAAAGT
TCCAACTTAGGAGAAAAAGGCAAAACCGTCTGCCAAAGTGTGTGAAAAGTTAGAGCAAACCT
TGGTTTTACCAAGAACCTGTGTCCCTCTTATGGAAATTCACACTTTCACACTTITTAGACAAA
TATTAAATGTGTGACATTCTATTACGTACAGTGCCTGGCACATCTAGACACGCAGCACACTT
TAGCCCCCTTCTTTICTICTTCTAACTCCAAGTTCTAAACTAGAAAAAGCCCCACTTGAGTICT
GAGATTTGCTTTTTGAACTAGTTTATTTCAGATTGTAATCATGCTATCTAGGGTTGTGACAG
TGTTTGCTATTTCTAGGGCACTTTGACCTGATTCTITITGCACAGGAAACTTIGTITCTACCCT
TTTGCCCACTTCACTGAAGTGAGGACTGAGACAGAGAAGGATTAAGTCACTTTTITATTTAAC
AAATATTTGTTCCACATTCCTCAGCATTTATTAAATACTGGTGCATAATGATGGAATAAATT
TTATACCGTAAGGATAAACCAGTATICTGGACTAAGCCAACGTGGGAGACCCTAGGAGGCCT
GITTIGAGAAAGTGACATTITAAATTGAGACTTIGGCGGTIGGCTGTIGGCTACATATCTAGTAAGT
GGCTIGGGITGGGATTTGAACTCATGCCTGCTTAGCTCTAAAGATGATGCTTTTGGCTTTGTA
CICIGCTCTCTCTCTAGACAAACTCTGGTCCAAAATCGTTAAAGCTAACATTTATCCCTIGCC
CAACTGGAATTGTCATGTITATGACAAATGGCTCTGTGGTICTCAGATGCCCAGCAGACCCATT
AGTGGAATTCTATGTIGCTACAGACCTGGGCAAAATGCCAGAGCCTTATACACCCATCACATT
TCGTICTGGCAAAGGTCTTCAACAAAGAGAAGTAATTACAGCAATGAAAAGCAACAGGTCCAG
CAACACCATAAGAACAAAATAATTAATTTCCCTAAAATAGAAGAAACCATTTATAGAGTAAG
AGCCGATACAATCAATAATTGGAAGAAATAGAAGAGGCTTTAGTATTCTAGCCTTICTTTATT
TGTAGATGTAAATGTCGAGCCTCAGAGAAGTTATATATCTAATTAGTGTCACTCAGGTAGAT
AACAACAGAATTAGGATTAGAACTTAATTCTTATGACTCCCAGAGCAGGGAAAAGACAGGAT
GAAGTCCCAAAACATTGCGIGTGAACTCACATCTGACTCTGAATTGAGAGTCTGCTATTTAC
TCCCTATGTGACCAGAATCCTTCAGAGCCCATGAGATTICCCTIGTCATAGAGTAGATTTTGAT
CCACACTAGGCATTITITACCTCTTIGCTICTTTGAGTTGGTIGCCCCATGTTTACTCAGAAATAT
TCCAAAGGTGTTACATCTATTGGTTTTACATGTTGAGCACAGATCATTATAAGACAAATTGA
AATGAAAACATCAACAAGTICTCATTCATTGTCTAACTTACGCTGAGCAATATTTAATAACTA
GAATATCAAGAGAGTCCAAAGTGTTTGCCCATCCCCTCAAGACCAATGTAATGGAATTTTAC
TCTTATCACCTGCTCAGGGTAGTGGCAATTCAGGATACAGAGGACAGAAATAAAGAATCATG
ACACACAATCCACAGAATTCACAGATGCCAAACATCTACCCTTICTCTGTCACCACACATTGG
ACTCACATGGTGGAAATAGGCAACACAAGCAGAGAGGTGGCTTAACCTTTCATAATTTTTCA
ACGACCTATGGGAAGAGAGTTITTICTITGGTTCAAATCCCAGCTTAGCCACACAGAGTGTGGTA
ATATTGGGCAAGTCAACCAAGCTCTICTIGTIGCTTCAGTTTICCTCATTATTAAAATGGGGGAAA
TAATAGTGCCTGCATCAGAGGGTTGTTGTGAGAACTAAACGAAATAATTTATCTGAGCTTTA
GAACCCACACCATATTAGTTAAAAATTCATGCATTTITCTITTTATTATATTTCTCTACCTTAG
ACTGCAAACTCTAAGAGGAAAGGCCGGACTGTTATATTCATAAAGCATTACAGGAACAGTAA
TTAGAACTAGGAGCTTTTCAATGGCCTGCCTGAAATCTGAAAAATAGGTATATTATTTGAAA
TTTTGAAAAAATCAAATAATTAAAAATTAATAGATGTTAATAAAATATCTGTAATATGTAAT
ATCAAGGTCAACTCAACTCTTAATTGTTTATATAAAATATAGTGAAGTTTAAATTGCAAAAT

58



WO 2015/035108 PCT/US2014/054185

CTTACAGAAAATGTGCTATTAAAACTCAAAAGTATAATTCTTTCTAATATGTATATATATGT
ATATAGTITITATITTAAGTITCAGGGGCACATGTGCAAGTTTGTTACCTAGGGAAACTCACGT
CACAGGACTITGTTATACAGATACTTTCATCACCCAGGTATTAAGCCTAGTGCTCATTAGTT
ATTTTITCCIGATCCICICCCICCTCCCAACCTCCACCCTCAGGTAGGCCTCAGTATCICTTIG
TTCCCCTCTATGTGTTCATGAGTTICTITATCATTTAGCTCCCACTTACAAGTGAGAACATGTG
GCATTIGGTITICIGITCCIGCCTTAGTTTGCTAAGGAAAGCACTGTGGCAATTTCTCAAAG
GACTAAAAACGGAATTACCATTCAACCCAGCAATCCCATTACTAGTTACGTACTCAAATATT
TTTAAGGCAAAACAAAGCTGCAACCAGAACACCTIGGACTCCCTGAAACCCCTTCCACTGATG
TTGTTGTTIGTTIGTITICTITTITTCCCCAGCTICTCAGGCCAAAATACTGGATCATCTTGGGCAC
TGTTCTICTICCTGCCCACCCTTTCCCATATGCAGAGTIGTITGTCACTICICICIGCTTICCACTG
CTAACTCCCIGGTCCAAGCCGCTGCACCACTTTTICGTGATTATTGCCACAGTCTCCTCACTG
GITCCCTGCCCCCACTCITGCTCTGAACTATCCAGTTAAAACCTGAATTAGATCATCTCATC
CICATCTCAGAGCITICICGTGGCTCCTCTGCCCTCTCAGGAAAAAATCTAAATTCTAGATG
ACCTAAAAATCCCTIGICICITACTGTITTATCTGACCTCATTTACTACCACCTTITTICTITTIG
ATCATTCTGTTICCAGCCACACTGGCCTCCTTACCACTCCTCAAATATGCCAAGCACAGCCCC
CACCCCCCAGGGCTITTGAACTGGCTGATCCCCCTTCCTGGAATGCCTTACCCCAAATATCAA
CITAGCCAACTCCCTCCICICCTCCAAGTGTICTIGTTTAAACATGGCTTCAGTAGGAGCTGTC
TTAACATCCTATTAATATTGTAATTCCTICTCATGACACTTTACACCCCCTTCCCTGATATGC
TTTCCATATACCATGCAATATCTGCTGAGATAATATATAATTCACTTATTTTCTTTATTGTC
ATTTCAAAGAGGGCGGTIGIGITCTIGTIGTITTTATTTAGTGCCAAAATACTTGCTGATGAAGAG
AGTTCCTIGCCACATAGTAGGTIGCTCAATATGTGCTTGTTGAATAAATGTGTCAATGTTTGAT
GTACAGACCTITITATTATGITTGATTTGCTGCCAGTGCTGCCTCCAAACACAGGAGTGCTTIC
ATGAGATGTTCACAAAAGCTCTTAAAATATTCCACAAAAATCTTAAAATATTTCATGAGTTT
TCTTTCCTIGTATTTTTATAGCAGCATCTGGAATTTAGCCTGCATAGGACCCTCTIGTAAGCTG
ACCCIGITTIATCTATTCAGCTITTACTTICTCCCCTICTICTCCACTTTGTATTTTATTCTCTACT
ACTTCCAACTGATTGTAATTTGACCAGACTCCAGACTATCTTATGCCTCTTTGCTTTTGTTT
ACCTGTTACTICICICIGGAATTCCCTGCCCCTTICTTAATTTTTCTGGCCAATTCTCACTCT
CTAGGACTCAGAGGTITCTCCTCAGGAGACTTCCATGAGTCTCATGTTGAGTTAGGTGACCC
CAATCCTCTGTICITCATAGTCATTCGCGCATTTATCTAGCTCAGCATTTGCCATACTACAT
TGAAATTATTTCCTTATGTGCCCATCACTCCCCGTAGATTGCAAACTCCTAGAGAAGGGCTC
AACAGTGAGTGCTGAGGCTGCACAGAGGAGGAAGGCAGCACAATGATGGAAGGCTTCCTAAA
GAGGTATGTTCCAAGAGCCCCCACTTCCTTTCATGGGAGACTCATGCTGTTACACCTAGACT
ATCTAGGGATACATCTAATGTAGTCGTGGAAAGAACAGAGGACTTGAGTACTAGACTGACGT
GATTITTGAATCCTGGCTCCCTATTGACCAGATGTGTGTCTTGAACAAGTCCCTGAGCCTCAG
TGTCTTCATCTGCACAGTGAGGATAATGATACCACACTGCATATATGAGGTATCCGGCACAT
GTAAATGTCCACTACATGCTIGATTTICTTCACCCGCTACTCACCCCTGGGAAAGAAGTAGACT
CACCTACTICITGGTACCCATTCATTCCCCCTCAGTTGGAAGCATGAGGTGTGCAGCTGCCTG
ACCTGGGGGAAGGGCTGCAAGCAGTAGGTGTTGTICAGATGTGGTGGAGCTTGTTGACTTCCT
CCCAGGGGCCCAGCTAACAACCTGCCTICTIGTTCCTTGATAGTCAAGTTCAACTTTCACTTICT
TAGCACCACAGGAAGTTGACTGAACATTAACTGAAGTCTCTCTCAAACAGGAGACATCTTTIG
CCAGGTICCCIGTACTTICCTAGCCTCATTCCTGCTCTCCCTAGTGAGCAGGCTGCCCTCCCTT
CTCGCCCCAGCACCACTGATAGGCAAGGGTACTCAGAACTACTACCTTGTGGGCCATGTCAT
GTGCCAGGAGCTGCACCCAGGACTTTAATACAGTAGTTGGCTCCCACTGAATGTTCATTGTT
ACCCCAGGATAAAAAGGGGACACTGTGATCATTTTICTATTTTGCTGTGATCAGGCTTGGTGA
GCTAAAGTCACCTACCTICCCAGTCTCTACTAATAGAAGTCATGGATCAGTCCTATTGGTTIC
TTCTGTTACAAGGATTCAGAATTCATAATCATGGAGCTGCATTTACAGGCAGAAGTTTICTTT
CATAGITITCTAAGTGTICCTTTTAGCAACAATGGAGAAAATCAAAGAGGGCAAAGGTGAGG
GGAGAAAATAACATTTICCCITICTIGTICCTTTIGCTCTTIGTAGTICTTTTGCTTTAGTTTICTTTA
CTATGACTGTIGAGGGTGAAACTAGTGATCAGAGTGGTCCAGAATGGGTTTGATGAATCTGAT
TCTGGTGACACAAGATGAATTGGGTATATGTITCCCTAAAGATAGAGAGACAATATAACATA
GICITTACATTAATAGACTCTGGAGCCAATTTTTTTAGGTTCACTCTICTTITCCTTTCATGTG
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TGTTGATTTTCAACAAACATCTTGCACTCGAATTCCATCTCACTGTTTTATTTTCAAAAAAT
TTAATTTGAGAAAGTTAGCTGTATTAATTTTTTCTTTTTCTAAAATTCTTITTACTAATTGCA
ATTATTTCCATTGATGCTATTCCATTGAAACCATTTTAACATGGACTCAATAACTTCATTGT
ATGTTAATGTITTAATTITTICATTTCTTTACCTTCTTGGTTTTCTAGCTGTGTTTAATGTGGTT
GACCACTCATTCTITGAAGCTCTATTCCTICTGGCTACTACAGTATGACACATTTTGTICTICCT
TCTTCAGTCTCTGTCTTCTCCACAGTICTTICTCTTCCTTTTATATACCTTTAAATATTAATGT
TTCCCAGAGATATTTTCTTAACTCACTTCTCTACTGATTCTAGGTACTTTTCTTGATCCAAC
TCTTCTGATTTTACCCATCTCGATGATTCTATAATTTGTATTTTCTGTTTTGATCTCTTTTC
AGTCTTCCAGACCTAAATATCCAAATGCCTGATGGATAGTGCTTTCTTTTTTACTACCAAGC
CCTCAAAGGCACTATGTTCAAAAGGAATTTGTCATCAGTICTCACGGCACATAAGCTTICCTICT
TGTGTTCAATCTGGAGACTTGAGAGTICTITCCTIGITCCCTICITCTCCTITATITICTCCATAA
TCAATCACAAAGTCATGTGGATTITTGCTCCTAAATATGTTAACTTCTTTCCTCTCTCACTTT
ATATCCCTTACATCTAGGTATTTCAGACCCTCAGTCTICTCTCACATAGACTTTGGCAATAAC
CITCTAATATCAGTICAACCTGACCAATAGGCCACCAGTGCTTCATGTAGAATCTGGACAATG
TAGAGCACTGAGAATGCTCACACTGGTCATATATGTATGAGTTGGTATGACATCTAGGGAAG
TTGAAGACTTACATAGCCTTTGGCCCAGCAATATACACCATAATACATTAGAGAAACTCTAG
CATGTGTACACAGTGATATACACACAAGAATGTTCACAATGCCATTATTTTAATAGCAAAAT
TGTGGAAACAACACAAATGTTTATCAATAACAGAATGGATAAGTGAGCCATGGCATAGTCAT
ACAATGAAAAATAATATAATAGTCAAAATGAATGATCTGAAGAGATATCATTATTGGCAATC
TTATAAAAGACTGAGTTAAAAATGCAATTTGTGAAAATTTTTAATTATTTGATATTATTTAA
TGCAAAGTTTTAGAACATGCAAACAACTGTATATATTATTTATGTATATATGCAAATTCAGC
AATAGCATTTAATCATGCCTGGGAATGATAAGTATCAAAGTCAGAAAGTGGTTACCCTTGGG
AAGAGAGGTATGTATCAGCGGTIGGGGCACATAGGATGTTGCAGCCATATCTGTAATGTTTICT
TTGCTTTAAAAAATTTGAATCAAGCTTGGCAAAGTGTGACATTTGATTAAGCAGGATAGTGA
GTGCATATCTGTTACTTATATTIGTITCTTTATAATTTTCTCTATGCTAAAGCATTTTGTAATT
TAAAAAACCTGACAGTGTTACTCCCATGCTTAAAATATGCCAGTGGTCAAACCAAATCCAGC
AGCACATCAAAAAGCTTATCCACCATGATCAAGTGGGCTTCATCCCTGGGATGCAAGGCTGG
TTCAATATAAGCAAATCAATAAATGTAATCCAGCATATAAACAGAACCAAAGACAAAAACCA
CATGATTATCTCAATAGATGCAGAAAAGGCCTTTGACAAAATTCAACAACTCTTCATGCCAA
AAACTCTCAATAAATTAAGTATTGATGGGACGTATCTCAAAATAATAAGAGTTATCTATGAA
AAACCCACAGCCAATATCATACTGAATGGGCAAAAACTGGAAGCATTCCCTTTGAAAACTGG
CACAAGACAGGGATGCCCTCTCTCACCACTCCTATTCAACATGGTGTTGGAAGTTCTGGCCA
GGGCAATTAGGCAGGAGAAGGAAATAAAGGGTATTCAATTAGGAAAAGAGGAAATCAAATTG
TCCCTGTTTGCAGATGACATGTATATCTAGAAAACCCCATTGTCTCAGCCCAAAATCTCCTT
AAGCTGATAAGCAACTTCAGCAAAGTCTCAGGATATAAAAATCAATGTACAAAAATCAGAAG
CATTICITATACACCAACAACAGACAAACAGAGAGCCAAATCATGAGTGAACTCCCATTCACA
ATTGCTTCAAAGAGAATAAAATACCTAGGAATCCAACTTACAAGGGACATGAAGGAACTCTT
CAAGGAGAACTACAAACCACTGCTCAATGAAATAAAAGAGGATACAAACAAATGGAAGAACA
TTCCATGCTCATGGGTAGGAAGAATCAATATCGTGAAAATGGCCATACTGCCCAAGGTAATT
TATAGATTCAATGCCATCCCCATCAAGCTACCAATGACTTTCTTCACAGAATTGGAAAAAAC
TGCTTTAAAGTTCATATGGCACCAAAAAAGAGCCCGCATCACCAAGTCAATCCTAAGCCAAA
AGAACAAAGCTGGAGGCATCACACTACCTGACTTCAAACTATACTACAAGGCTACAGTAACC
CAAACAGCATGGTACTGGTACCAAAACAGAGATATAGATCAATGGAACAGAACAGAGCCCTIC
AGAAATAACGCCACATATCTACAACTCTCTGATCTTTGACAAACCTGAGAAAAACAAGCAAT
GGGGAAAGGATTCCCTATTTAATAAATGGTGCTGGGAAAACTGGCTAGCCATATGGAGAAAG
CTGAAACTGGATCCCTTCCTTACACCTTATACAAAAATTAATTCAAGATGGATTAAAGACTT
AAATGTTAGACCTAAAACCATAAAAACCCTAGAAGAAAACCTAGGCATTACCATTCAGGACA
TAGGCATGGGCAAGGACTTCATGTCTAAAACACCAAAAGCAATGGCAACAAAAGACAAAATT
GACAAAGGGGATCTAATTAAACTGAAGAGCTTICTGCACAGCAAAAGAAACTACCATCAGAGT
GAACAGGCAACCTACAAAATGGGAGAAAATTTTCACAACCTACTCATCTGACAAAGGGCTAA
TATCCAGAATCTACAATGAACTCAAACAAATTTACAAGAAAAAAACAAACAACCCCATCAAA
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AAGTGGGCAAAGGACATGAACAGACACTTCTCAAAAGAAGACATTTATGCAGCCAAAAAACA
CATGAAAAAATGCTCATCATCACTGGCCATCAGAGAAATGCAAATCAAAACCACAATGAGAT
ACCATCTCACACCAGTTAGAATGGCAATCATTAAAAAGTCAGGAAACAACAGGTGCTCGAGA
GGATGTGGAGAAATAGGAACACTTITTACACTGTTAGTGGGACTGTAAACTAGTTCAACCATT
GTGGAAGTCAGTIGTIGGCGATTCCTCAGGGATCTAGAACTAGAAATACCATTTGACCCAGCCA
TCCCATTACTGGGTATATACCCAAAGGACTATAAATCATGCTGCTATAAAGACACATGCATA
CGTATGTITATTIGIGGCACTATTCACAATAGCAAAGACTTGGAACCAAGCCAAATGTCCAAC
AATGATAGACTGGATTAAGAGAATGTGGCACATATACACCATGGAATACTATGCAGCCATAA
AAAATGATGAGTTCATGTCCTTTGTAGGGACATGGATGAAATTGGAAATCATCATTCTCAGT
AAACTATCGCAAGGACAAAAACCAAACACCGCATGTTICTCACTCATAGGTGGGAACTGAACA
ATGAAAACACATGGACACAGGAAGGGGAACATCACACTCTIGGGGACTGTTGTIGGGGTGGGGG
GAGGGGGGAGGGATAGCATTAGGAGATATACCTAATGCTAAATGATGAGTTAATGGGTGCAG
CACACCAGCATGGCACACGTATACATATGTAACTAACCTGCACATTGTGCACATGTACCCTA
AAACTTAAAGTATAATAATAATTAAAAAAACCAATAGTTTATGAAACCCCCCCCAAAAAAAA
TATATGCCAGTGGCCTCCAGTTGCCCACCAGGTAGCATCCACATTCTITAATGGAAAGCCCT
TCCTTGCTTCGAACTTGCCAACTGGGATTGGACATTITGTAGTTGCATTTCTAAGAACTGTTIC
CCTITIGICAATGGAGCCTGATTTCCACTTGGATATCTGGGTGATTTAGGGAAACTGACCTC
AAAACCCAATTCTACATTICGACCATGTGACCTTIGGCTTAATCAATTCACGCATCTTTTTICC
CTCACCTCAGGGGATGATCATATGAACTAAGCCAGTTGCAATAGAGTAAACCTCATGTTICCT
AATGAGAAATCCAGAACAAAATGCTTTATTTTTICTTCAATTTTTTATTAGGTCATCTCCTGA
ATCAATTAAAAAAAAAACCAACAGTGACAACAAAACTAAAAAATATGAAGAAGCTGAAACAT
GAAAGCTCTGCCAACTGCAATATGTAGCTGCTAAGGTTGCTGTATTTATTGGAATCAAGCAA
GIGITCCAGTAAAGAGCACAGAAGATGTGTICTGGGAGCCTTTATGTGTAGGTCTGCAAGTGG
TGGATATCACTACTACTCACACGCCATTIGGCTAGAACTGAGTTGCATGGATACACCTAATTG
TAAAAGAGGCTGGGAAATAGAGACTATTGTGCCCAGAAAGAAGAGAAAATTCATTTATGGAA
GAGGTAGCTAGICICTCACAGCCATGAAAAGAGAAGTGTTTAGCTAATTGAAGTGAATAGCA
GCCATCTIGGGTICCCTAAGGCAAGTTAGACTAATATTGAAGTGGAAACCATGAGGAAAGCAG
TGATACTGAAAGTAACCGCATCTTTGAGAACATGCATTCATTTCCTACAACATGAATTTATT
GAGGACCTACCTITAATACAGGCAGCGTGCTAGACACCAAGAGAACTGATGTICCTICTTICCTIC
CTIGCCIGCCIGGAGCCTGTATTCTGGAGGGGACAGAGCTAGCAGATCAGACCTAACTGGAAA
TCTGCTGTGCCAGTATATATTTCAGTGATGTGAGCCAATATATCCCCTITGATTGCTCAAAGT
AGTTTGGTCGATATATTTTIGTTGCTTTAAATTGAACACATTCTTATGTACAGCCTCTGTCTC
CICATCTCCAACCAAGCAAAATAGCTTIGTITCTICTTTATGCAGGGACACATGACATTTCCCAC
GIGGCITIGIGCATATCTICCACCTCAATTTAAAATGCCTTCCAATCCCTGCTCAAAGTCAAA
CAGCTTAATAATGGTAGACATAGAATTTGACTTATTCTAATAATAGGTCTTTTAAACAATGC
CITCTICICITCATITCTITCCTITCTTAGAGTGGGTATTCTTTICTGGTGCATCATGTAAAGGA
AGGTAACTACATGCATGTAATGATGAGAATATTTATATGTATTTATGATTATCACAAAAAAA
CAAAGATTCTACCATTCAAGAGGAACATTTATTTTATTTTTTTATTTGAGAAAAGTATAATT
TTATTTATTTATTTATTTGTGCAAATTTATGGGGTACTTGAGAAAATGTGTTACATGTATAT
AATGTGTAGTGATCCAATCAGGATACTAAGGGTGTCCATCACCTGAGTGTATTACATTTITIG
TTAAGTATAATCATCCTACTCCAGGAGAACATTTTAAAAACTGTTCTGTAGAGATACTACTC
AAATTAAGTTCTCAGTICCTGAAACATCAGATCAGCTAGGAATCTGACAAAAATGCAAGTTCT
CAGATGACAGATGAGACCACTTCAATCAGAATTTCTGGAGTGGAGCCCACACATTTGTATTT
TTGCAACCTTTCCAATGATACTTATGTACATGCTCAAGCTTGAAAACCACTTITCCTAGGACA
TTAGTTCCTCGACAAGATTTGTGAGTAACCTTGTTTCATGAAAAAGTGTTTAGGAGATACTG
ATTCAATAAAAACTAATCAGGCTTTTATTGTTTGCAGGGCTTTCAAAACTTGCAATAGGCCA
CTGTGCATTGTTAATTTCTAAGAGGAAGATGCTTATGTCCTCAATGAATATCTTCCCACCAT
GAAGTACTICITCTICCCCCACTTTTTAAAACAATTACTAACACCTGGCAGAAGTAGGCAGAC
AGCTTACAGCTTAGAAAAAGTTGGCCTAAGATAATGGCTAATTTTCATACATTATTTATTTG
TCATCATGCTTATCTTTCTCTCTCTAAATTGTATATTTCATCTCTGTGATCACAGATTGAGC
CICATATTITCATATCTIGCCCCTGGCCTAATGGTTGTTTACAGAATGAGCTCAATGAATATTG
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TTAAGTGAGTAGGATTTAATTTATTTGATAAATAGATAACCTTAAGTTTTAAACGGTGGATT
TCACATGAGGACATTTACTTACTATTGTTGAGCTGTAATTAATTTTTAATACTGTTTAGGTA
CTCATAATAAAGAACAGGATATTTGGAGAAGGAAGACAGTATCATTCCTGGTTCTTAGTICTT
ACCAGCTITATTIGATCATGAGTATATAACCTICTICTIGIGGCTCAGTGCCTTTCTCTGTAAAATG
GGAACACAGTGATGTTICACCTCACAGGATTGATTTGTAAAAGGGCTGGATAAGGTTATGAGA
ATGTTTTGCAAAGTGATATCGAAAGATTAATTGCAAACTTCATTTGAATCTTAAATTGTTTG
AGATAGGTCATGCTATGAATCAACTATGAAGTGCAGATATTGTCAAGATTCAATATTTICTTT
CCCAAGAGCTGAGAGGAGGGGCTGCTTGTTTGTITTIGTITTICTITCTTTTTAGAAACATGCCAG
GACAGGCTICATTITICGGGTITTICCICTICACTTIGCTCATCTTACTTITTTCTTTAGTTTICTICTA
TTCATTAGGATACAGTACTGTAAAGCTTTATGGCATTTTTATTTTGTGGGAGATGAATCTGA
ATAAAGAATTACAGTTAAATCATTGCTAAGTTTGATGAATGAGCACCAAAGAACTCTTCAAG
ATGTCATTTTTAAAGTITTTGTAAATGATTGGCTTTCAGTGGTTTCCTCTAAGGAATTTTAAT
TTTGAATAATGCATAGAAAAATGTGCGCACACACAAATCATTCAGTATCCACCTCGAAGGGA
AATCAAAGTGCCTIGTGAAGTGAAACTTTACCTTITCTATATCACCAGCTTCCTIGTITAGAGCAG
ACTTTTTCTTTGCTCAAAGTCTAAGCATTGAAGAACTTCTITTTTAGTAGGTAGATTTTTGTG
TTTTTTTGTITIGTITTITTGAGACGGAGTCTCACTCTGTCGCCCAGGCTGTGGTGCAGTGGCAC
GATCTCGGCCCACTGCAAGCTCTGCCTCCCGGGTTCACACCATTCTCCTGCCTCAGCCTCCC
AAGTAGCTGGGACTACAGGTGCCAGCCACCACGCCTGGCTAATTTTITTIGCATTTTTTAGTA
GAGATGGGGTITICATCGIGITAGCCAGGATGGTICTTGATCTCCTGACCTCATGATCCACCCG
CCTIGGCCTGCCAGAGTGCTGGAATTACAGGCGTGATTTAGTAGGTAGTTTTGAGTAGGGAG
TATACATTTAAAATGCTGAAACTCAGTTAAGGAATAATCTAATACTGTATTCAACTGAAACT
CAGTTGAGAAATTTCTTTCCAATAATAAAGGAAAATCAACTGCAGTAATGAGGGAGATGATT
TTGCTGCTAATTACAACAAATATTTACTACAGACCTIGTITATGCACCAGGAACTGTGCTAAAT
GTTTTATACATATAACTTTATCTTIGTGCTCCAACAACTTATTACATAGAAATTGCTATTATT
CCCATITICTAGATTAATAAATTGGTTTAGAGGGGTCGTATAGGTGAAACAACTCACTCAAT
ATCACAAGCTGTTATGIGGTGAAGTTTGCATGATCAGTACAGGGTTCTGGTCATCCCACTCA
TTGAGTGGTGCTAGTCAAGATCTGGAAGCTCTITCTGGTICTITAGTITTICTICTAGCCGTGAAGTG
ACAATGATTAGGTCTAATCATAGAACATGAGAGTACATGTGAAAAAATGCCTTTTTAAAGAG
TATGAAAAACTTGAGTTGTAAAATTTTCTTGTGGATAATTTATTATTGCTTTTCTTTTTTAG
ATAACACTAACAAAGTTGACCTTAGAATTGGAGTGCCTGGGTTAGAACCCTGCTGGTACCAC
CIGCTTACTGGCATGCTTICTGATGTGAGTTCAGGAGAAGACACTGGCAAGGACAGCAAAGAA
CAGGAGAACACTCTAGCTITCCCTGATAGCATTCAAGGTGCTGTCCAAAGCTGACTGTGATGG
CACCCTCCAGACAGACAGCGATGCCACATGTTCAAGATGGCAGAATCACTATCAGCTTCAAT
TCCTGAATGACTGCAGAGCAAAATTTCTITACCTGCAACATACACTCTATITTICAGCCTCCCT
GGACTGTTACATAATGATACATAAAAATATTTCTTGTGTTGAGGCATCCCAAATTTGATTTA
TTTGTCATCACAGTCTATCCTATGAATATATTTCTGATCCAAATAATGCTAGATTCATGAGA
GITTATAGTCCAGAGATTITITTITITITITITTGAGACAGAATCTGTCTCCCAGGCTGGGGTG
CAGTGGCATAATCTITAGCTCACTGCAACCTCTGCCTCCCGGGCTCAAGTGATCCTCCCTICCT
TAGCCTCCATGAGTAGCTGGGACCACAGGTGTGCACCACCACACCCCGCTAATTATTITGTA
TTTTTTGCAGAGGGGGGTTTCACCACATTGCCCAAGCTGGTCTCAAACTCCTAGACTTAAGG
GATCTGCCTGCCTTIGGCCTCCCAAAATGCTGAAATTACACTTGTTAGCCATAGTAATAGTTC
CTAGCCATAGTCCGGAGATATTTTAAAAACTTTAGTGTGAGTTATTTCTCTTTGCTATAATT
CICICATGCATITTIGAAAACCTTTITCTGCCATACAGTIGGTTTITTGGGAAGTCCTTTTGGACA
GACATATCACAGGATGGAGAAACTAAAAAGAGAGAATGCATTAAAGAAAAAATAGTACTTCG
TATTTCAGAAATTACAAAAGGGTGTCATGCCCCACAGCATGGTGGGCAGTCATTTGTAACCC
ACAGAACATTGAGTTTICTAAAATTTGAGTGTTTTTAACTTACGAAGGCCAACTTTACTGATG
AAGTGATTACCCCAAATATGTGAAATCCATATTTCAAGTACAATAGTAGGAAATTGGAAATG
GGGCTCTIGAGTITICIGCTITCAAGTGACCCTCAGAAATTCCTCCATTCACTGCAGAGGTTIC
TGTITICTCCTTIGCTTTGTTCTGACTTITACGGCAGAACTAAGCTAATGAGTTAGTTACTATGG
GITATCACTTIGGATTTGAAGAACCATCATTTCTAGGCATTGCTGCTCAGAGTGGGGTICTGCC
CTCAGGGGAAGCTGTCTAACCAGAGCCTAACCCACTAGGGTTTTATCAGAACCTAACTGACC
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TGAGGAAAAGAAATACTCAACTCCAGCAAGCTCCAGCCTTCCAAATGGAGGAGGAGAAAACC
CAACTCCAGCCCACTTICAGCTATCTTGTCCCACATAAAGGGGAAGTGGAAGAAACCTGAGAA
GCAGGCATGAAGTTICACATGTATTCCACACCATTTCATATTCCATCGCATTCCATTCTACAC
AATTCCACATCTCCCCGGCCACATCAGCCTGAGAGTAATAAACAGACCTTGCCATCGTATCC
CCTITTIGGAGACACAAGCCAGGAAGGAAGCTCTTCAGTGCAGCTGTGAATAGAGAAATGCTG
GCTGAGGTITITGGAGACACTGGGTGATCATTCCCAGTGAAATTTTTAGATCCCTGGGGACAT
GAGCTGCITIGICITITCCAAGGTCAGGATAAACAGAATAACTTCAGGCTTCTCTACCCAGA
AAGAACATGTGGCATAAATATCAACTGCAGAATAAATATGATTAATCTGGTACATGGACGAA
GATGTITICTAGGAGATGCTITATCCTGGGATGAGAGCTTTCATAAGCATTGATATTTACATG
ACTCITACCGIGIGICAGGAACTGTTCTAATTGTTTTACCTATGTCAATTCATTTGATAGTC
ACAACCACTGAAAGGAGTAAGTACTCTITATTACTTCCATTTTACAGATAGGGAAACTGAGGT
ATAGAGAAGTCAAGTGACTTGCCCGAGGTTATTAAACTACTTAATGTCAACACCAGGATTTG
AACCCAGATCATTITGTITCTGAAGTACATGCTCACAATCACTGCATTACTGATACACTGTTT
TGTICTTTGCATACTTAAGTGGTCATAACTTAGTCTGAAACACTTITGTGAGAGCAGGAAGCAA
ACTGICCCCTTATTAGGTGGACCAGTATAGTGATAATACAAAAGTGTATTGCATTTGAATTA
CTTGCTAATATCTTCTAATTGAGGCAATTTTGAACAGGAATATACATATCTAGCCTCTATTT
TTCTAGCTAGAAGTTCTGAAATCCCTIGGGCTTAATATTGTATGGCAACAATTGGCTGGAGTT
GAGTITGCTIGCCACTCICITITAACTGAGCCATGCTCTICTICTAGTTTGCTACAGGCCCCACCA
CICCCTATTGCCTCTCCAATACCAGGTCATTTGGCATCTTACTCAGCTCATTTCATGCACAT
GIGITCCACAATTGGTAACATAACCCTAAAAGTATTTIGAGTTTIGIGGCTTICTGCTICTITGTGA
CAGAAGACTITICICGAATTCCAAGGTCAACATATACCATATTGACTCTGGGCCACATTTTT
TAATGTGCTCAAGCTCAGTTTTITCTCCTTAAAAAATGAGGGGTTAAAAATAACACTTCGTAG
TTGCCTCATCTGTGGATTGGAAGAATGAATGCCTGTICATITCTAGAGTTGTAGTAAGGGCCA
GITGGGGCAGTGCCTGTGAATATACGCAATGGGCCATCAAGCAATCTCAGGGCTTCAGGCAA
TGCTGGGGTTTATAAAGCACTTTATGTTTTAAGTTCACTTTTATTTCTAAAGTCTCATTGAC
TGCTCTGAAAATCTCTCAAGTAAAGTGGGCACTAAAGGCTTTATACTCTCTCCAATTATACC
TTCCATTGTATAGATTTGGAAGCTGGGGTCCAAATGTGTTAAATGACTTGCCTAACATGGTC
CATTACTGTAAGTACAGAAACGGAATGAGACCCCAAATCTGCTTCATGGAGGGACACTCTTIC
TAAGATACTGTGATGCTTICTTCCCAAGTAATTCCGICTITCAGACTTICAAGGTCTCAATTCGA
ATGACAATTCAATATAGGACTTTCATAATCTTAAAAGCAACCTGACAGTCATTACAGTGGGC
TGTGAGAAATACTAACGCAGAGCCACATACTCTGGGCTITCATGCTAGGTITTIGCCACTCACT
ATCTTITGCTGAAAAAGTTTITGGAAGCCCTCCTAAGCAGGTGCCAGACCCTTTTITTGGCCAGA
GGACAGGATCTTACGCTGTIGCCCAGGCTGGAGTGCAATAGTGTCATCATGGCTCACTGTAG
CCTGGAACTGCTGGGCTCAAGGGATCCTCCCAGCTCAGCCTCCCAAGTAGCTAGGAGTAAAG
GTACATGCCATCATGCCTAGCTTTITTTITTTTTTTAATTTTTGGAGAGATAAGTTCCCATCAT
GITGCCCAGGCTIGGTCTCTAACTCTTGGACTCAAGTGGTCCTCCCACATCAGCCTCTCAAAG
TGCTGAGATTGCAGGTGTTAGCCACTGCACTIGGCCTGGCCCCAGTATTICTTTGGGATCTIGG
AGTTTIGCTGTTGAATGAGAAGGCAAGATGAAATTCCATGTAGTCAGACTCCTACGCTGCTGT
TCTAAGCAGGGTTGGGCCTGATTAGTAGGTTATAGATGATGTITTITTICTIGTIGGTGCTATCTIGG
ACCTAGTIGCTCTITGGCATCTIGGGAAGGTATGGCCTTTAAAAAGCAAACTGCCATGAGAACT
GCTCTACCCCAAATTTITGGITCACAGCCTTCATTTGATTATGTATTGGGGCAAAAATAGTTT
AGCCATGTGAACCTGTITGTAAACTGGTGAGTTTCTATTGCTATTTCATAGCTAAAGTTTTG
AGGTAAATGCTATTGGATCTTTGTGTCTGTGTGTGTATACATATTTAGATTTTTTTTTITTTT
TTTTTITTTTGGTTCTTTGAAACATTGCTGATTCTTTTTGTTTTIGTTTTTCAGAGTCTGGAGA
ACACTTITICITITGAGCTIGITTACAACCTTTAGCAATTGAGTAGAGTGTACTCTTGTCAAT
AGAATTTGAAGCACATTTICTICTCTCTGCCTGATTTCTGTAGAATTTGTAAACTATTTGTGAA
TATTCTTAATTTATGGCAATATGGTTGCTTACATAAGTTCAATAATAATCTGTITTTICTTITTA
CAATGAGACACAGTTGGAGGAACTGGTTATTTTCCCAGGGCTTTGACTGAAATGGCCTTGTG
AATGGTTCCAGGAAAGCCAATTTTGGAGACCCTATGTGGATGATGATGCTTGCTGTACTTTC
TGTGGGTAATCGGGCCAAGTATATGGGACTGAAGCTAATTTTGCAGGGCAACATAGAGAGAC
TTGAGTTCCAGGGGGAAAGTTTTAGGATGGAGAGAAGCCCTCACTGGACTGTGATGTGGGGT
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GAGAAAATGGAGGTCCAGAGAGAAAAGTGACTCACCCAAGCTGAAAACAGTTGCAGGAAGAA
AAGCCAGGACAGAACTGGGCTIGTTAGAAACCTTGGTAGTGCACTTTTGATTTCACTCTTAAA
ATGCTCAAATGTCTITITCTGACAACATGTAGGGAGACCTGAGGTTGGACCTAAAGACACCA
TATATTGGATTCAGTGCTTCACACAAGTTAATCTAAATTATGAAGGAGTACACTAAAGATGA
GGAACTGAGTCACCGCAATGCCAAATGTAACACGCTGTGGGTCAAAATTTGGATGGTTGCGT
TGGAAATTATTCTGAAGCCACAGACAGGGCTAAAAGGAGTCTAGAATGTCCTACTAGCTGTT
GGAACCTGCTIGGAGTICTAAAGGCATGCGATGTICCTGAATGTGCTTGACCAATGGACACAGC
AGGTATTTGAAGAGTTITTGATGCTTCCTTTCTGTTTTCAGTGCTATTTTTTTGCTTTATTTC
TTTTAAAAAACTTTCCCCACAGAGGCTATTITATTACACAGCAGCAGCCAGCATGCACCAAGC
AGAACTGCTTTTCATAATAAACCTATTTATCTTCTGGCATGTCAGAAATTTCTCAAATTGAT
ACTTATAATAAATATGATTAATAACACATTGTATTTCAGTTGTTGCCGTAAAATAATTGGGA
ATAAATATCGTATTGTGATGTITGACAGTGTCAGGTTGGTTGGTGCCAAACAGCGGGAGCAGC
CAACTGTATTTCATTAACAGCCACATTGCTACAATGCTATTAAGTTTTTCATAATCTCTTCT
GCTCAAGGTTIGATCATTCATTCTGTTAGACAAATTCTTGCAACAATCACACTGGAAGTAAAT
CTGCCAGCGACAATCTCAGCAAGATGGGTTCTCAC-5"

<128128655> (SEQ ID NO: 1)

>CCAT1_JAX_ 2 Transcript sequence; Genomic location:
chr8:128128655-128232653 strand: -

<128232653>

3'—

AAGGATTTAATGGCAAGATGCCATTATAGACAAGAACAGGATTCAGACACTTTICGIGTITATG
TGTTCTTGTCCAAATACTGTIGTICACTICTGCACTGGCATCCCAATCCCACCAACACCTTTAGC
AGGAACTTCCIGITICAATAACATTTCTCAATACTCTACCTGATTGCTTAGAATCCATGAGA
CAGCCATATICICCATGICTAGGTCCCTATCTTATTTTTGTTGAGATGGTGTTAAGACTTTA
TTTGTGAGGCTTCTGGGGAAGAGGAGTAAGGTATTGATCCCACTGACTGGATAATTTGGGTC
TCAAAATGGATAATAAATAAGCATTACATATTITTGACCACTTCCTTGGAGGAGAACTTCTTG
GAATGTGCACCATGTCCGCTIGCACTTTTITTTGCACAGATATCTAAGTTGGAGAAACATACTA
CTAGATAAATCAATTIGITCTICTTAGTACTCATGATATGGTTCCTGGGAACTTCTGATTCAC
CAAATTAATCTTGGCCAGGTACATACCTGGCAGGAATCCAAAAATTCCCCAAGTCTCCTTGA
AGTTCAGGATCATCATTICITAATAAATACACCGAGGGAAAAACCATGGAGAGTTTGTCCCAG
ATGCTGTGAATCTGGCCCGGGGTACATGAAGAAGTCCTTAATTGCAGTCATTTACATGGTAG
ATTCTCTATAATCATTTAATTTGCTATAGGTCTATGATTTTTAGTCCTTCTTCTCTAAATGA
TTGAACATGTATAATTCCCATTTCAATCATATTACCTGGATGAACAAAAGTAACGCTAGACT
CATTCATGCATICIGGTTIGCCAAGGAAAAGGAAAAAAAAACAAAACAATCAACAGGATGTTT
AAACTGTICTITAGGGCAACTTCAGGCCATAGTCACTGGTGTTCTTGCAGACTATGAGATATTT
TACATTCTGATAAGGGATAAAAATTCGTGCCTCACATGGCTCCCATCACACTAAGATCTTGC
AACAATAACACTACTGATTICAGACATTAATCTTAAGTATCCAGGGAGCCCTAAAACATTGTA
TCCCACTAGCAAGGACCATGGTAATTGCCACGTAAATCCCCTICCATTATGTGGCCCTTATTA
TGACCAGCCAGCCAAGGCTTGCCTITTAAATCATACCAATTGAACCGAGCCTTGTAGAAACAC
TATCACCTACGCATACCTICTIGCTICITITCATTAACCTIGCTATCCTICTITTACAAATGGGATT
CTTCACCCACTCCCTTCTTCTAGATTAGCAATGCCCTGTTAAGTAAACGAACACGAAATTCA
AAGGGAAACAGGAGCAATCATCATTACCAGCTGCCGTGTTAAGCATTGCGAAAACGCTCACG
ATTCACAGAAAAATCCATGCIGTTICTTTGAAGGCATTCAAGCCTTAATAGCTAGCTGGATGA
ATGTTITAACTTICTAGGCCAGGCACTACTCTIGTICCCAACAATAAGCCCTGTACATTGGGAAAG
GTIGCCGAGACATGAACTITGGTICTITCTCTGCAATCCATCTGGAGCATTCACTGACAACATCG
ACTTTGAAGTTIGCACTGACCTIGGCCAGCCCTGCCACTTACCAGGTTGGGCTCTGTATGGCTA
AGCGITITCTCCTAAAATCCCTITGAAAACTGTGAGAAGACCATAAGAAGATCATATCTTTAA
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TTCTATTTCACAAGTCACACAATATTCCAATCAAATACAGATGGTTGAGAAAAGTCATCCAT
CITCCCTCCCCACCCTICCCACAGCCCCTCAACCACTGCCCTGAAACTTATATGCTGTTATCC
GCAGCTCCATCTIGGAGCATCACAGCTACTGTCAACCCTGACGCTCTTTCTGAAAAAACACCG
GATGGACATCAGAACTATTTICTTTAAGGATGTTACTGAGCCACACAGGAAAACTTGCCTTAT
GATTITTGAATGCACGGATCTGATTTGACTAAACATGATAACTAGAGAATCACCCAATCTACT
CCCATITICAACTCTAAATCATCAGAGTGTCTCAAATCCAAAGCACACACAGACCAGCCTGG
CCAACACGGTGAAACTCCACCCCTACTAAAAGTATAAAAATTATCCAGGTGTGGTGGCGGGC
GCCTIGTAATCCAAGCTACTIGGGAGTCTGGAGGCAGGAGAATCCCTTGAACCTGGGAGATGG
AGGTTGCAGTGAGCAGAGATCACACCACCGCACTCTAGCCTGGGCCACAAATCAACAACAAC
AACAACAACAAAAAACAAAGCGCACACAGAGACTGAGGTCCTICTTTGGCATTGAGAAGATGG
CTATGCAAGTCCCAACTAGCAAGTGCAAACTTCCCAGCTTCACTTICTGCCAGTGTICCCTTCA
CCCCTICICAACCCCACTGGGAGGCAGGAGGGTGCTTGACAATAACAGCCTTGGCATCACTC
TGCCAGGGTGTAATAGGAACTGTTACAATTICTGAGATTCTGTGTAAGCACTGGCCTTTICTGC
CTAGAATGCCTICICCTCTCTTITITTAACTGCATGCTCCTATTTATCTTTCAAAGCCCGGAA
AAAATAACACTGCACACGGGAAATGCTCCCTTCCTACTGCAGTCATTTAGATGACTCTATGC
CATTICCATTCATTICICITICCTACCACAGAAGTGCTTTGAGATTTTGGAGTCAGACTGCTT
GAACTTGAATCCTGGCCCTCTCATCAGAGACTTGACTTATTTTAGGCAAGTTATATAACCAA
TTTTACCTCAGTTCCTTACCCATAAAATGGGTCTAATGAGAGTACCTACCACACAGAATTTT
GATGAAAACTGAATGAGATGAAGGCCTTTAAGGCAGTGGTCCCCAACCCTGGGGACACAGAC
AGGTACCATTITGTGGCCTIGITAGGAACTGGGCCACACAGCAGGAGGTGAGCAGTGGGTGAG
TGAGATCAGCGTTATTTACAGCTGCTCCCCATTGCTCACCTTACTGCCTGAGCTCCACCTCC
TGTCAGATCAGCAGTGGCATTAAATTCTCATAGCAGCACAAACCCTGTCATGAACTGCACAT
GCGAGGGATCTAGGTTIGTIGCGCTCCTTATGAGAATCTAATGCCTAATGACCTGTCACCGTCT
CCCATCACCCCTAGATGGGAGTGTCTAGTTGCAGGAAACAAGCTCAGGGCTTCCACTGATTC
TACATTATGGTGAGTTGTATAATTATTTCATTATATAATACAATGTAATAATAATAGAAACA
CAGTGCACAACAAATGTAATGTGCTTGAATCATCCCCAAACCATCCCAGTCCACGGTICTTCC
ACATTITIGICITITCACAAAATTGTCTTCCACAAAACTGGTCCCTGGTGCCAAAAAGGCTTG
GGACCACTGCTITAAAGCCTITTGCATAGTGCTTAGAATTGAGGGGGAAAAAAAAAACAAAAA
CAATGTAGCTAGTIGCTACAATCACTATATTGGTGAGTTTCAAAAGGAAAAGAATTCTGTCC
CATTTATGCITGAGCCTTIGAGTTGCTAACCAAGCCTGACACAAAATTACTGTTGAAGGGATG
TGTGAGTCCTAATTGAAATGAGGCCTICTITAAGGGAATTGTGGACCAAACCCCAAGCAGGCAG
AAAGCCGTATCTTAATTATTGCAAGTATTTCAGGCAAGGTGTGGATGGCCATTTGAATTCAA
GCAGACTAGGACCTGGGATGAGAAAGAAGGTGTIGTACGTIGACTTGATCTTTGAACTTTAGCT
CACCATCTGGAAGAAGGCTGAGTATTCTICTGCACTCACATAGTAGCTAATGCCTACTCCCCA
GCCACCCACAATTCTITCTGTAGGAAGGCTCGCTAGAATACTTTGTGATATTGGATATTAGT
TCCATATTCTACTGTGTATCTTAGTTCAACCAAATTGTAATCATCTGATATTTATTTCTTTT
AATATAAATATAAGTATATTAAGTCTTGGCATGCTTGCTCAGTCTCTCTCTCTCTCCCATTC
CTICCCCGCTCCCCICICICITTCCCAACAGGCTTGGAAAGCAGGCATCACCATGCCTATTTA
ACAGTTGGGGTICCCITGGCCACCAGGTGCTGGAGTAGGAATCTGAGCCCGGACATGCCTGAT
CIGTAAATTITGTGTITICCCCACTGTIGCTGGGCAGATCACAGCTATCAGCGCCAAATTCAT
AGAAGGGGCGCCCCCTGTGGTCAATTGAGGGATTTGTGTTTGAGGTAGATCTCAAGAAGGAA
TGGGTGGGGAACTTAGCCTAGGACAGAGCAGAAAGGAGCCCTCACTCCCCAAGCACCAACGG
CCTCAGTCCITCCIGCTGACTCCAGCCTCTAGCTCTCACCCAGACTATCTGCATCCTTCTICT
CCACCACGCICCTITGGAACCTGCGTAAAACACAGATTAAAGGAATTCCGCCTTACTTCCCT
TTCCGCATTATGACCAAATGGTITTITACACTATCATTGAACAGTTTAGTACAAAACATGCCAC
CITITAATCTATTCATTCATTTAACAAATACTTTGGAGTIGTITTACCATGTGCCAAGTGCTGT
TCTAATAGACATAAGCTGTGAGGTITATGCTITATCTGATTCTCACAGCAACAGCTTTCGAGAT
ATGAATTGGTATACTCATITGACAGATGAGGAAATTGAATTCATGTAGTGAGAAGGAAGAGC
TGCAATTCAGGGTTACTGGTTICTICCTGCACTAAGCACTGAGCCACACTAGAAGAGAAGGCA
TGAGGAAGACAAAAGTGAGGCTGIGGCTITGCCTITICACTITCTIGTIGTICCTGTTITAAGAAAT
ATCTGCTATCCCAAGGTAAGATACTATACTTTTITTITAACATGTTATTITTIGTITTITACCTTTCA
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CATTTGGTGTATACTACATTTGTAATTAATTTGTCCATATTATATGACATATAGCCAAGATT
TATTTTTTACCATACAGATACTCAATATTGCCATTTACGTAGAACATCGTTCTCTTCCTACT
CAATTGCCTTGGCACCTTTGTAATAAATCAGATGATCGTGTATGTGTAGTTCAGTTTCTGGA
CTCTGTCTTCTGTTTCTTTAGTCTATTTGCCTATTCTTGTACCAATATGCACTGTGTTAATA
ATCGTAGCTTITGTAGTAGGTCTCGAAATCTGACAGTGTAATTCTTTTAGTTTCTTTCTTCTG
CAAATTTTCTTTAGCTGTTTTACGTCCTTTGCATTTGTATATAAACTTCAGAATCAGCTTGT
CTATTCCAAAAACAACAACAACAAATGAAAGTTTCAGAAACTTTAACTGAAATTGTATTGAA
TCTGTAGACAATTTTGGAGTAAATTGCATCTTAGCAATGTAGAGTCTTTCGAACCATAACCA
TGGTAAGTCTCTCCATTTGCTTAAATCTTICTTTAATTTATTTCAACAATGGCTTCCAATTTC
CAGCGGGAGCTCTTGGAAACTACAATTTACATGAACTTCTAATTTGATATTTTTCGGTGTCA
TTATAAACATTGTTGTTTTAAAAGTTGTCTTCAATTTTTTGTTGTCAGGCACAGAAATACAA
TTATTGATAACATTTATATATAAACTGTATCCAGTGATCTTGCTAGATTCACTGATGAGTCT
GATGTTGTAGATTCTTTGGGATTTTCTCCGTACATAATCATATCCTTTCTGAATAAGATAGT
TTTACTTCTTCATTTTTAATATCTATGCCTTTTATTTATTTTTICTTTTGAACTTTTTGCTGA
CTTCATTATTCACTCTCATGTTITTITCTCTTTCATTAGACTATGACTCCTCGATGGTAGCAAT
TTGTAGTAATCAAATTTTTGTATTTTATTTTAGCATCTGGCATCTTTCTTGACATATGTAGC
AGTTGCTTTTTGACAGCTTGCTTCTTCAGTGAATGAATAAATTAATAAAGAGAAATGTGATG
TTCAGTGATCCATTTTGCAGGTAAGAAAACTGAGGCAGACAGAGGATGTTAGCAAGCAAGAG
GCCITGGCCTACAATTTAGATCACTGGACTCTTACTCCAGATGCAATCTGCAGAACCCACAT
ACTTTITAATTAGTICCCITIGICTATGTTICTGCCACTGTCACTTCTAAGGAAGGTGTGTCATC
CCAAATGGGGTAGTATCTITATTGGTAGACCTAAATCTGCTGTGTTCGCCATCTCACCTACAT
GAGTATCTATGTGTAGCATTCTGCATATTCATCTTTTCCACCTTCTGGAGGTTTTGTCTTTT
TATAGGCAGCATGTGAATAACAATGGGGCCAAACTGGGGACCAGAAGGGGCCATTTITCTAGT
TCTGAACATAGATAAGCATCACTAACTITICCCICCTGGCAGTAATGGCCTCAAAAGTTCCA
ACTTAGGAGAAAAAGGCAAAACCGTCTGCCAAAGTGTGTGAAAAGTTAGAGCAAACCTTGGT
TTTACCAAGAACCTGTGTCCCTCTTATGGAAATTCACACTTTCACACTTTTAGACAAATATT
AAATGTGTGACATTCTATTACGTACAGTGCCTGGCACATCTAGACACGCAGCACACTTTAGC
CCCCTICITICITCTICTAACTCCAAGTTCTAAACTAGAAAAAGCCCCACTTGAGTCTGAGA
TTTGCTTTTTGAACTAGTTTATTTCAGATTGTAATCATGCTATCTAGGGTTGTGACAGTGTT
TGCTATTTCTAGGGCACTTTGACCTGATTCTTITTITGCACAGGAAACTTIGTITCTACCCTITTTIG
CCCACTTCACTGAAGTGAGGACTGAGACAGAGAAGGATTAAGTCACTTTTTATTTAACAAAT
ATTTGTTCCACATTCCTCAGCATTTATTAAATACTGGTGCATAATGATGGAATAAATTTTAT
ACCGTAAGGATAAACCAGTATTCTGGACTAAGCCAACGTGGGAGACCCTAGGAGGCCTGTTT
GAGAAAGTGACATTITAAATTGAGACTTIGGCGGTIGGCTGTIGGCTACATATCTAGTAAGTGGCT
GGGITGGGATTTGAACTCATGCCTGCTTAGCTCTAAAGATGATGCTTTTGGCTTTGTACTCT
GCTCTCTCTCTAGACAAACTCTGGTCCAAAATCGTTAAAGCTAACATTTATCCCTGCCCAAC
TGGAATTGTCATGTTATGACAAATGGCTICIGIGGTCTCAGATGCCCAGCAGACCCATTAGTG
GAATTCTATGTGCTACAGACCTGGGCAAAATGCCAGAGCCTTATACACCCATCACATTTICGT
CTGGCAAAGGTCTTCAACAAAGAGAAGTAATTACAGCAATGAAAAGCAACAGGTCCAGCAAC
ACCATAAGAACAAAATAATTAATTTCCCTAAAATAGAAGAAACCATTTATAGAGTAAGAGCC
GATACAATCAATAATTGGAAGAAATAGAAGAGGCTTTAGTATTCTAGCCTTCTTTATTTGTA
GATGTAAATGTCGAGCCTCAGAGAAGTTATATATCTAATTAGTGTCACTCAGGTAGATAACA
ACAGAATTAGGATTAGAACTTAATTCTTATGACTCCCAGAGCAGGGAAAAGACAGGATGAAG
TCCCAAAACATTGCGTGTGAACTCACATCTGACTCTGAATTGAGAGTCTGCTATTTACTCCC
TATGTGACCAGAATCCTTCAGAGCCCATGAGATTCCCTGTCATAGAGTAGATTTTGATCCAC
ACTAGGCATTITTACCICITGCTICTITTGAGTTGGTGCCCCATGTTTACTCAGAAATATTCCA
AAGGTGTTACATCTATTGGTTTTACATGTTGAGCACAGATCATTATAAGACAAATTGAAATG
AAAACATCAACAAGTCTCATTCATTGTCTAACTTACGCTGAGCAATATTTAATAACTAGAAT
ATCAAGAGAGTCCAAAGTGTITGCCCATCCCCTCAAGACCAATGTAATGGAATTTTACTCTT
ATCACCTIGCTCAGGGTAGTGGCAATTCAGGATACAGAGGACAGAAATAAAGAATCATGACAC
ACAATCCACAGAATTCACAGATGCCAAACATCTACCCTTICTICTGTCACCACACATTGGACTC
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ACATGGTGGAAATAGGCAACACAAGCAGAGAGGTGGCTTAACCTTITCATAATTTTTCAACGA
CCTATGGGAAGAGAGTTITCTTGGTTCAAATCCCAGCTTAGCCACACAGAGTGTGGTAATAT
TGGGCAAGTCAACCAAGCTCTICTGTGCTITCAGTITCCTCATTATTAAAATGGGGGAAATAAT
AGTGCCTIGCATCAGAGGGTITGTTGTGAGAACTAAACGAAATAATTTATCTGAGCTTTAGAAC
CCACACCATATTAGTTAAAAATTCATGCATTTTICTTITTATTATATTTCTCTACCTTAGACTG
CAAACTCTAAGAGGAAAGGCCGGACTGTTATATTCATAAAGCATTACAGGAACAGTAATTAG
AACTAGGAGCTITITCAATGGCCTGCCTGAAATCTGAAAAATAGGTATATTATTTGAAATTTT
GAAAAAATCAAATAATTAAAAATTAATAGATGTTAATAAAATATCTGTAATATGTAATATCA
AGGTCAACTCAACTCTITAATTGTTTATATAAAATATAGTGAAGTTTAAATTGCAAAATCTTA
CAGAAAATGTGCTATTAAAACTCAAAAGTATAATTCTTTCTAATATGTATATATATGTATAT
AGTTITATTITTAAGTITCAGGGGCACATGTGCAAGTTTGTTACCTAGGGAAACTCACGTCACA
GGACTITGTTATACAGATACTTTCATCACCCAGGTATTAAGCCTAGTIGCTCATTAGTTATTT
TTCCTGATCCTICTCCCTCCTCCCAACCTCCACCCTCAGGTAGGCCTCAGTATCTCTTIGTTCC
CCTCTATGTGTTICATGAGTICTTATCATTTAGCTCCCACTTACAAGTGAGAACATGTGGCAT
TTGGTTTTICTIGTITCCTGCCTTAGTITTIGCTAAGGAAAGCACTGTGGCAATTTCTCAAAGGACT
AAAAACGGAATTACCATTCAACCCAGCAATCCCATTACTAGTTACGTACTCAAATATTTTTA
AGGCAAAACAAAGCTGCAACCAGAACACCTGGACTCCCTGAAACCCCTTCCACTGATGTTGT
TGTTGTTGTITICTITITTICCCCAGCTICTCAGGCCAAAATACTGGATCATCTTIGGGCACTGTT
CICICCTGCCCACCCITICCCATATGCAGAGTGTTIGICACTICTCTICTGCTTCCACTGCTAA
CTICCCIGGTCCAAGCCGCTGCACCACTTTTCGTGATTATTGCCACAGTCTCCTCACTGGTTIC
CCTGCCCCCACTCITGCTICTGAACTATCCAGTTAAAACCTGAATTAGATCATCTCATCCTCA
TCTCAGAGCTTITCTICGTIGGCTCCICTIGCCCTCTCAGGAAAAAATCTAAATTCTAGATGACCT
AAAAATCCCTIGICICITACTIGTTTATCTGACCTCATTTACTACCACCTTTITICTTTGATCA
TTCTGTTCCAGCCACACTGGCCTCCTITACCACTCCTCAAATATGCCAAGCACAGCCCCCACC
CCCCAGGGCTITTIGAACTGGCTGATCCCCCTTCCTGGAATGCCTTACCCCAAATATCAACTTA
GCCAACTCCCTCCICTICCTCCAAGTGTICTGTTTAAACATGGCTTCAGTAGGAGCTGTICTTAA
CATCCTATTAATATTGTAATTCCTCTCATGACACTTTACACCCCCTTCCCTGATATGCTTTIC
CATATACCATGCAATATCTGCTGAGATAATATATAATTCACTTATTTTCTTTATTGTCATTT
CAAAGAGGGCGGTGTGTICTIGTGTITTTATTITAGTGCCAAAATACTTGCTGATGAAGAGAGTT
CCTGCCACATAGTAGGTGCTCAATATGTGCTTGTTGAATAAATGTGTCAATGTTTGATGTAC
AGACCTITTATTATGTITGATTITGCTGCCAGTGCTGCCTCCAAACACAGGAGTGCTTCATGA
GATGTTCACAAAAGCTCTTAAAATATTCCACAAAAATCTTAAAATATTTCATGAGTTTTICTT
TCCTGTATTTTITATAGCAGCATCTGGAATTITAGCCTGCATAGGACCCTCTGTAAGCTGACCC
TGTTTATCTATTCAGCTTTACTITCTCCCCICICTICCACTITGTATITTATTCTCTACTACTT
CCAACTGATTIGTAATTTGACCAGACTCCAGACTATCTTATGCCTCTTTGCTTTTGTTTACCT
GITACTITCTICTCTGGAATTCCCTGCCCCTTCTTAATTTTTCTGGCCAATTCTCACTCTCTAG
GACTCAGAGGTITCTCCTICAGGAGACTTCCATGAGTCTCATGTTGAGTTAGGTGACCCCAAT
CCTCTGTICITCATAGTCATTCGCGCATTTATCTAGCTCAGCATTTGCCATACTACATTGAA
ATTATTTCCTTATGTIGCCCATCACTCCCCGTAGATTGCAAACTCCTAGAGAAGGGCTCAACA
GTGAGTGCTGAGGCTGCACAGAGGAGGAAGGCAGCACAATGATGGAAGGCTTCCTAAAGAGG
TATGTTCCAAGAGCCCCCACTICCTITCATGGGAGACTCATGCTGTITACACCTAGACTATCT
AGGGATACATCTAATGTAGTCGTGGAAAGAACAGAGGACTTGAGTACTAGACTGACGTGATT
TTGAATCCTGGCTCCCTATTGACCAGATGTIGTIGTICTTGAACAAGTCCCTGAGCCTCAGTGTC
TTCATCTGCACAGTGAGGATAATGATACCACACTGCATATATGAGGTATCCGGCACATGTAA
ATGTCCACTACATGCTGATTICTTCACCCGCTACTCACCCCTGGGAAAGAAGTAGACTCACC
TACTCTTGGTACCCATTCATTCCCCCTCAGTTGGAAGCATGAGGTGTGCAGCTGCCTGACCT
GGGGGAAGGGCTGCAAGCAGTAGGTGTTGTCAGATGTIGGTGGAGCTTIGTTGACTTICCTCCCA
GGGGCCCAGCTAACAACCTGCCTICTIGTTCCTTGATAGTCAAGTTCAACTTTCACTTCTTAGC
ACCACAGGAAGTTGACTGAACATTAACTGAAGTCTCTCTCAAACAGGAGACATCTTTGCCAG
GICCCIGTACTICCTAGCCICATTCCTGCTCTCCCTAGTGAGCAGGCTGCCCTCCCTTICTCG
CCCCAGCACCACTGATAGGCAAGGGTACTCAGAACTACTACCTTGTGGGCCATGTCATGTGC
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CAGGAGCTGCACCCAGGACTTTAATACAGTAGTTGGCTCCCACTGAATGTTCATTGTTACCC
CAGGATAAAAAGGGGACACTGTGATCATTTTICTATTITTGCTGTIGATCAGGCTTIGGTGAGCTA
AAGTCACCTACCTITCCCAGTCTICTACTAATAGAAGTCATGGATCAGTCCTATTGGTTCTTICT
GTTACAAGGATTCAGAATTCATAATCATGGAGCTGCATTTACAGGCAGAAGTTTCTITTCATA
GITITCTAAGTGTICCTITTAGCAACAATGGAGAAAATCAAAGAGGGCAAAGGTGAGGGGAG
AAAATAACATTTCCCITICTIGTCCTTTGCTCTTGTAGTCTTTTGCTTTAGTTTCTTTACTAT
GACTGTGAGGGTGAAACTAGTGATCAGAGTGGTCCAGAATGGGTTTGATGAATCTGATTICTG
GTGACACAAGATGAATTGGGTATATGTTTCCCTAAAGATAGAGAGACAATATAACATAGTCT
TTACATTAATAGACTCTGGAGCCAATTTTITTTAGGTTCACTCTCTTTCCTTTCATGTGTGTT
GATTTTCAACAAACATCTTGCACTCGAATTCCATCTCACTGTTTTATTTTCAAAAAATTTAA
TTTGAGAAAGTTAGCTGTATTAATTTTTTCTTTTTCTAAAATTCTTTTACTAATTGCAATTA
TTTCCATTGATGCTATTCCATTGAAACCATTTTAACATGGACTCAATAACTTCATTGTATGT
TAATGTTTAATTTTCATTTCTTTACCTTCTTGGTTTTCTAGCTGTGTTTAATGTGGTTGACC
ACTCATTCTTTGAAGCTCTATTCCTCTGGCTACTACAGTATGACACATTTTGTCTCCTTICTT
CAGTCTCTGTCTTCTCCACAGTICTITCTICTTICCTITTTATATACCTTTAAATATTAATGTTTCC
CAGAGATATTTTCTTAACTCACTTICTCTACTGATTCTAGGTACTTTTCTTGATCCAACTCTT
CTGATTTTACCCATCTCGATGATTICTATAATTTGTATTTTCTGTTTTGATCTCTTTTCAGTC
TTCCAGACCTAAATATCCAAATGCCTGATGGATAGTGCTTITCTTITTITTACTACCAAGCCCTIC
AAAGGCACTATGTITCAAAAGGAATTTGTCATCAGTCTCACGGCACATAAGCTTCCICTITIGTG
TTCAATCTGGAGACTTGAGAGTCTTCCTGTTCCCTTCTTCTCCTTATTTTICTCCATAATCAA
TCACAAAGTCATGTGGATTTTGCTCCTAAATATGTTAACTTCTTTCCTCTCTCACTTTATAT
CCCITACATCTAGGTATTITCAGACCCTCAGTICTICTICTCACATAGACTTTGGCAATAACCTTIC
TAATATCAGTCAACCTGACCAATAGGCCACCAGTGCTTICATGTAGAATCTGGACAATGTAGA
GCACTGAGAATGCTCACACTGGTCATATATGTATGAGTTGGTATGACATCTAGGGAAGTTGA
AGACTTACATAGCCTTITGGCCCAGCAATATACACCATAATACATTAGAGAAACTCTAGCATG
TGTACACAGTGATATACACACAAGAATGTTCACAATGCCATTATTTTAATAGCAAAATTGTG
GAAACAACACAAATGTTTATCAATAACAGAATGGATAAGTGAGCCATGGCATAGTCATACAA
TGAAAAATAATATAATAGTCAAAATGAATGATCTGAAGAGATATCATTATTGGCAATCTTAT
AAAAGACTGAGTTAAAAATGCAATTTGTGAAAATTTTTAATTATTTGATATTATTTAATGCA
AAGTTTTAGAACATGCAAACAACTGTATATATTATTTATGTATATATGCAAATTCAGCAATA
GCATTTAATCATGCCTGGGAATGATAAGTATCAAAGTCAGAAAGTGGTTACCCTTGGGAAGA
GAGGTATGTATCAGCGGTIGGGGCACATAGGATGTTGCAGCCATATCTGTAATGTTTICTTTIGC
TTTAAAAAATTTGAATCAAGCTTGGCAAAGTGTGACATTTGATTAAGCAGGATAGTGAGTGC
ATATCTGTTACTTATATTIGTTCTTTATAATTTTCTCTATGCTAAAGCATTTTGTAATTTAAA
AAACCTGACAGTGTTACTCCCATGCTTAAAATATGCCAGTGGTCAAACCAAATCCAGCAGCA
CATCAAAAAGCTTATCCACCATGATCAAGTGGGCTTCATCCCTGGGATGCAAGGCTGGTTCA
ATATAAGCAAATCAATAAATGTAATCCAGCATATAAACAGAACCAAAGACAAAAACCACATG
ATTATCTCAATAGATGCAGAAAAGGCCTTTGACAAAATTCAACAACTCTTCATGCCAAAAAC
TCTCAATAAATTAAGTATTGATGGGACGTATCTCAAAATAATAAGAGTTATCTATGAAAAAC
CCACAGCCAATATCATACTGAATGGGCAAAAACTGGAAGCATTCCCTTTGAAAACTGGCACA
AGACAGGGATGCCCICICICACCACTCCTATTCAACATGGTGTTGGAAGTTCTGGCCAGGGC
AATTAGGCAGGAGAAGGAAATAAAGGGTATTCAATTAGGAAAAGAGGAAATCAAATTGTCCC
TGTTTGCAGATGACATGTATATCTAGAAAACCCCATTGTCTCAGCCCAAAATCTCCTTAAGC
TGATAAGCAACTTCAGCAAAGTCTCAGGATATAAAAATCAATGTACAAAAATCAGAAGCATT
CITATACACCAACAACAGACAAACAGAGAGCCAAATCATGAGTGAACTCCCATTCACAATTG
CTTCAAAGAGAATAAAATACCTAGGAATCCAACTTACAAGGGACATGAAGGAACTCTTCAAG
GAGAACTACAAACCACTGCTCAATGAAATAAAAGAGGATACAAACAAATGGAAGAACATTCC
ATGCTCATGGGTAGGAAGAATCAATATCGTGAAAATGGCCATACTGCCCAAGGTAATTTATA
GATTCAATGCCATCCCCATCAAGCTACCAATGACTTTICTTCACAGAATTGGAAAAAACTGCT
TTAAAGTTCATATGGCACCAAAAAAGAGCCCGCATCACCAAGTCAATCCTAAGCCAAAAGAA
CAAAGCTGGAGGCATCACACTACCTGACTTCAAACTATACTACAAGGCTACAGTAACCCAAA
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CAGCATGGTACTGGTACCAAAACAGAGATATAGATCAATGGAACAGAACAGAGCCCTCAGAA
ATAACGCCACATATCTACAACTCTICTGATCTTTGACAAACCTGAGAAAAACAAGCAATGGGG
AAAGGATTCCCTATTITAATAAATGGTGCTGGGAAAACTGGCTAGCCATATGGAGAAAGCTGA
AACTGGATCCCTTCCTITACACCTTATACAAAAATTAATTCAAGATGGATTAAAGACTTAAAT
GITAGACCTAAAACCATAAAAACCCTAGAAGAAAACCTAGGCATTACCATTCAGGACATAGG
CATGGGCAAGGACTTCATGTICTAAAACACCAAAAGCAATGGCAACAAAAGACAAAATTGACA
AAGGGGATCTAATTAAACTGAAGAGCTTCTGCACAGCAAAAGAAACTACCATCAGAGTGAAC
AGGCAACCTACAAAATGGGAGAAAATTTTCACAACCTACTCATCTGACAAAGGGCTAATATC
CAGAATCTACAATGAACTCAAACAAATTTACAAGAAAAAAACAAACAACCCCATCAAAAAGT
GGGCAAAGGACATGAACAGACACTTCTCAAAAGAAGACATTTATGCAGCCAAAAAACACATG
AAAAAATGCTCATCATCACTGGCCATCAGAGAAATGCAAATCAAAACCACAATGAGATACCA
TCTCACACCAGTTAGAATGGCAATCATTAAAAAGTCAGGAAACAACAGGTGCTCGAGAGGAT
GTGGAGAAATAGGAACACTITTACACTGTTAGTGGGACTGTAAACTAGTTCAACCATTGTGG
AAGTCAGTGTGGCGATTICCTCAGGGATCTAGAACTAGAAATACCATTTGACCCAGCCATCCC
ATTACTGGGTATATACCCAAAGGACTATAAATCATGCTGCTATAAAGACACATGCATACGTA
TGTTTATTGTGGCACTATTCACAATAGCAAAGACTTIGGAACCAAGCCAAATGTCCAACAATG
ATAGACTGGATTAAGAGAATGTGGCACATATACACCATGGAATACTATGCAGCCATAAAAAA
TGATGAGTTCATGTCCTTTGTAGGGACATGGATGAAATTGGAAATCATCATTCTCAGTAAAC
TATCGCAAGGACAAAAACCAAACACCGCATGITCTCACTCATAGGTGGGAACTGAACAATGA
AAACACATGGACACAGGAAGGGGAACATCACACTCTIGGGGACTGTTIGTGGGGTGGGGGGAGG
GGGGAGGGATAGCATTAGGAGATATACCTAATGCTAAATGATGAGTTAATGGGTGCAGCACA
CCAGCATGGCACACGTATACATATGTAACTAACCTGCACATTGTGCACATGTACCCTAAAAC
TTAAAGTATAATAATAATTAAAAAAACCAATAGTTTATGAAACCCCCCCCAAAAAAAATATA
TGCCAGTGGCCTCCAGTTGCCCACCAGGTAGCATCCACATTCTITAATGGAAAGCCCTTCCT
TGCTTCGAACTTGCCAACTGGGATTGGACATTITGTAGTITGCATTITCTAAGAACTGTTCCCTT
TTGTCAATGGAGCCTGATTTCCACTTIGGATATCTGGGTGATTITAGGGAAACTGACCTCAAAA
CCCAATTCTACATITCGACCATGTGACCTTGGCTTAATCAATTCACGCATCTTTITTCCCTCA
CCTCAGGGGATGATCATATGAACTAAGCCAGTTGCAATAGAGTAAACCTCATGTTCCTAATG
AGAAATCCAGAACAAAATGCTTTATTTTTCTTCAATTTTTTATTAGGTCATCTCCTGAATCA
ATTAAAAAAAAAACCAACAGTGACAACAAAACTAAAAAATATGAAGAAGCTGAAACATGAAA
GCTCTGCCAACTGCAATATGTAGCTGCTAAGGTTGCTGTATTTATTGGAATCAAGCAAGTGT
TCCAGTAAAGAGCACAGAAGATGTIGICTIGGGAGCCTITTATGTGTAGGTCTGCAAGTGGTGGA
TATCACTACTACTCACACGCCATTGGCTAGAACTGAGTTGCATGGATACACCTAATTGTAAA
AGAGGCTGGGAAATAGAGACTATTGTGCCCAGAAAGAAGAGAAAATTCATTTATGGAAGAGG
TAGCTAGTCTCTCACAGCCATGAAAAGAGAAGTGTITAGCTAATTGAAGTGAATAGCAGCCA
TCTTGGGTCCCTAAGGCAAGTTAGACTAATATTGAAGTGGAAACCATGAGGAAAGCAGTGAT
ACTGAAAGTAACCGCATCTTTGAGAACATGCATTCATTTCCTACAACATGAATTTATTGAGG
ACCTACCTTAATACAGGCAGCGTGCTAGACACCAAGAGAACTGATGTCCTICTTICCTTCCTIGC
CIGCCIGGAGCCTGTATTICTIGGAGGGGACAGAGCTAGCAGATCAGACCTAACTGGAAATCTG
CIGIGCCAGTATATATTTICAGTGATGTGAGCCAATATATCCCCTTGATTGCTCAAAGTAGTT
TGGTCGATATATTTTGTTGCTTTAAATTGAACACATTCTTATGTACAGCCTCTGTCTCCTCA
TCTCCAACCAAGCAAAATAGCTTGTICICITTATGCAGGGACACATGACATTTCCCACGTIGG
CITIGIGCATATCICCACCTICAATTTAAAATGCCTTCCAATCCCTGCTCAAAGTCAAACAGC
TTAATAATGGTAGACATAGAATTTGACTTATTCTAATAATAGGTCTTTTAAACAATGCCTTC
TTCTICTTCATICTITTICCTTICTTAGAGTGGGTATICITICTIGGTGCATCATGTAAAGGAAGGT
AACTACATGCATGTAATGATGAGAATATTTATATGTATTTATGATTATCACAAAAAAACAAA
GATTCTACCATTCAAGAGGAACATTTATTTTATTTTTTTATTTGAGAAAAGTATAATTTTAT
TTATTTATTTATTTGTGCAAATTTATGGGGTACTTGAGAAAATGTGTTACATGTATATAATG
TGTAGTGATCCAATCAGGATACTAAGGGTGTCCATCACCTGAGTGTATTACATTTTITGTTAA
GTATAATCATCCTACTCCAGGAGAACATTTTAAAAACTGTTCTGTAGAGATACTACTCAAAT
TAAGTTCTCAGTCCTGAAACATCAGATCAGCTAGGAATCTGACAAAAATGCAAGTTICTCAGA
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TGACAGATGAGACCACTTCAATCAGAATTTICTGGAGTGGAGCCCACACATTTGTATTTTTIGC
AACCTTTICCAATGATACTTATGTACATGCTCAAGCTTGAAAACCACTTTCCTAGGACATTAG
TTCCTCGACAAGATTTGTGAGTAACCTTGTTTCATGAAAAAGTGTTTAGGAGATACTGATTC
AATAAAAACTAATCAGGCTITTTATTGTTTGCAGGGCTTTCAAAACTTGCAATAGGCCACTGT
GCATTGTTAATTITCTAAGAGGAAGATGCTTATGTCCTCAATGAATATCTTCCCACCATGAAG
TACTCTTCTTCCCCCACTTTTTAAAACAATTACTAACACCTGGCAGAAGTAGGCAGACAGCT
TACAGCTTAGAAAAAGTTGGCCTAAGATAATGGCTAATTTTCATACATTATTTATTTGTCAT
CATGCTTATCTTTCTCTCTCTAAATTGTATATTTCATCTCTGTGATCACAGATTGAGCCTCA
TATTTCATATCTGCCCCTGGCCTAATGGTTGTTTACAGAATGAGCTCAATGAATATTGTTAA
GTGAGTAGGATTTAATTTATTTGATAAATAGATAACCTTAAGTTTTAAACGGTGGATTTCAC
ATGAGGACATTTACTTACTATTGTTGAGCTGTAATTAATTTTTAATACTGTTTAGGTACTCA
TAATAAAGAACAGGATATTTGGAGAAGGAAGACAGTATCATTCCTGGTTCTTAGTCTTACCA
GCTTATTGATCATGAGTATATAACCTCTICTIGTIGGCTCAGTGCCTTTCTCTGTAAAATGGGAA
CACAGTGATGTTICACCTCACAGGATTGATTTGTAAAAGGGCTGGATAAGGTTATGAGAATGT
TTTGCAAAGTGATATCGAAAGATTAATTGCAAACTTCATTTGAATCTTAAATTGTTTGAGAT
AGGTCATGCTATGAATCAACTATGAAGTGCAGATATTGTCAAGATTCAATATTTICTTTCCCA
AGAGCTGAGAGGAGGGGCTIGCTTGTITTIGTITTIGTITICTITICTTTITTAGAAACATGCCAGGACA
GGCTICATITICGGGTITICCTICTICACTTIGCTCATCTTACTTTITTICTTTAGTTTICTCTATTCA
TTAGGATACAGTACTGTAAAGCTTTATGGCATTTTTATTTTGTGGGAGATGAATCTGAATAA
AGAATTACAGTTAAATCATTGCTAAGTTTGATGAATGAGCACCAAAGAACTCTTCAAGATGT
CATTTTTAAAGTTTTGTAAATGATTGGCTTITCAGTGGTTTCCTCTAAGGAATTTTAATTTTG
AATAATGCATAGAAAAATGTGCGCACACACAAATCATTCAGTATCCACCTCGAAGGGAAATC
AAAGTGCCTIGTIGAAGTGAAACTTTACCTTTCTATATCACCAGCTTCCTGTTAGAGCAGACTT
TTTCTTTGCTCAAAGTCTAAGCATTGAAGAACTTCTTTTTAGTAGGTAGATTTTTGTGTTTT
TTTGTTTGTITITTGAGACGGAGTCTCACTCTGTCGCCCAGGCTGTGGTGCAGTGGCACGATC
TCGGCCCACTGCAAGCTCTGCCTCCCGGGTITCACACCATICTICCTGCCTCAGCCTCCCAAGT
AGCTGGGACTACAGGTGCCAGCCACCACGCCTGGCTAATTTTTITTIGCATTTTTTAGTAGAGA
TGGGGTTTCATCGTGTTAGCCAGGATGGTCTTIGATCTCCTGACCTCATGATCCACCCGCCTT
GGCCTGCCAGAGTGCTGGAATTACAGGCGTGATTTAGTAGGTAGTTTTGAGTAGGGAGTATA
CATTTAAAATGCTGAAACTCAGTTAAGGAATAATCTAATACTGTATTCAACTGAAACTCAGT
TGAGAAATTTCTTTCCAATAATAAAGGAAAATCAACTGCAGTAATGAGGGAGATGATTTTGC
TGCTAATTACAACAAATATTTACTACAGACCTGTTATGCACCAGGAACTGTGCTAAATGTTT
TATACATATAACTTTATCTTGTGCTCCAACAACTTATTACATAGAAATTGCTATTATTCCCA
TTTTCTAGATTAATAAATTGGTTTAGAGGGGTCGTATAGGTGAAACAACTCACTCAATATCA
CAAGCTGITATGTGGTGAAGTTTGCATGATCAGTACAGGGTTCTGGTCATCCCACTCATTGA
GIGGTGCTAGTCAAGATCTGGAAGCTCTTICTIGGTICTTAGTTTICTCTAGCCGTGAAGTGACAA
TGATTAGGTCTAATCATAGAACATGAGAGTACATGTGAAAAAATGCCTTTTTAAAGAGTATG
AAAAACTTGAGTTGTAAAATTTTCTTGTGGATAATTTATTATTGCTTTTCTTTTTTAGATAA
CACTAACAAAGTTGACCTITAGAATTGGAGTGCCTGGGTTAGAACCCTGCTGGTACCACCTGC
TTACTGGCATGCTTCTGATGTGAGTTCAGGAGAAGACACTGGCAAGGACAGCAAAGAACAGG
AGAACACTCTAGCTICCCTIGATAGCATTCAAGGTGCTGTCCAAAGCTGACTGTGATGGCACC
CTCCAGACAGACAGCGATGCCACATGTTCAAGATGGCAGAATCACTATCAGCTTCAATTCCT
GAATGACTGCAGAGCAAAATTTCTTACCTGCAACATACACTCTATTTTCAGCCTCCCTGGAC
TGTTACATAATGATACATAAAAATATTTCTTGTGTITGAGGCATCCCAAATTTGATTTATTTG
TCATCACAGTCTATCCTATGAATATATTTCTGATCCAAATAATGCTAGATTCATGAGAGTTT
ATAGTCCAGAGATTITITITITITITITGAGACAGAATCTGTICTCCCAGGCTGGGGTGCAGT
GGCATAATCTITAGCTCACTGCAACCTCTGCCTCCCGGGCTCAAGTGATCCTCCCTCCTTAGC
CTCCATGAGTAGCTGGGACCACAGGTGTGCACCACCACACCCCGCTAATTATTTTGTATTTT
TTGCAGAGGGGGGTTTCACCACATTGCCCAAGCTGGTCTCAAACTCCTAGACTTAAGGGATC
TGCCTGCCTTGGCCTCCCAAAATGCTGAAATTACACTTIGTITAGCCATAGTAATAGTTCCTAG
CCATAGTCCGGAGATATTTTAAAAACTTTAGTGTGAGTTATTTCTCTTTGCTATAATTCTCT
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CATGCATTITTIGAAAACCTITITCTIGCCATACAGTIGGTTTTTGGGAAGTCCTTTTGGACAGACA
TATCACAGGATGGAGAAACTAAAAAGAGAGAATGCATTAAAGAAAAAATAGTACTTCGTATT
TCAGAAATTACAAAAGGGTGTCATGCCCCACAGCATGGTGGGCAGTCATTTGTAACCCACAG
AACATTGAGTTTCTAAAATTTGAGTGTTTTTAACTTACGAAGGCCAACTTTACTGATGAAGT
GATTACCCCAAATATGTGAAATCCATATTTCAAGTACAATAGTAGGAAATTGGAAATGGGGC
TCTTGAGTTTCTGCTTTCAAGTGACCCTCAGAAATTCCTCCATTCACTGCAGAGGTTCTGTT
TCTCCTTGCTTTGTTCTGACTITACGGCAGAACTAAGCTAATGAGTTAGTTACTATGGGTTA
TCACTTGGATTTGAAGAACCATCATTITCTAGGCATIGCTGCTCAGAGTGGGGTCTGCCCTICA
GGGGAAGCTGTCTAACCAGAGCCTAACCCACTAGGGTTTTATCAGAACCTAACTGACCTGAG
GAAAAGAAATACTCAACTCCAGCAAGCTCCAGCCTTCCAAATGGAGGAGGAGAAAACCCAAC
TCCAGCCCACTTCAGCTATCTTGTCCCACATAAAGGGGAAGTGGAAGAAACCTGAGAAGCAG
GCATGAAGTTICACATGTATTICCACACCATTTCATATTCCATCGCATTCCATTCTACACAATT
CCACATCTICCCCGGCCACATCAGCCTGAGAGTAATAAACAGACCTTGCCATCGTATCCCCTT
TTGGAGACACAAGCCAGGAAGGAAGCTCTTICAGTGCAGCTGTGAATAGAGAAATGCTGGCTG
AGGTITTIGGAGACACTGGGTGATCATTCCCAGTGAAATTTTTAGATCCCTGGGGACATGAGC
TGCTTTGICTTITTCCAAGGTCAGGATAAACAGAATAACTTCAGGCTTCTCTACCCAGAAAGA
ACATGTGGCATAAATATCAACTGCAGAATAAATATGATTAATCTGGTACATGGACGAAGATG
TTTTCTAGGAGATGCTTATCCTGGGATGAGAGCTTTCATAAGCATTGATATTTACATGACTC
TTACCGTGTGTCAGGAACTGTTICTAATTGTITITACCTATGTCAATTCATTITGATAGTCACAA
CCACTGAAAGGAGTAAGTACTCTTATTACTTCCATTTTACAGATAGGGAAACTGAGGTATAG
AGAAGTCAAGTGACTTGCCCGAGGTTATTAAACTACTTAATGTCAACACCAGGATTTGAACC
CAGATCATTTIGITICTIGAAGTACATGCTCACAATCACTGCATTACTGATACACTGTTTTIGTC
TTTGCATACTTAAGTGGTCATAACTTAGTCTGAAACACTTITGTGAGAGCAGGAAGCAAACTG
TCCCCTTATTAGGTGGACCAGTATAGTGATAATACAAAAGTGTATTGCATTTGAATTACTTIG
CTAATATCTTCTAATTGAGGCAATTTTGAACAGGAATATACATATCTAGCCTCTATTTTTICT
AGCTAGAAGTTICTGAAATCCCTIGGGCTTAATATTGTATGGCAACAATTGGCTGGAGTTGAGT
TGCTGCCACTCTICTTTTAACTGAGCCATGCTCTCTCTAGTTTIGCTACAGGCCCCACCACTCC
CTATTGCCTCTCCAATACCAGGTCATTTGGCATCTTACTCAGCTCATTTCATGCACATGTGT
TCCACAATTGGTAACATAACCCTAAAAGTATTITGAGTITGTGGCTICTIGCTCTTIGTGACAGA
AGACTTITCTCGAATTCCAAGGTCAACATATACCATATTGACTCTGGGCCACATTTTTTAAT
GIGCTCAAGCTCAGTITITCTCCTTAAAAAATGAGGGGTTAAAAATAACACTTCGTAGTTGC
CICATCTGTGGATTGGAAGAATGAATGCCTGTCATTTCTAGAGTTGTAGTAAGGGCCAGTTG
GGGCAGTGCCTGTGAATATACGCAATGGGCCATCAAGCAATCTCAGGGCTTCAGGCAATGCT
GGGGTTTATAAAGCACTTTATGTTITTAAGTTCACTTTTATTTCTAAAGTCTCATTGACTGCT
CTGAAAATCTCTICAAGTAAAGTGGGCACTAAAGGCTTTATACTCTCTCCAATTATACCTTCC
ATTGTATAGATTTIGGAAGCTGGGGTCCAAATGTGTTAAATGACTTGCCTAACATGGTCCATT
ACTGTAAGTACAGAAACGGAATGAGACCCCAAATCTGCTTCATGGAGGGACACTCTTCTAAG
ATACTGTIGATGCITCTTICCCAAGTAATTCCGTICTTCAGACTTCAAGGTCTCAATTCGAATGA
CAATTCAATATAGGACTITCATAATCTTAAAAGCAACCTGACAGTCATTACAGTGGGCTGTG
AGAAATACTAACGCAGAGCCACATACTCTGGGCTTCATGCTAGGTTTTGCCACTCACTATCT
TTGCTGAAAAAGTTTTGGAAGCCCTCCTAAGCAGGTGCCAGACCCTTTTTTGGCCAGAGGAC
AGGATCTITACGCTIGITGCCCAGGCTGGAGTGCAATAGTGTCATCATGGCTCACTGTAGCCTG
GAACTGCTIGGGCTCAAGGGATCCTCCCAGCTCAGCCTCCCAAGTAGCTAGGAGTAAAGGTAC
ATGCCATCATGCCTAGCTTITTTTTTTTTTTAATTTTTGGAGAGATAAGTTCCCATCATGTTG
CCCAGGCTIGGTCTCTAACTCTTGGACTCAAGTGGTCCTCCCACATCAGCCTCTCAAAGTGCT
GAGATTGCAGGTIGITAGCCACTGCACTTGGCCTIGGCCCCAGTATTCTTTGGGATCTGGAGTT
TGCTGTTGAATGAGAAGGCAAGATGAAATTCCATGTAGTCAGACTCCTACGCTGCTGTITCTA
AGCAGGGTTIGGGCCTIGATTAGTAGGTTATAGATGATGTTITTITCTGTIGGTGCTATCTGGACCT
AGTGCTCTITGGCATCTGGGAAGGTATGGCCTTTAAAAAGCAAACTGCCATGAGAACTGCTC
TACCCCAAATTTTGGTTCACAGCCTTICATITGATTATGTATTGGGGCAAAAATAGTTTAGCC
ATGTGAACCTGTITGTAAACTGGTGAGTTTCTATTGCTATTTCATAGCTAAAGTTTTGAGGT
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AAATGCTATTGGATCTITIGTGTCTGTGTGTGTATACATATTTAGATTTTTTTTTTITTTITTTT
TTTTTGGTTCTTTGAAACATTGCTGATTCTTTTTGTTTTGTTTTTCAGAGTCTGGAGAACAC
TTTTTCTTTTGAGCTGTTTACAACCTTTAGCAATTGAGTAGAGTGTACTCTTGTCAATAGAA
TTTGAAGCACATTTCTCTCTCTGCCTGATTTCTGTAGAATTTGTAAACTATTTGTGAATATT
CTTAATTTATGGCAATATGGTTIGCTTACATAAGTTCAATAATAATCTGTTTTCTTTTACAAT
GAGACACAGTTGGAGGAACTGGTTATTTTCCCAGGGCTTTGACTGAAATGGCCTTGTGAATG
GITCCAGGAAAGCCAATTTTGGAGACCCTATGTGGATGATGATGCTTGCTGTACTTTICTGTG
GGTAATCGGGCCAAGTATATGGGACTGAAGCTAATTTTGCAGGGCAACATAGAGAGACTTGA
GITCCAGGGGGAAAGTTTITAGGATGGAGAGAAGCCCTCACTGGACTGTGATGTGGGGTGAGA
AAATGGAGGTCCAGAGAGAAAAGTGACTCACCCAAGCTGAAAACAGTTGCAGGAAGAAAAGC
CAGGACAGAACTGGGCTGTTAGAAACCTTGGTAGTGCACTTTTGATTTCACTCTTAAAATGC
TCAAATGTICTTITTTCTGACAACATGCGTAGGGAGACCTGAGGTTIGGACCTAAAGACACCATATA
TTGGATTCAGTGCTTCACACAAGTTAATCTAAATTATGAAGGAGTACACTAAAGATGAGGAA
CTGAGTICACCGCAATGCCAAATGTAACACGCTGTGGGTCAAAATTTGGATGGTTGCGTTGGA
AATTATTCTGAAGCCACAGACAGGGCTAAAAGGAGTCTAGAATGTCCTACTAGCTGTTGGAA
CCTGCTIGGAGTTICTAAAGGCATGCGATGTCCTGAATGTGCTTGACCAATGGACACAGCAGGT
ATTTGAAGAGTTTITGATGCTTCCTTTCTGTTTTCAGTGCTATTTTTTTGCTTTATTTCTTTT
AAAAAACTTTCCCCACAGAGGCTATTTATTACACAGCAGCAGCCAGCATGCACCAAGCAGAA
CTGCTTTTCATAATAAACCTATTTATCTTCTGGCATGTCAGAAATTTCTCAAATTGATACTT
ATAATAAATATGATTAATAACACATTGTATTTCAGTTGTTGCCGTAAAATAATTGGGAATAA
ATATCGTATTGTGATGTITGACAGTGTCAGGTTGGTTGGTGCCAAACAGCGGGAGCAGCCAACL
TGTATTTCATTAACAGCCACATTGCTACAATGCTATTAAGTTTTTCATAATCTCTTCTGCTC
AAGGTTGATCATTCATTCTGTTAGACAAATTCTTGCAACAATCACACTGGAAGTAAATCTGC
CAGCGACAATCTCAGCAAGATGGGTTCTCAC-5"

<128128655>(SEQ ID NO: 2)

>CCAT1_JAX_ 3 Transcript sequence; Genomic location:
chr8:128152989-128231094 strand:-
<128231094>

31—
GITGCACTGACCTGGCCAGCCCTGCCACTTACCAGGTTGGGGCTTTGACTGAAATGGCCTTG
TGAATGGTTCCAGGAAAGCCAATTTTIGGAGACCCTATGTGGATGATGATGCTTGCTGTACTT
TCTGTGGGTAATCGGGCCAAGTATATGGGACTGAAGCTAATTTTGCAGGCAACATAGAGAGA
CITGAGTTICCAGGGGGAAAGTTTTAGGATGGAGAGAAGCCCTCACTGGACTGTIGATGTGGGT
GAGAAAATGGAGGTCCAGAGAGAAAAGTGACTCACCCAAGCTGAAAACAGTTGCAGGAAGAA
AAGCCAGGACAGAACTGGGCTGTTAGAAACCTTGATGAAGGAGTACACTAAAGATGAGGAAC
TGAGTCACCGCAATGCCAAATGTAACACGCTGTGGGTCAAAATTTGGATGGTTGCGTTGGAA
ATTATTCTGAAGCCACAGACAGGGCTAAAAG-5"<128152989>(SEQ ID NO: 3)

>CCAT1_JAX_ 4 Transcript sequence; Genomic location:
chr8:128160497-128232653 strand: -
<128232653>

CR

AAGGATTTAATGGCAAGATGCCATTATAGACAAGAACAGGATTCAGACACTTTICGIGTITATG
TGTTCTTGTCCAAATACTGTIGTICACTICTGCACTGGCATCCCAATCCCACCAACACCTTTAGC
AGGAACTTCCTGITTCAATAACATTTCTCAATACTCTACCTGATTGCTTAGAATCCATGAGA
CAGCCATATICICCATGICTAGGTCCCTATCTTATTTTTGTTGAGATGGTGTTAAGACTTTA
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TTTGTGAGGCTTCTGGGGAAGAGGAGTAAGGTATTGATCCCACTGACTGGATAATTTGGGTC
TCAAAATGGATAATAAATAAGCATTACATATTITTGACCACTTCCTTGGAGGAGAACTTCTTG
GAATGTGCACCATGTCCGCTIGCACTTTTITTTGCACAGATATCTAAGTTGGAGAAACATACTA
CTAGATAAATCAATTTIGTTCTCTTAGTACTCATGATATGGTTCCTGGGAACTTCTGATTCAC
CAAATTAATCTTGGCCAGGTACATACCTGGCAGGAATCCAAAAATTCCCCAAGTCTCCTTGA
AGTTCAGGATCATCATTICITAATAAATACACCGAGGGAAAAACCATGGAGAGTTTGTCCCAG
ATGCTGTGAATCTGGCCCGGGGTACATGAAGAAGTCCTTAATTGCAGTCATTTACATGGTAG
ATTCTCTATAATCATTTAATTTGCTATAGGTCTATGATTTTTAGTCCTTCTTCTCTAAATGA
TTGAACATGTATAATTCCCATTTCAATCATATTACCTGGATGAACAAAAGTAACGCTAGACT
CATTCATGCATTCTGGTTGCCAAGGAAAAGGAAAAAAAACAAAACAATCAACAGGATGTTTA
AACTGTCTTAGGGCAACTTCAGGCCATAGTCACTGGTGTTCTTGCAGACTATGAGATATTTT
ACATTCTGATAAGGGATAAAAATTCGTGCCTCACATGGCTCCCATCACACTAAGATCTTGCA
ACAATAACACTACTGATTCAGACATTAATCTTAAGTATCCAGGGAGCCCTAAAACATTGTAT
CCCACTAGCAAGGACCATGGTAATTGCCACGTAAATCCCCTCCATTATGTGGCCCTTATTAT
GACCAGCCAGCCAAGGCTITGCCTTTAAATCATACCATTGAACCGAGCCTTGTAGAAACACTA
TCACCTACGCATACCTCTIGCTICITITCATTAACCTIGCTATCCTICTITTACAAATGGGATTICT
TCACCCACTCCCTTICTTICTAGATTAGCAATGCCCTGTTAAGTAAACGAACACGAAATTCAAA
GGGAAACAGGAGCAATCATCATTACCAGCTGCCGTIGTITAAGCATTGCGAAAACGCTCACGAT
TCACAGAAAAATCCATGCTGTICITIGAAGGCATTCAAGCCTTAATAGCTAGCTGGATGAAT
GITTAACTITCTAGGCCAGGCACTACTCTGTCCCAACAATAAGCCCTGTACATTGGGAAAGGT
GCCGAGACATGAACTTITGGICTTCTICTGCAATCCATCTGGAGCATTCACTGACAACATCGAC
TTTGAAGTTGCACTGACCTGGCCAGCCCTGCCACTTACCAGGTTIGGGCTGTGGCTTIGCCTTT
TCACTTCTTGTGTCCTGTTTAAGAAATATCTGCTATCCCAAGGTAAGATACTATACTTTTTT
TAACATGTTATTTTGTTTTACCTTTCACATTTGGTGTATACTACATTTGTAATTAATTTGTC
CATATTATATGACATATAGCCAAGATTTATTTTTTACCATACAGATACTCAATATTGCCATT
TACGTAGAACATCGTITCTICTTCCTACTCAATTGCCTITGGCACCTTTIGTAATAAATCAGATGA
TCGTGTATGTGTAGTTCAGTTTCTGGACTCTGTCTTCTGTTTCTTTAGTCTATTTGCCTATT
CITGTACCAATATGCACTGIGTTAATAATCGTAGCTTTGTAGTAGGTCTCGAAATCTGACAG
TGTAATTCTTTTAGTTTCTTTCTTCTGCAAATTTTCTTTAGCTGTTTTACGTCCTTTGCATT
TGTATATAAACTTCAGAATCAGCTTGTCTATTCCAAAAACAACAACAACAAATGAAAGTTTC
AGAAACTTTAACTGAAATTGTATTGAATCTGTAGACAATTTTGGAGTAAATTGCATCTTAGC
AATGTAGAGTICTTTCGAACCATAACCATGGTAAGTCTCTCCATTTGCTTAAATCTTCTTTAA
TTTATTTCAACAATGGCTTCCAATTTCCAGCGGGAGCTCTTGGAAACTACAATTTACATGAA
CTTCTAATTTGATATTTTTCGGTGTCATTATAAACATTGTTGTTTTAAAAGTTGTCTTCAAT
TTTTTGTTGTCAGGCACAGAAATACAATTATTGATAACATTTATATATAAACTGTATCCAGT
GATCTTIGCTAGATTICACTGATGAGTCTGATGTTGTAGATTCTTTGGGATTTTCTCCGTACAT
AATCATATCCTTTCTGAATAAGATAGTTTTACTTCTTCATTTTTAATATCTATGCCTTTTAT
TTATTTTTCTTTTGAACTTTTTGCTGACTTCATTATTCACTCTCATGTTTTTCTCTTTCATT
AGACTATGACTCCTCGATGGTAGCAATTTGTAGTAATCAAATTTTTGTATTTTATTTTAGCA
TCTGGCATCTTITCTTGACATATGTAGCAGTITGCTITITTIGACAGCTTIGCTICTTCAGTGAATG
AATAAATTAATAAAGAGAAATGTGATGTTCAGTGATCCATTTTGCAGGTAAGAAAACTGAGG
CAGACAGAGGATGTITAGCAAGCAAGAGGCCTTGGCCTACAATTTAGATCACTGGACTCTTAC
TCCAGATGCAATCTGCAGAACCCACATACTTITAATTAGTCCCTITTIGTICTATGTTCTGCCAC
TGTCACTTCTAAGGAAGGTGTGTCATCCCAAATGGGGTAGTATCTTATTGGTAGACCTAAAT
CIGCTGTGTICGCCATCTCACCTACATGAGTATCTATGTIGTAGCATTCTGCATATTCATCTT
TTCCACCTTICTIGGAGGTTTTGICITITTATAGGCAGCATGTGAATAACAATGGGGCCAAACT
GGGGACCAGAAGGGGCCATTITTCTAGTTCTGAACATAGATAAGCATCACTAACTTTTCCCIC
CTIGGCAGTAATGGCCTCAAAAGTTCCAACTTAGGAGAAAAAGGCAAAACCGTCTGCCAAAGT
GTIGTGAAAAGTTAGAGCAAACCTTGGTTTTACCAAGAACCTGTIGTICCCTICTTATGGAAATTC
ACACTTTCACACTTTTAGACAAATATTAAATGTGTGACATTCTATTACGTACAGTGCCTGGC
ACATCTAGACACGCAGCACACTTTAGCCCCCTTICTITICTTICTTICTAACTCCAAGTTCTAAAC
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TAGAAAAAGCCCCACTTGAGTCTGAGATTTGCTTTTTGAACTAGTTTATTTCAGATTGTAAT
CATGCTATCTAGGGTTIGTIGACAGTGTTTIGCTATTTCTAGGGCACTTTGACCTGATTCTTTTT
GCACAGGAAACTTGTICTACCCTTITTIGCCCACTTCACTGAAGTGAGGACTGAGACAGAGAAG
GATTAAGTCACTTTTTATTTAACAAATATTTGTTCCACATTCCTCAGCATTTATTAAATACT
GGTGCATAATGATGGAATAAATTTTATACCGTAAGGATAAACCAGTATTCTGGACTAAGCCA
ACGTGGGAGACCCTAGGAGGCCTGTTTGAGAAAGTGACATTITAAATTGAGACTTIGGCGGTGG
CIGIGGCTACATATCTAGTAAGTGGCTGGGTTGGGATTTGAACTCATGCCTGCTTAGCTICTA
AAGATGATGCTITITGGCTITGTACTCTIGCTCTCTCTCTAGACAAACTCTGGTCCAAAATCGT
TAAAGCTAACATTTATCCCTIGCCCAACTGGAATTGTICATGTTATGACAAATGGCTCTGTGGT
CTCAGATGCCCAGCAGACCCATTAGTGGAATTCTATGTGCTACAGACCTGGGCAAAATGCCA
GAGCCTITATACACCCATCACATTTCGTICTGGCAAAGGTCTTCAACAAAGAGAAGTAATTACA
GCAATGAAAAGCAACAGGTCCAGCAACACCATAAGAACAAAATAATTAATTTCCCTAAAATA
GAAGAAACCATTTATAGAGTAAGAGCCGATACAATCAATAATTGGAAGAAATAGAAGAGGCT
TTAGTATTCTAGCCTTCTTTATTTGTAGATGTAAATGTCGAGCCTCAGAGAAGTTATATATC
TAATTAGTGTCACTCAGGTAGATAACAACAGAATTAGGATTAGAACTTAATTCTTATGACTC
CCAGAGCAGGGAAAAGACAGGATGAAGTCCCAAAACATTGCGTGTGAACTCACATCTGACTC
TGAATTGAGAGTCTGCTATTTACTCCCTATGTGACCAGAATCCTTCAGAGCCCATGAGATTC
CCTGTCATAGAGTAGATTITTIGATCCACACTAGGCATTTTTACCTCTTIGCTCTTTGAGTTGGT
GCCCCATGTITACTCAGAAATATTCCAAAGGTGTTACATCTATTGGTTTTACATGTTGAGCA
CAGATCATTATAAGACAAATTGAAATGAAAACATCAACAAGTCTCATTCATTGTCTAACTTA
CGCTGAGCAATATTTAATAACTAGAATATCAAGAGAGTCCAAAGTGTTTGCCCATCCCCTCA
AGACCAATGTAATGGAATTITTACTCTTATCACCTGCTCAGGGTAGTGGCAATTCAGGATACA
GAGGACAGAAATAAAGAATCATGACACACAATCCACAGAATTCACAGATGCCAAACATCTAC
CCTICICIGICACCACACATTGGACTCACATGGTGGAAATAGGCAACACAAGCAGAGAGGTG
GCTTAACCTITCATAATTITITCAACGACCTATGGGAAGAGAGTTTTCTTGGTTCAAATCCCA
GCTTAGCCACACAGAGTGTGGTAATATTGGGCAAGTCAACCAAGCTCTCTGTGCTTCAGTTT
CCTCATTATTAAAATGGGGGAAATAATAGTGCCTGCATCAGAGGGTTGTTGTGAGAACTAAA
CGAAATAATTTATCTGAGCTTTAGAACCCACACCATATTAGTTAAAAATTCATGCATTTTICT
TTTATTATATTTCTCTACCTTAGACTGCAAACTCTAAGAGGAAAGGCCGGACTGTTATATTC
ATAAAGCATTACAGGAACAGTAATTAGAACTAGGAGCTTITTCAATGGCCTGCCTGAAATCTG
AAAAATAGGTATATTATTTGAAATTTTGAAAAAATCAAATAATTAAAAATTAATAGATGTTA
ATAAAATATCTGTAATATGTAATATCAAGGTCAACTCAACTCTTAATTGTTTATATAAAATA
TAGTGAAGTTTAAATTGCAAAATCTTACAGAAAATGTGCTATTAAAACTCAAAAGTATAATT
CTTTCTAATATGTATATATATGTATATAGTTTTATTTTAAGTTCAGGGGCACATGTGCAAGT
TTGTTACCTAGGGAAACTCACGTCACAGGACTTTIGITATACAGATACTTTICATCACCCAGGT
ATTAAGCCTAGTGCTICATTAGTTATTTITTCCTGATCCTICTCCCTCCTCCCAACCTCCACCCT
CAGGTAGGCCTCAGTATCTICTTGTTCCCCTCTATGTGTTCATGAGTTICTTATCATTTAGCTC
CCACTTACAAGTGAGAACATGTGGCATTTGGTITTITCTIGTITCCTIGCCTTAGTTTGCTAAGGAA
AGCACTGTGGCAATTTCTCAAAGGACTAAAAACGGAATTACCATTCAACCCAGCAATCCCAT
TACTAGTTACGTACTCAAATATTTITTAAGGCAAAACAAAGCTGCAACCAGAACACCTGGACT
CCCTGAAACCCCTTICCACTGATGTTIGTTIGTITIGTITGTITTICTTTITTCCCCAGCTTICTCAGGCCA
AAATACTGGATCATCTTIGGGCACTGTTCTCTCCTGCCCACCCTTTCCCATATGCAGAGTGTT
GICACITCTICTICTGCITCCACTGCTAACTCCCTIGGTCCAAGCCGCTGCACCACTTTTICGTGA
TTATTGCCACAGTCTCCTCACTGGTTICCCTIGCCCCCACTCTIGCTCTGAACTATCCAGTTAA
AACCTGAATTAGATCATCTICATCCTCATCTCAGAGCTTTICTCGTIGGCTCCTCTGCCCTCTCA
GGAAAAAATCTAAATTCTAGATGACCTAAAAATCCCTTGTCTCTTACTGTTTATCTGACCTC
ATTTACTACCACCTITITCTITGATCATTICTGTTCCAGCCACACTGGCCTCCTTACCACTCC
TCAAATATGCCAAGCACAGCCCCCACCCCCCAGGGCTTITGAACTGGCTGATCCCCCTTICCTG
GAATGCCTITACCCCAAATATCAACTTAGCCAACTCCCTCCTICTICCTCCAAGTGTCTGTTTAA
ACATGGCTTCAGTAGGAGCTGTICTTAACATCCTATTAATATTGTAATTCCTCTCATGACACT
TTACACCCCCTITCCCTGATATGCTITTICCATATACCATGCAATATCTGCTGAGATAATATATA
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ATTCACTTATITICITTATTGTICATTTCAAAGAGGGCGGTGIGTITCTGTGTTTTATTITAGTG
CCAAAATACTTGCTGATGAAGAGAGTTCCTGCCACATAGTAGGTGCTCAATATGTGCTTIGTT
GAATAAATGTIGTICAATGTITTIGATGTACAGACCTTITTATTATGTITTGATTTGCTGCCAGTGCT
GCCTCCAAACACAGGAGTGCTTCATGAGATGTTCACAAAAGCTCTTAAAATATTCCACAAAA
ATCTTAAAATATTTCATGAGTTTTCTTTCCTGTATTTTTATAGCAGCATCTGGAATTTAGCC
TGCATAGGACCCTCTGTAAGCTGACCCTGITTATCTATTCAGCTTTACTTICTCCCCICTICTIC
CACTITIGIATTITATICICTACTACTTCCAACTGATTGTAATTTGACCAGACTCCAGACTAT
CITATGCCTCTITGCITITGTTTACCTIGTITACTTICTICTCTGGAATTCCCTGCCCCTTICTTAA
TTTTTCTGGCCAATTCTCACTCTCTAGGACTCAGAGGTTTICTICCTCAGGAGACTTCCATGAG
TCTCATGTTGAGTTAGGTGACCCCAATCCTICTIGITCTTICATAGTCATTICGCGCATTITATCTA
GCTCAGCATITGCCATACTACATTGAAATTATTTCCTITATGTGCCCATCACTCCCCGTAGAT
TGCAAACTCCTAGAGAAGGGCTCAACAGTGAGTGCTGAGGCTGCACAGAGGAGGAAGGCAGC
ACAATGATGGAAGGCTTICCTAAAGAGGCTGAAAAAGTTTTGGAAGCCCTCCTAAGCAGGTGC
CAGACCCITITITGGCCAGAGACAGGATCTTACGCTGTTGCCCAGGCTGGAGTGCAATAGTG
TCATCATGGCTCACTGTAGCCTGGAACTGCTGGGCTCAAGGGATCCTCCCAGCTCAGCCTCC
CAAGTAGCTAGGAGTAAAGGTACATGCCATCATGCCTAGCTTITTITTITTITITTITAATTTITTIGG
AGAGATAAGTTICCCATCATGTITGCCCAGGCTGGTICTCTAACTCTTGGACTCAAGTGGTCCTC
CCACATCAGCCICICAAAGTGCTGAGATTGCAGGTGTTAGCCACTGCACTTGGCCTGGCCCC
AGTATTCTITGGGATCTIGGAGTTTGCTGTTGAATGAGAAGGCAAGATGAAATTCCATGTAGT
CAGACTCCTACGCTIGCTGTICTAAGCAGGGTTGGGCCTGATTAGTAGGTTATAGATGATGTT
TTTCTGTGGTGCTATCTGGACCTAGTIGCTCTITGGCATCTGGGAAGGTATGGCCTTTAAAAA
GCAAACTGCCATGAGAACTGCTCTACCCCAAATTTTGGTTCACAGCCTTCATTTGATTATGT
ATTGGGGCAAAAATAGTTTAGCCATGTGAACCTGTTTGTAAACTGGTGAGTTTCTATTGCTA
TTTCATAGCTAAAGTTTTGAGGTAAATGCTATTGGATCTITGTGTCTGTGTGTGTATACATA
TTTAGA-5'

<128160497>(SEQ ID NO: 4)

>CCAT1_JAX_5 Transcript sequence; Genomic location:
chr8:128172634-128231094 strand:—
<128231094>

CR
GITGCACTGACCTGGCCAGCCCTGCCACTTACCAGGTTGGTGTATTCCACACCATTTCATAT
TCCATCGCATTCCATTCTACACAATTCCACATCTICCCCGGCCACATCAGCCTGAGAGTAATA
AACAACCTTIGCCATCGTATCCCCTTTTGGAGACACAAGCCAGGAAGGAAGCTCTTCAGTGCA
GCTGTGAATAGAGAAATGCTGGCTGAGGTTTTGGAGACACTGGGTGATCATTCCCAGTGAAA
TTTTTAGATCCCTGGGGACATGAGCTGCTITGTCTITICCAAGGTCAGGATAAACAGAATAA
CITCAGGCTICICTACCCAGAAAGAACATGTGGCATAAATATCAACTGCAGAATAAATATGA
TTAATCTGGTACATGGACGAAGATGTITITCTAGGAGATGCTTATCCTGGGATGAGAGCTTTIC
ATAAGCATTGATATTTACATGACTCTTACCGTGTGTCAGGAACTGTTCTAATTGTITTTACCT
ATGTCAATTCATTTGATAGTCACAACCACTGAAAGGAGTAAGTACTCTTATTACTTCCATTT
TACAGATAGGGAAACTGAGGTATAGAGAAGTCAAGTGACTTGCCCGAGGTTATTAAACTACT
TAATGTCAACACCAGGATTTGAACCCAGATCATTITGTTITCTGAAGTACATGCTCACAATCAC
TGCATTACTGATACACTGTTTTGTCTTTGCATACTTAAGTGGTCATAACTTAGTCTGAAACA
CITIGTGAGAGCAGGAAGCAAACTGTCCCCTTATTAGGTGGACCAGTATAGTGATAATACAA
AAGTGTATTGCATTTGAATTACTTGCTAATATCTTCTAATTGAGGCAATTTTGAACAGGAAT
ATACATATCTAGCCTCTATTTTTCTAGCTAGAAGTTCTGAAATCCCTGGGCTTAATATTGTA
TGGCAACAATTGGCTGGAGTTGAGTTIGCTGCCACTCTCTITTAACTGAGCCATGCTCTICICT
AGTTTGCTACAGGCCCCACCACTCCCTATTGCCTCTCCAATACCAGGTCATTTGGCATCTTA
CTICAGCTCATTTICATGCACATGTIGTITCCACAATTGGTAACATAACCCTAAAAGTATTTGAGT
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TTGTGGCTTICTGCTCTTGTGACAGAAGACTTTITCTCGAATTCCAAGGTCAACATATACCATA
TTGACTCTGGGCCACATTTTTTAATGTGCTCAAGCTCAGTITTITTICTICCTTAAAAAATGAGGG
GITAAAAATAACACTTICGTAGTTGCCTICATCTGTGGATTGGAAGAATGAATGCCTGTICATTT
CTAGAGTTIGTAGTAAGGGCCAGTTGGGGCAGTGCCTGTGAATATACGCAATGGGCCATCAAG
CAATCTCAGGGCTTICAGGCAATGCTGGGGTTTATAAAGCACTTTATGTTTTAAGTTCACTTT
TATTTCTAAAGTCTCATTGACTGCTCTGAAAATCTCTCAAGTAAAGTGGGCACTAAAGGCTT
TATACTCTCTCCAATTATACCTITCCATTIGTATAGATTTIGGAAGCTGGGGTCCAAATGTGTTA
AATGACTTGCCTAACATGGTCCATTACTGTAAGTACAGAAACGGAATGAGACCCCAAATCTG
CITCATGGAGGGACACTCTICTAAGATACTGTGATGCTTICTTCCCAAGTAATTCCGICTTCA
GACTTCAAGGTCTCAATTCGAATGACAATTCAATATAGGACTTTCATAATCTTAAAAGCAAC
CTGACAGTICATTACAGTGGGCTGTGAGAAATACTAACGCAGAGCCACATACTCTIGGGCTTCA
TGCTAGGTTTTGCCACTCACTATCTT-5'

<128172634>(SEQ ID NO: 5)

> CCAT1_JAX 6 Transcript sequence; Genomic location:
chr8:128197810-128240377 strand:—
<128240377>

31—
GCATGTIGGCAGGCACAGAAATATTTACTCATTGACTGAATATAGCACATCGTAATGTTGATT
TTTTTCCAACATAATTTTAGAGCTAGGCATATTGTATICTATTACACTAGACTATATATCAT
TCTTAAATAGAACCAGCCTTGCTAGATAACACATGTTGGAGGAGAGGCCCTTCTTCTTAGCC
CICAGIGITICCATCTATGGGGAAGAAGTTCCACCATACTAACATTACTATCGTCTCTCCAC
CIGCTCACTCACTICTICCCCAAGGGAGGGGTIGTTCGATATGGTTTCTGAGCTTGGAAAGAAA
ACTCAGGCATGTGTAACATGGTTCCTTCAGTCCCATGACCCACTGTCCACAAATGGGCTGCT
CACAGAGTGCATGCCITCACCCTTIGTTCCTGGCCATGCAGGAAATTGTATGAAACAGTCCTA
GCTGAAGCCTGAGATTITICCTGCATTGCCTAGTCCTGGTGGGTATCTGTICTACTCCTGGAGT
TTGGATTGGAAAGTCCACATGCCTGAAGGTATAAACCTATTCTACAAAGGGGTGTTTTICTAG
AATGAAGGTAATATTITITATCTITACATTTGCAGAAAGAGACAGAACAATGTTATAGGTGAGT
GCATGGACAATGACCTCAAACAGCTAAGATTCAAACCCCTGCGTTGAATGATTGAATTGAAA
TGATTCAATGAGCTAATGTACATAAAGCATCCAGAATGTTIGCCTIGGCACAAGGACTGTATIG
TCTGCTAGACCATTTATTCAAAGTGGGAGGATGATGTTICTAAAAGCCAATGATAAAGCTCAT
GGCAATGCAGGGTATATCTGATGGCATGGAATGCTTTAGGATGGCCAAGATTGCCCATCAAA
TGCCAAGTCACCGAAGTTATTAATGGCTCTICCTACTAGGAGCCTGACATCATGGTGAGCATC
GAGAAAGGAATAACCTAAGCTGAAGACACGCCTTTTCAGGAGGCCAAGTTCCACGTTICTIGTG
CATGCITITGGCGAAAGTCAGGCCAGGCACTACTCTGTCCCAACAATAAGCCCTGTACATTG
GGAAAGGTGCCGAGACATGAACTTTGGTICTTICTICTGCAATCCATCTGGAGCATTCACTGACA
ACATCGACTTGAAGTTGCACTGACCTGGCCAGCCCTGCCACTTACCAGGTTGGGCTGTGGCT
TGCCTTTTCACTTICTTGTIGTICCTGTITAAGAAATATCTGCTATCCCAAGATTGCAAACTCCT
AGAGAAGGGCTCAACAGTGAGTGCTGAGGCTGCACAGAGGAGGAAGGCAGCACAATGATGGA
AGGCTITCCTAAAGAGGTATGTITCCAAGAGCCCCCACTTCCTTTCATGGGAGACTCATGCTGT
TACACCTAGACTATCTAGGGATACATCTAATGTAGTCGTGGAAAGAACAGAGGACTTGAGTA
CTAGACTGACGTIGATTITIGAATCCTIGGCTCCCTATTGACCAGATGTGTGTCTTGAACAAGTC
CCTGAGCCTCAGTGTCTTICATCTGCACAGTGAGGATAATGATACCACACTGCATATATGAGG
TATCCGGCACATGTAAATGTCCACTACATGCTGATITCTTICACCCGCTACTCACCCCTGGGA
AAGAAGTAGACTCACCTACTCTTGGTACCCATTCATTCCCCCTCAGTTGGAAGCATGAGGTG
TGCAGCTGCCTGACCTGGGGGAAGGGCTGCAAGCAGTAGGTGTTIGTCAGATGTGGTGGAGCT
TGTTGACTTCCTCCCAGGGGCCCAGCTAACAACCTGCCTCTGTTICCTTIGATAGTCAAGTTICA
ACTTTICACTITCTTAGCACCACAGGAAGTTGACTGAACATTAACTGAAGTCTCTCTCAAACAG
GAGACATCTITGCCAGGICCCTGTACTTCCTAGCCTCATTCCTGCTCTCCCTAGTGAGCAGG
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CTIGCCCTCCCTICTICGCCCCAGCACCACTGATAGGCAAGGGTACTCAGAACTACTACCTTGT
GGGCCATGTCATGTGCCAGGAGCTGCACCCAGGACTTTAATACAGTAGTTGGCTCCCACTGA
ATGTTCATTGTTACCCCAGGATAAAAAGGGGACACTGTGATCATTTTCTATTTTGCTGTGAT
CAGGCTITGGTGAGCTAAAGTCACCTACCTTICCCAGTCTCTACTAATAGAAGTCATGGATCAG
TCCTATTGGTTICTTCTGTTACAAGGATTCAGAATTCATAATCATGGAGCTGCATTTACAGGC
AGAAGTTTCTITTCATAGTTTTCTAAGTGTTCCTTTTAGCAACAATGGAGAAAATCAAAGAGG
GCAAAGGTGAGGGGAGAAAATAACATTTCCCTITICTIGTCCTTTIGCTCTTGTAGTCTTTTIGCT
TTAGTTTCTTTACTATGACTGTGAGGGTGAAACTAGTGATCAGAGTGGTCCAGAATGGGTTT
GATGAATCTGATTCTGGTGACACAAGATGAATTGGGTATATGTTTCCCTAAAGATAGAGAGA
CAATATAACATAGTCTTTACATTAATAGACTCTGGAGCCAATTTTTTTAGGTTCACTCTICTT
TCCTTTCATGTGTGTTGATTTTCAACAAACATCTTGCACTCGAATTCCATCTCACTGTTTTA
TTTTCAAAAAATTTAATTTGAGAAAGTTAGCTGTATTAATTTTTTCTTTTTCTAAAATTCTT
TTACTAATTGCAATTATTTCCATTGATGCTATTCCATTGAAACCATTTTAACATGGACTCAA
TAACTTCATTGTATGTTAATGTTTAATTTTCATTTICTTITACCTTICTTGGTTTTCTAGCTGTG
TTTAATGTGGTTGACCACTCATTCTITGAAGCTCTATTCCTCTGGCTACTACAGTATGACAC
ATTTTGTICTCCTTICTTCAGTICTCTGTCTTCTCCACAGTCTTCTCTTCCTTTTATATACCTTT
AAATATTAATGTTTCCCAGAGATATTTTCTTAACTCACTTCTCTACTGATTCTAGGTACTTT
TCTTGATCCAACTCTTCTGATTTTACCCATCTCGATGATTCTATAATTTGTATTTTCTGTTT
TGATCTCTTTTCAGTCTTCCAGACCTAAATATCCAAATGCCTGATGGATAGTGCTTTCTTTT
TTACTACCAAGCCCTCAAAGGCACTATGTTCAAAAGGAATTTIGTCATCAGTCTCACGGCACA
TAAGCTTCCTICTTGTIGTTCAATCTGGAGACTTGAGAGTICTITCCTIGITCCCTICITCTCCTITA
TTTTCTCCATAATCAATCACAAAGTCATGTGGATTITTGCTCCTAAATATGTTAACTTCTTTC
CICICICACTITTATATCCCITACATCTAGGTATTTCAGACCCTCAGTICTICTCTCACATAGAC
TTTGGCAATAACCTTCTAATATCAGTCAACCTGACCAATAGGCCACCAGTGCTTICATGTAGA
ATCTGGACAATGTAGAGCACTGAGAATGCTCACACTGGTCATATATGTATGAGTTGGTATGA
CATCTAGGGAAGTTGAAGACTTACATAGCCTTTGGCCCAGCAATATACACCATAATACATTA
GAGAAACTCTAGCATGTGTACACAGTGATATACACACAAGAATGTTCACAATGCCATTATTT
TAATAGCAAAATTGTGGAAACAACACAAATGTTTATCAATAACAGAATGGATAAGTGAGCCA
TGGCATAGTCATACAATGAAAAATAATATAATAGTCAAAATGAATGATCTGAAGAGATATCA
TTATTGGCAATCTTATAAAAGACTGAGTTAAAAATGCAATTTGTGAAAATTTTTAATTATTT
GATATTATTTAATGCAAAGTTTTAGAACATGCAAACAACTGTATATATTATTTATGTATATA
TGCAAATTCAGCAATAGCATTTAATCATGCCTGGGAATGATAAGTATCAAAGTCAGAAAGTG
GITACCCITGGGAAGAGAGGTATGTATCAGCGGTGGGGCACATAGGATGTTGCAGCCATATC
TGTAATGTITTCTTTGCTTTAAAAAATTTGAATCAAGCTTGGCAAAGTGTGACATTTGATTAA
GCAGGATAGTGAGTGCATATCTGTITACTTATATTGTITCTTTATAATTTTCTCTATGCTAAAG
CATTTTGTAATTTAAAAAACCTGACAGTGTTACTCCCATGCTTAAAATATGCCAGTGGTCAA
ACCAAATCCAGCAGCACATCAAAAAGCTTATCCACCATGATCAAGTGGGCTTCATCCCTGGG
ATGCAAGGCTGGTTCAATATAAGCAAATCAATAAATGTAATCCAGCATATAAACAGAACCAA
AGACAAAAACCACATGATTATCTCAATAGATGCAGAAAAGGCCTTTGACAAAATTCAACAAC
TCTTCATGCCAAAAACTCTCAATAAATTAAGTATTGATGGGACGTATCTCAAAATAATAAGA
GITATCTATGAAAAACCCACAGCCAATATCATACTGAATGGGCAAAAACTGGAAGCATTCCC
TTTGAAAACTGGCACAAGACAGGGATGCCCTCTCTCACCACTCCTATTCAACATGGTGTTIGG
AAGTTCTGGCCAGGGCAATTAGGCAGGAGAAGGAAATAAAGGGTATTCAATTAGGAAAAGAG
GAAATCAAATTGTCCCTGTTITGCAGATGACATGTATATCTAGAAAACCCCATTGTICTCAGCC
CAAAATCTCCTTAAGCTGATAAGCAACTTCAGCAAAGTCTCAGGATATAAAAATCAATGTAC
AAAAATCAGAAGCATTICTTATACACCAACAACAGACAAACAGAGAGCCAAATCATGAGTGAA
CTCCCATTCACAATTGCTTCAAAGAGAATAAAATACCTAGGAATCCAACTTACAAGGGACAT
GAAGGAACTCTTCAAGGAGAACTACAAACCACTGCTCAATGAAATAAAAGAGGATACAAACA
AATGGAAGAACATTCCATGCTCATGGGTAGGAAGAATCAATATCGTGAAAATGGCCATACTG
CCCAAGGTAATTTATAGATTCAATGCCATCCCCATCAAGCTACCAATGACTTTICTTCACAGA
ATTGGAAAAAACTGCTTITAAAGTTCATATGGCACCAAAAAAGAGCCCGCATCACCAAGTCAA
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TCCTAAGCCAAAAGAACAAAGCTGGAGGCATCACACTACCTGACTTCAAACTATACTACAAG
GCTACAGTAACCCAAACAGCATGGTACTGGTACCAAAACAGAGATATAGATCAATGGAACAG
AACAGAGCCCTCAGAAATAACGCCACATATCTACAACTCTCTGATCTTTGACAAACCTGAGA
AAAACAAGCAATGGGGAAAGGATTCCCTATTTAATAAATGGTGCTGGGAAAACTGGCTAGCC
ATATGGAGAAAGCTGAAACTGGATCCCTTCCTTACACCTTATACAAAAATTAATTCAAGATG
GATTAAAGACTTAAATGTTAGACCTAAAACCATAAAAACCCTAGAAGAAAACCTAGGCATTA
CCATTCAGGACATAGGCATGGGCAAGGACTTCATGTCTAAAACACCAAAAGCAATGGCAACA
AAAGACAAAATTGACAAAGGGGATCTAATTAAACTGAAGAGCTTCTGCACAGCAAAAGAAAC
TACCATCAGAGTGAACAGGCAACCTACAAAATGGGAGAAAATTTTCACAACCTACTCATCTG
ACAAAGGGCTAATATCCAGAATCTACAATGAACTCAAACAAATTTACAAGAAAAAAACAAAC
AACCCCATCAAAAAGTGGGCAAAGGACATGAACAGACACTTCTCAAAAGAAGACATTTATGC
AGCCAAAAAACACATGAAAAAATGCTCATCATCACTGGCCATCAGAGAAATGCAAATCAAAA
CCACAATGAGATACCATCTCACACCAGTTAGAATGGCAATCATTAAAAAGTCAGGAAACAAC
AGGTGCTCGAGAGGATGTGGAGAAATAGGAACACTTTITACACTGTTAGTGGGACTGTAAACT
AGTTCAACCATTGTGGAAGTCAGTGTGGCGATTCCTCAGGGATCTAGAACTAGAAATACCAT
TTGACCCAGCCATCCCATTACTGGGTATATACCCAAAGGACTATAAATCATGCTGCTATAAA
GACACATGCATACGTATGTITATTGTGGCACTATTCACAATAGCAAAGACTTGGAACCAAGC
CAAATGTCCAACAATGATAGACTGGATTAAGAGAATGTGGCACATATACACCATGGAATACT
ATGCAGCCATAAAAAATGATGAGTTCATGTCCTTTGTAGGGACATGGATGAAATTGGAAATC
ATCATTCTCAGTAAACTATCGCAAGGACAAAAACCAAACACCGCATGTTCTCACTCATAGGT
GGGAACTGAACAATGAAAACACATGGACACAGGAAGGGGAACATCACACTCTGGGGACTGTT
GTGGGGTGGGGGGAGGGGGGAGGGATAGCATTAGGAGATATACCTAATGCTAAATGATGAGT
TAATGGGTGCAGCACACCAGCATGGCACACGTATACATATGTAACTAACCTGCACATTGTGC
ACATGTACCCTAAAACTTAAAGTATAATAATAATTAAAAAAACCAATAGTTTATGAAACCCC
CCCCAAAAAAAATATATGCCAGTGGCCTCCAGTTGCCCACCAGGTAGCATCCACATTCTTTA
ATGGAAAGCCCTTICCTIGCTTICGAACTTGCCAACTGGGATTGGACATTTGTAGTTGCATTTC
TAAGAACTGTTCCCTTTTGTICAATGGAGCCTGATTTICCACTTIGGATATCTIGGGTGATTTAGG
GAAACTGACCTCAAAACCCAATTCTACATTTCGACCATGTGACCTTGGCTTAATCAATTCAC
GCATCITITICCCICACCTCAGGGGATGATCATATGAACTAAGCCAGTTGCAATAGAGTAAA
CCTCATGTTCCTAATGAGAAATCCAGAACAAAATGCTTTATTTTTCTTCAATTTTTTATTAG
GTCATCTCCTGAATCAATTAAAAAAAAAACCAACAGTGACAACAAAACTAAAAAATATGAAG
AAGCTGAAACATGAAAGCTCIGCCAACTGCAATATGTAGCTGCTAAGGTTGCTGTATTTATT
GGAATCAAGCAAGTGITCCAGTAAAGAGCACAGAAGATGTGTCTGGGAGCCTTTATGTGTAG
GICTIGCAAGTGGTGGATATCACTACTACTCACACGCCATTGGCTAGAACTGAGTTGCATGGA
TACACCTAATTGTAAAAGAGGCTGGGAAATAGAGACTATTGTGCCCAGAAAGAAGAGAAAAT
TCATTTATGGAAGAGGTAGCTAGTICICTICACAGCCATGAAAAGAGAAGTGTTTAGCTAATTG
AAGTGAATAGCAGCCATCITGGGTCCCTAAGGCAAGTTAGACTAATATTGAAGTGGAAACCA
TGAGGAAAGCAGTGATACTGAAAGTAACCGCATCTITGAGAACATGCATTICATITCCTACAA
CATGAATTTATTGAGGACCTACCTTAATACAGGCAGCGTGCTAGACACCAAGAGAACTGATG
TCCTCTTCCTTCCTGCCTGCCTGGAGCCTGTATTICTGGAGGGGACAGAGCTAGCAGATCAGA
CCTAACTGGAAATCTGCTIGIGCCAGTATATATTTCAGTGATGTGAGCCAATATATCCCCTTG
ATTGCTCAAAGTAGTTTGGTCGATATATTTTGTTGCTTTAAATTGAACACATTCTTATGTAC
AGCCICIGICICCTCATCTICCAACCAAGCAAAATAGCTTIGTTCTICTTITATGCAGGGACACAT
GACATTTCCCACGIGGCITIGTGCATATCTCCACCTCAATTTAAAATGCCTTCCAATCCCTG
CTCAAAGTCAAACAGCTTAATAATGGTAGACATAGAATTTGACTTATTCTAATAATAGGTCT
TTTAAACAATGCCTTCTTCTCTTCATTCTTTCCTTCTTAGAGTGGGTATTICTTTCTGGTGCA
TCATGTAAAGGAAGGTAACTACATGCATGTAATGATGAGAATATTTATATGTATTTATGATT
ATCACAAAAAAACAAAGATTCTACCATTCAAGAGGAACATTTATTTITATTTTTTTATTTGAG
AAAAGTATAATTTITATTTATTTATTTATTTGTGCAAATTTATGGGGTACTTGAGAAAATGTG
TTACATGTATATAATGTGTAGTGATCCAATCAGGATACTAAGGGTGTCCATCACCTGAGTGT
ATTACATTTTTGTITAAGTATAATCATCCTACTCCAGGAGAACATTTTAAAAACTGTTCTGTA
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GAGATACTACTCAAATTAAGTTICTCAGTCCTGAAACATCAGATCAGCTAGGAATCTGACAAA
AATGCAAGTTCTCAGATGACAGATGAGACCACTTCAATCAGAATTTCTGGAGTGGAGCCCAC
ACATTTGTATTTTTGCAACCTTTCCAATGATACTTATGTACATGCTCAAGCTTGAAAACCAC
TTTCCTAGGACATTAGTTCCTCGACAAGATTTGTGAGTAACCTTGTTTCATGAAAAAGTGTT
TAGGAGATACTGATTCAATAAAAACTAATCAGGCTTTTATTGTTTGCAGGGCTTTCAAAACT
TGCAATAGGCCACTGTGCATTGTTAATTTCTAAGAGGAAGATGCTTATGTCCTCAATGAATA
TCTTCCCACCATGAAGTACTCTITCTTICCCCCACTTTITTAAAACAATTACTAACACCTGGCAG
AAGTAGGCAGACAGCTTACAGCTTAGAAAAAGTTGGCCTAAGATAATGGCTAATTTTCATAC
ATTATTTATTTGTCATCATGCTTATCTTTCTCTCTCTAAATTGTATATTTCATCTCTGTGAT
CACAGATTGAGCCTICATATTITCATATCTGCCCCTGGCCTAATGGTTGTTTACAGAATGAGCT
CAATGAATATTGTTAAGTGAGTAGGATTTAATTTATTTGATAAATAGATAACCTTAAGTTTT
AAACGGTGGATTTCACATGAGGACATTTACTTACTATTGTTGAGCTGTAATTAATTTTTAAT
ACTGTTTAGGTACTCATAATAAAGAACAGGATATTTGGAGAAGGAAGACAGTATCATTCCTG
GITCTTAGTCTTACCAGCTTATTGATCATGAGTATATAACCTCTCTGTGGCTCAGTGCCTTT
CICIGTAAAATGGGAACACAGTGATGTTCACCTCACAGGATTGATTTGTAAAAGGGCTGGAT
AAGGTTATGAGAATGTITTTGCAAAGTGATATCGAAAGATTAATTGCAAACTTCATTTGAATC
TTAAATTGTTTGAGATAGGTCATGCTATGAATCAACTATGAAGTGCAGATATTGTCAAGATT
CAATATTICITICCCAAGAGCTGAGAGGAGGGGCTGCTTGTTTIGTITTIGTITTICTITTICTITITTTA
GAAACATGCCAGGACAGGCTCATTITTICGGGTTITTICCICTICACTTGCTCATCTTACTTTTTICT
TTAGTTTCTCTATTCATTAGGATACAGTACTGTAAAGCTTTATGGCATTTTTATTTTGTGGG
AGATGAATCTGAATAAAGAATTACAGTTAAATCATTGCTAAGTTTGATGAATGAGCACCAAA
GAACTCTTCAAGATGTCATTTTTAAAGTTTTGTAAATGATTGGCTTTCAGTGGTTTCCTCTA
AGGAATTTTAATTTTGAATAATGCATAGAAAAATGTGCGCACACACAAATCATTCAGTATCC
ACCTCGAAGGGAAATCAAAGTGCCTGTGAAGTGAAACTTTACCTTTCTATATCACCAGCTTC
CTGTTAGAGCAGACTTTTTCTTITGCTCAAAGTCTAAGCATTGAAGAACTTCTTTTTAGTAGG
TAGATTTTTGTIGTITTITTITIGTTITGTTITITGAGACGGAGTCTCACTCTGTCGCCCAGGCTGTG
GTGCAGTGGCACGATCTCGGCCCACTGCAAGCTCTGCCTCCCGGGTTCACACCATTCTCCTG
CCTCAGCCTCCCAAGTAGCTGGGACTACAGGTGCCAGCCACCACGCCTGGCTAATTTTITTTG
CATTITITTAGTAGAGATGGGGTTTCATCGTGTTAGCCAGGATGGTICTTGATCTCCTGACCTC
ATGATCCACCCGCCITGGCCTIGCCAGAGTGCTGGAATTACAGGCGTGATTTAGTAGGTAGTT
TTGAGTAGGGAGTATACATTTAAAATGCTGAAACTCAGTTAAGGAATAATCTAATACTGTAT
TCAACTGAAACTCAGTTGAGAAATTTCTTTCCAATAATAAAGGAAAATCAACTGCAGTAATG
AGGGAGATGATTTTGCTGCTAATTACAACAAATATTTACTACAGACCTGTTATGCACCAGGA
ACTGTGCTAAATGTTTITATACATATAACTTTATCTTGTGCTCCAACAACTTATTACATAGAA
ATTGCTATTATTCCCATTTTCTAGATTAATAAATTGGTTTAGAGGGGTCGTATAGGTGAAAC
AACTCACTCAATATCACAAGCTGTITATGTGGTGAAGTTTGCATGATCAGTACAGGGTTICTIGG
TCATCCCACTCATTGAGTGGTGCTAGTCAAGATCTGGAAGCTCTITCTGGTICTITAGTITICTICT
AGCCGTGAAGTGACAATGATTAGGTCTAATCATAGAACATGAGAGTACATGTGAAAAAATGC
CTTTTTAAAGAGTATGAAAAACTTGAGTTGTAAAATTTTCTTGTGGATAATTTATTATTGCT
TTTCTTTTTTAGATAACACTAACAAAGTTGACCTTAGAATTGGAGTGCCTGGGTTAGAACCC
TGCTGGTACCACCTGCTTACTGCATGCTTCTGATGTGAGTTCAGGAGAAGACACTGGCAAGG
ACAGCAAAGAACAGGAGAACACTCTAGCTTCCCTGATAGCATTCAAGGTGCTGTICCAAACTG
ACTGTIGATGGCACCCTCCAGACAGACAGCGATGCCACATGTTCAAGATGGCAGAATCACTAT
CAGCTTCAATTCCTGAATGACTGCAGAGCAAAATTTCTTACCTGCAACATACACTCTATTTT
CAGCCTICCCIGGACTGTTACATAATGATACATAAAAATATTTCTTIGTIGTTGAGGCATCCCAA
ATTTGATTTATTTGTCA-5"

<128197810>(SEQ ID NO: 6)

>CCAT1_JAX_ 7 Transcript sequence; Genomic location:

chr8:128186443-128240377 strand:-—
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<128240377>

31—
GTAATGTIGATITITITCCAACATAATTTTAGAGCTAGGCATATTGTATTCTATTACACTAG
ACTATATATCATTICITAAATAGAACCAGCCTTGCTAGATAACACATGTTGGAGGAGAGGCCC
TTCTTCTTAGCCCTCAGTIGTTTICCATCTATGGGGAAGAAGTTCCACCATACTAACATTACTA
TCGICTCTCCACCTGCTCACTCACTICTICCCCAAGGGAGGGGTGTTCGATATGGTITTICTGAG
CITGGAAAGAAAACTCAGGCATGTGTAACATGGTTCCTTCAGTCCCATGACCCACTGTCCAC
AAATGGGCTIGCTCACAGAGTGCATGCCTTCACCCTTIGTTCCTGGCCATGCAGGAAATTGTAT
GAAACAGTCCTAGCTGAAGCCTGAGATTTTCCTIGCATTGCCTAGTCCTGGTGGGTATCTGTC
TACTCCTGGAGTTTGGATTGGAAAGTCCACATGCCTGAAGGTATAAACCTATTCTACAAAGG
GGTGTTTTCTAGAATGAAGGTAATATTTTTATCTTACATTTGCAGAAAGAGACAGAACAATG
TTATAGGACTGTATTGTICTGCTAGACCATITATTCAAAGTGGGAGGATGATGTTCTAAAAGC
CAATGATAAAGCTCATGGCAATGCAGGGTATATCTGATGGCATGGAATGCTTTAGGATGGCC
AAGATTGCCCATCAAATGCCAAGTCACCGAAGTTATTAATGGCTCTCCTACTAGGAGCCTGA
CATCATGGTGAGCATCGAGAAAGGAATAACCTAAGCTGAAGACACGCCTTITTCAGGAGGCCA
AGTTCCACGTICIGIGCATGCTITTTGGCGAAAGTCAGGCCAGGCACTACTCTGTCCCAACAA
TAAGCCCTGTACATTGGGAAAGGTGCCGAGACATGAACTITGGTICTITCTCTGCAATCCATCT
GGAGCATTCACTGACAACATCGACTTGAAGTTGCACTGACCTGGCCAGCCCTGCCACTTACC
AGGTIGGGCTCTTIGAGTITICIGCTTITCAAGTGACCCTCAGAAATTCCTCCATTCACTGCAGA
GGTICIGITICICCTIGCTITGTTCTGACTTTACGGCAGAACTAAGCTAATGAGTTAGTTAC
TATGGGTTATCACTTGGATTTGAAGAACCATCATTTCTAGGCATTGCTGC-5"
<128186443>(SEQ ID NO: 7)

>CCAT1_JAX_ 8 Transcript sequence; Genomic location:
chr8:128218833-128240377 strand=-—
<128240377>

31—

GCATGTIGGCAGGCACAGAAATATTTACTCATTGACTGAATATAGCACATCGTAATGTTGATT
TTTTTCCAACATAATTTTAGAGCTAGGCATATTGTATICTATTACACTAGACTATATATCAT
TCTTAAATAGAACCAGCCTTGCTAGATAACACATGTTGGAGGAGAGGCCCTTCTTCTTAGCC
CICAGIGITICCATCTATGGGGAAGAAGTTCCACCATACTAACATTACTATCGTCTCTCCAC
CIGCTCACTCACTICTICCCCAAGGGAGGGGTIGTTCGATATGGTTTCTGAGCTTGGAAAGAAA
ACTCAGGCATGTGTAACATGGTTCCTTCAGTCCCATGACCCACTGTCCACAAATGGGCTGCT
CACAGAGTGCATGCCITCACCCTTIGTTCCTGGCCATGCAGGAAATTGTATGAAACAGTCCTA
GCTGAAGCCTGAGATTITICCTGCATTGCCTAGTCCTGGTGGGTATCTGTICTACTCCTGGAGT
TTGGATTGGAAAGTCCACATGCCTGAAGGTATAAACCTATTCTACAAAGGGGTGTTTTICTAG
AATGAAGGTAATATTITITATCTTACATTTGCAGAAAGAGACAGAACAATGTTATAGGTICTG
GGAAATAAGAAATCATTAGAAAAAGATTTCTGCCTTCTAGAAGTACACAGTCTAATGGTGAG
ATAGGCAGTITATTAATGGCTCTCCTACTAGGAGCCTGACATCATGGTGAGCATCGAGAAAGG
AATAACCTAAGCTGAAGACACGCCTITTITCAGGAGGCCAAGTTCCACGTTICTGTGCATGCTTT
TGGCGAAAGTCAGGCCAGGCACTACTICTIGTICCCAACAATAAGCCCTGTACATTGGGAAAGGT
GCCGAGACATGAACTTTGGTICTTCTICTGCAATCCATCTGGAGCATTCACTGACAACATCGAC
TTGAAGTTGCACTGACCTGGCCAGCCCTIGCCACTTACCAGGTTGGCTCTGTATGGCTAAGCG
TTTTCTCCTAAAATCCCTTGAAAACTGTGAGAAGACCATAAGAAGATCATATCTTTAATTICT
ATTTCACAAGTCACACAATATTCCAATCAAATACAGATGGTTGAGAAAAGTCATCCATCTTIC
CCTCCCCACCCTCCCACAGCCCCTCAACCACTGCCCTGAAACTTATATGCTGTTATCCGCAG
CTICCATCIGGAGCATCACAGCTACTGTCAACCCTGACGCTCTTTCTGAAAAAACACCGGATG
GACATCAGAACTATTICITTAAGGATGTTACTGAGCCACACAGGAAAACTTGCCTTATGATT
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TTGAATGCACGGATCTGATTTGACTAAACATGATAACTAGAGAATCACCCAATCTACTCCCA
TTTTCAACTCTAAATCATCAGAGTGTICTCAAATCCAAAGCACACACAGACCAGCCTGGCCAA
CACGGTGAAACTCCACCCCTACTAAAAGTATAAAAATTATCCAGGTGTGGTGGCGGGCGCCT
GTAATCCAAGCTACTTIGGGAGTCTGGAGGCAGGAGAATCCCTTGAACCTGGGAGATGGAGGT
TGCAGTGAGCAGAGATCACACCACCGCACTCTAGCCTGGGCCACAAATCAACAACAACAACA
ACAACAAAAAACAAAGCGCACACAGAGACTGAGGTCCTICTTTGGCATTGAGAAGATGGCTAT
GCAAGTCCCAACTAGCAAGTGCAAACTTCCCAGCTTCACTTICTGCCAGTGTCCCTTCACCCC
TTCTCAACCCCACTGGGAGGCAGGAGGGTGCTTGACAATAACAGCCTTGGCATCACTCTGCC
AGGGTGTAATAGGAACTGTITACAATTCTGAGATTCTGTIGTAAGCACTGGCCTTTICTGCCTAG
AATGCCTITCTCCICICITITITAACTGCATGCTCCTATTTATCTTTCAAAGCCCGGAAAAAA
TAACACTGCACACGGGAAATGCTCCCTTICCTACTGCAGTCATTTAGATGACTCTATGCCATT
CCATTCATTICICITICCTACCACAGAAGTGCTTTGAGATTTTGGAGTCAGACTGCTTGAAC
TTGAATCCTGGCCCTCTCATCAGAGACTTGACTTATTITAGGCAAGTTATATAACCAATTTT
ACCTCAGTICCTTACCCATAAAATGGGTCTAATGAGAGTACCTACCACACAGAATTTTGATG
AAAACTGAATGAGATGAAGGCCTTTAAGGCAGTGGTCCCCAACCCTGGGGACACAGACAGGT
ACCATTITGTGGCCTIGTITAGGAACTGGGCCACACAGCAGGAGGTGAGCAGTGGGTGAGTGAG
ATCAGCGTTATTTACAGCTIGCTCCCCATTGCTCACCTTACTGCCTGAGCTCCACCTCCTGTC
AGATCAGCAGTGGCATTAAATTCTCATAGCAGCACAAACCCTGTCATGAACTGCACATGCGA
GGGATCTAGGTTIGTIGCGCTCCTTATGAGAATCTAATGCCTAATGACCTGTCACCGTCTCCCA
TCACCCCTAGATGGGAGTGTCTAGTTGCAGGAAACAAGCTCAGGGCTTICCACTGATTCTACA
TTATGGTGAGTTGTATAATTATTTCATTATATAATACAATGTAATAATAATAGAAACACAGT
GCACAACAAATGTAATGTIGCTTGAATCATCCCCAAACCATCCCAGTCCACGGTICTTCCACAT
TTTGTCTTTTCACAAAATTGTCTTICCACAAAACTGGTCCCTGGTGCCAAAAAGGCTTGGGAC
CACTGCTITAAAGCCTITTIGCATAGTGCTTAGAATTGAGGGGGAAAAAAAAAACAAAAACAAT
GTAGCTAGTTIGCTACAATCACTATATTGGTGAGTTTCAAAAGGAAAAGAATTCTGTCCCATT
TATGCTTGAGCCTTGAGTTGCTAACCAAGCCTGACACAAAATTACTGTTGAAGGGATGTGTG
AGTCCTAATTGAAATGAGGCCTCTTAAGGGAATTGTGGACCAAACCCCAAGCAGGCAGAAAG
CCGTATCITAATTATTGCAAGTATTTCAGGCAAGGTGTGGATGGCCATTTGAATTCAAGCAG
ACTAGGACCTGGGATGAGAAAGAAGGTGTGTACGTGACTTGATCTTTGAACTTTAGCTCACC
ATCTGGAAGAAGGCTGAGTATTICTCTGCACTCACATAGTAGCTAATGCCTACTCCCCAGCCA
CCCACAATTCTITCTGTAGGAAGGCTCGCTAGAATACTTTGTGATATTGGATATTAGTTCCA
TATTCTACTGTGTATCTTAGTTCAACCAAATTGTAATCATCTGATATTTATTTICTTITTAATA
TAAATATAAGTATATTAAGTCTITGGCATGCTTIGCTCAGTCTCTICTCTICTICTCCCATTCCTCC
CCGCTCCCCICICICITICCCAACAGGCTTGGAAAGCAGGCATCACCATGCCTATTTAACAG
TTGGGGTCCCTTGGCCACCAGGTGCTGGAGTAGGAATCTGAGCCCGGACATGCCTGATCTGT
AAATTTTIGIGITITCCCCACTIGTGCTGGGCAGATCACAGCTATCAGCGCCAAATTCATAGAA
GGGGCGCCCCCTIGTIGGTCAATTGAGGGATTTGTGTTTGAGGTAGATCTCAAGAAGGAATGGG
TGGGGAACTTAGCCTAGGACAGAGCAGAAAGGAGCCCTCACTCCCCAAGCACCAACGGCCTC
AGTCCTTICCTGCTIGACTCCAGCCTICTAGCTCTCACCCAGACTATCTGCATCCTTICTCTCCAC
CACGCTICCTITGGAACCTIGCGTAAAACACAGATTAAAGGAATTCCGCCTTACTTCCCTTTCC
GCATTATGACCAAATGGTITITACACTATCATTGAACAGTTTAGTACAAAACATGCCACCTTT
TAATCTATTCATTCATTTAACAAATACTTTIGGAGTGTITACCATGTGCCAAGTGCTGTITCTA
ATAGACATAAGCTGTIGAGGTTATGCTTATCTGATTCTCACAGCAACAGCTTTCGAGATATGA
ATTGGTATACTCATTITGACAGATGAGGAAATTGAATTCATGTAGTGAAAGGAAGAGCTGCAA
TTCAGGGTTACTGGTTTCTCCTGCACTAAGCACTGAGCCACACTAGAAGAGAAGGCATGAGG
AAGACAAAAGT-5"

<128218833>(SEQ ID NO: 8)

For each of SEQ ID NOs: 1-8, the cDNA sequence “-” strand having the same

sequence (except that the U’s in RNA are replaced with T’s in cDNA) as the respective
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CCATI1 ncRNA transcript isoform is shown, from 3’ end to 5’ end. In addition, the first and

the last nucleotides of each cDNA “-” strand, as they are mapped to the corresponding

nucleotides on the genomic sequence, are also shown (e.g., in SEQ ID NO:1, the first cDNA

nucleotide C at the 5° end corresponds to nucleotide 128128655 on Chromosome § of the

human genome, and the last cDNA nucleotide T at the 5° end corresponds to nucleotide

128241571 on Chromosome § of the human genome).

Furthermore, the following table lists additional information for the 8§ transcripts,

CCATI_JAX_1 to CCATI_JAX_8 (SEQ ID NOs: 1-8, respectively), including the start and

end nucleotide positions for each exon of each CCAT] transcript as represented by the

nucleotide positions on human chromosome 8., the length of each exon, and the

corresponding genomic sequence spans.

Name

CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 1
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2

Genomic

Feature Start End span

Transcript 128128655 128241571 112917
Exonl 128128655 128129210 556
Exon2 128152988 128153109 122
Exon3 128153590 128153816 227
Exon4 128155104 128155178 75
Exon5 128156007 128156437 431
Exon6 128160496 128161163 668
Exon7 128161860 128161917 58
Exon8 128172633 128174329 1697
Exon9 128176683 128176771 89
Exon10 128181151 128181362 212
Exonll 128186434 128186609 176
Exon12 128197071 128198015 945
Exonl13 128200029 128200129 101
Exonl4 128200289 128215467 15179
Exon15 128218832 128218920 89
Exonl6 128218922 128221962 3041
Exonl7 128231054 128231498 445
Exonl8 128231499 128231806 308
Exon19 128231808 128232653 846
Exon20 128234035 128235911 1877
Exon21 128236644 128236720 77
Exon22 128236779 128236929 151
Exon23 128239643 128241571 1929
Transcript 128128655 128232653 103999
Exonl 128128655 128129210 556
Exon2 128152988 128153109 122
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Transcript
length

29299
556
122
227
75
431
668
58
1697
89
212
176
945
101
15179
89
3041
445
308
846
1877
77
151
1929
25265
556
122
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CCAT1_JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX 2
CCAT1 JAX_3
CCAT1 JAX_3
CCAT1 JAX_3
CCAT1 JAX_3
CCAT1 JAX_3
CCAT1 JAX_3
CCAT1 JAX_4
CCAT1 JAX_4
CCAT1 JAX_4
CCAT1 JAX_4
CCAT1 JAX_4
CCAT1 JAX_4
CCAT1 JAX_4
CCAT1_JAX_5
CCAT1_JAX_5
CCAT1_JAX_5
CCAT1_JAX_5
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6
CCAT1 JAX_6

Exon3
Exon4
Exon5
Exon6
Exon7
Exon8
Exon9
Exon10
Exonll
Exonl12
Exonl13
Exonl4
Exon15
Exonl6
Exonl7
Exonl8
Exon19
Transcript
Exonl
Exon2
Exon3
Exon4
Exon5
Transcript
Exonl
Exon2
Exon3
Exon4
Exon5
Exon6
Transcript
Exonl
Exon2
Exon3
Transcript
Exonl
Exon2
Exon3
Exon4
Exon5
Exon6
Exon7
Exon8
Exon9

128153590
128155104
128156007
128160496
128161860
128172633
128176683
128181151
128186434
128197071
128200029
128200289
128218832
128218922
128231054
128231499
128231808
128152989
128152989
128153719
128155105
128156008
128231055
128160497
128160497
128161861
128209720
128231055
128231500
128231809
128172634
128172634
128176684
128231055
128197810
128197810
128200030
128200290
128215408
128231055
128231100
128235783
128236780
128239644

128153816
128155178
128156437
128161163
128161917
128174329
128176771
128181362
128186609
128198015
128200129
128215467
128218920
128221962
128231498
128231806
128232653
128231094
128153109
128153816
128155178
128156139
128231094
128232653
128161163
128161917
128215465
128231498
128231806
128232653
128231094
128174329
128176771
128231094
128240377
128198015
128200129
128209809
128215465
128231098
128231211
128235911
128236929
128240377
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227 227
75 75
431 431
668 668
58 58
1697 1697
89 89
212 212
176 176
945 945
101 101
15179 15179
89 89
3041 3041
445 445
308 308
846 846
78106 465
121 121
98 98
74 74
132 132
40 40
72157 8066
667 667
57 57
5746 5746
444 444
307 307
845 845
58461 1824
1696 1696
88 88
40 40
42568 11053
206 206
100 100
9520 9520
58 58
44 44
112 112
129 129
150 150
734 734
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CCAT1_JAX_7
CCAT1 JAX_7
CCAT1 JAX_7
CCAT1 JAX_7
CCAT1 JAX_7
CCAT1 JAX_7
CCAT1 JAX_7
CCAT1 JAX_8
CCAT1 JAX_8
CCAT1 JAX_8
CCAT1 JAX_8
CCAT1 JAX_8
CCAT1 JAX_8
CCAT1 JAX_8
CCAT1 JAX_8

Transcript
Exonl
Exon2
Exon3
Exon4
Exon5
Exon6
Transcript
Exonl
Exon2
Exon3
Exon4
Exon5
Exon6
Exon7

128186443
128186443
128231055
128231100
128235784
128236780
128239764
128218833
128218833
128218923
128231055
128231100
128235783
128236645
128239764

128240377
128186609
128231098
128231212
128235911
128236929
128240377
128240377
128218920
128221962
128231098
128231211
128235911
128236720
128240377

PCT/US2014/054185

53935 1216
167 167
44 44
113 113
128 128
150 150
614 614
21545 4103
88 88
3040 3040
44 44
112 112
129 129
76 76
614 614

These CCATI transcripts are different from the CCAT]1 transcript described below in
NCBI Reference Sequence: XR_133500.3:

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981

TCATCATTAC
CATGCTIGTTIC
AGGCCAGGCA
TGAACTTTGG
TTGCACTGAC
CTCCTAAAAT
TTCACAAGTC
CCTCCCCACC
AGCTCCATCT
GATGGACATC
ATGATTTTGA
TACTCCCATT
GCCTGGCCAA
TGGCGGGCGC
GGGAGATGGA
TCAACAACAA
ATTGAGAAGA
GCCAGTGTCC
CAGCCTTGGC
TAAGCACTGG
TTTATCTTTIC
CAGTCATTTA
TTGAGATTTT
CTTATTTTAG
TAATGAGAGT
GGCAGTGGTC
GGGCCACACA
CCCATTGCTIC
TCTCATAGCA
CCTITATGAGA
TGICTAGTTG
TAATTATTTC
AATGTGCTTG
ACAAAATTGT

CAGCTGCCGT
TTTGAAGGCA
CTACTCTIGTIC
TCTTICICTIGC
CTGGCCAGCC
CCCTTGAAAA
ACACAATATT
CTCCCACAGC
GGAGCATCAC
AGAACTATTT
ATGCACGGAT
TTCAACTCTA
CGCGGTGAAA
CIGTAATCCA
GGTITGCAGTG
CAACAACAAC
TGGCTATGCA
CTTCACCCCT
ATCACTCTIGC
CCITTCTGCC
AAAGCCCGGA
GATGACTCTA
GGAGTCAGAC
GCAAGTTATA
ACCTACCACA
CCCAACCCTG
GCAGGAGGTG
ACCTTACTGC
GCACAAACCC
ATCTAATGCC
CAGGAAACAA
ATTATATAAT
AATCATCCCC
CTTCCACAAA

GTTAAGCATT
TTCAAGCCTT
CCAACAATAA
AATCCATCTG
CTIGCCACTTA
CTIGTGAGAAG
CCAATCAAAT
CCCTCAACCA
AGCTACTGTC
CTTTAAGGAT
CTGATTTGAC
AATCATCAGA
CTCCACCCCT
AGCTACTTGG
AGCAGAGATC
AAAAANCAAA
AGTCCCAACT
TCTCAACCCC
CAGGGTGTAA
TAGAATGCCT
AAAAATAACA
TGCCATTCCA
TGCTTGAACT
TAACCAATTT
CAGAATTTTG
GGGACACAGA
AGCAGTGGGT
CTIGAGCTCCA
TGTCATGAAC
TAATGACCTG
GCTCAGGGCT
ACAATGTAAT
AAACCATCCC
ACTGGTCCCT

84

GCGAAAACGC
AATAGCTAGC
GCCCTGTACA
GAGCATTCAC
CCAGGTTGGC
ACCATAAGAA
ACAGATGGTT
CTGCCCTGAA
AACCCTGACG
GTTACTGAGC
TAAACATGAT
GIGTCTICAAA
ACTAAAAGTA
GAGTCTGAGG
ACACCACCGC
GCGCACACAG
AGCAAGTGCA
ACTGGGAGGC
TAGGAACTGT
TCTCCTCTCT
CTGCACACGG
TTCATTTICTIC
TGAATCCTGG
TACCTCAGTT
ATGAAAACTG
CAGGTACCAT
GAGTGAGATC
CCICCIGTICA
TGCACATGCG
TCACCGICTIC
TCCACTGATT
AATAATAGAA
AGTCCACGGT
GGTGCCAAAA

TCACGATTCA
TGGATGAATG
TTGGGAAAGG
TGACAACATC
TCTIGTATGGC
GATCATATCT
GAGAAAAGTC
ACTTATATGC
CICTTICTIGA
CACACAGGAA
AACTAGAGGA
TCCAAAGCAC
TAAAAATTAT
CAGGAGAATC
ACTCTAGCCT
AGACTGAGGT
AACTTCCCAG
AGGAGGGTGC
TACAATTCTG
TTTTTAACTG
GAAATGCTCC
TTTCCTACCA
CCCTCTCATC
CCTTACCCAT
AATGAGATGA
TTTGTGGCCT
AGCGTTATTT
GATCAGCAGT
AGGGATCTAG
CCATCACCCC
CTACATTATG
ACACAGTGCA
CTTCCACATT
AGGCTTGGGA

CAGAAAAATC
TTTAACTTCT
TGCCGAGACA
GACTTTGAAG
TAAGCGTTTT
TTAATTCTAT
ATCCATCTTIC
TGTITATCCGC
AAAAACACCG
AACTTGCCTT
TCACCCAATC
ACACAGACCA
CCAGGTGTGG
CCTITGAACCT
GGGCCACAAA
CCICTTTGGC
CTTICACTTICT
TTGACAATAA
AGATTCTGTG
CATGCTICCTA
CTTCCTACTG
CAGAAGTGCT
AGAGACTTGA
AAAATGGGTC
AGGCCTTTAA
GTITAGGAACT
ACAGCTGCTC
GGCATTAAAT
GTTGTGCGCT
TAGATGGGAG
GIGAGTTGTA
CAACAAATGT
TTGICTTTIC
CCACTGCTTT
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2041
2101
2161
2221
2281
2341
2401
2461
2521

AAAGCCTTTG
GTITGCTACAA
TTGAGCCTTG
CCTAATTGAA
CGTATCTTAA
GACTAGGACC
ACCATCTGGA
AGCCACCCAC
AGTTCCATAT

CATAGTGCTT
TCACTATATT
AGTTGCTAAC
ATGAGGCCTC
TTATTGCAAG
TGGGATGAGA
AGAAGGCTGA
AATTCTTTICT
TCTACTGTGT

AGAATTGAGG
GGTGAGTTTC
CAAGCCTGAC
TTAAGGGAAT
TATTTCAGGC
AAGAAGGTGT
GTATTCTICIG
GTAGGAAGGC
ATCTTAGTTC

GGGAAAAAAA
AAAAGGAAAA
ACAAAATTAC
TGTIGGACCAA
AAGGTGTGGA
GTACGTGACT
CACTCACATA
TCGCTAGAAT
AACCAAATTG

PCT/US2014/054185

AAACAAAANC
GAATTCTGTIC
TGTTGAAGGG
ACCCCAAGCA
TGGCCATTTG
TGATCTTTGA
GTAGCTAATG
ACTTTGTGAT
TAATCATCTG

AATGTAGCTA
CCATTTATGC
ATGTGTGAGT
GGCAGAAAGC
AATTCAAGCA
ACTTTAGCTC
CCTACTCCCC
ATTGGATATT
ATATTTATTT

2581 CTTTTAATAT AAATATAAGT ATATTAAGIC TT (SEQ ID NO: 9)
Thus in one aspect, the invention provides cDNA sequences of the CCAT1 ncRNA
transcripts, wherein the cDNA sequences are represented by a sequence selected from the

group consisting of SEQ ID NOs: 1-8.

In a related aspect, the invention provides an antagonist sequence of a CCAT1

ncRNA, wherein the antagonist sequence antagonizes a function of the CCAT1 ncRNA.

In certain embodiments, the antagonizing sequence does not antagonize a function of

the CCAT1 ncRNA corresponding to SEQ ID NO: 9.

In certain embodiments, the antagonist sequence is an antisense sequence to any one

of the “-” strand cDNA sequences shown in SEQ ID NOs: 1-8.

(T2

In certain embodiments, the antisense sequence hybridizes to any one of the “-” strand
cDNA sequences shown in SEQ ID NOs: 1-8 (but not SEQ ID NO: 9), under physiological
conditions (e.g., in the nucleus of a cell), or under a high stringency hybridization condition,
such as one described in Molecular Cloning: A Laboratory Manual by Sambrook and
Russell, Third Edition, 2001, published by Cold Spring Harbor Laboratory Press
(incorporated herein by reference). One such high stringency hybridization condition may
include 6 x sodium chloride/sodium citrate (SSC) at approximately 45°C, followed by one or
more washes in 0.2xSSC and 0.1% SDS at 50°C, at 55°C, or at about 60°C, or about 65°C or

more.
In certain embodiments, the antisense sequence is at least about 40%, 50%, 60%,
70%, 80%, 85%, 90%, 95%, 97%, 99% or more identical to any one of the “-” strand cDNA
sequences shown in SEQ ID NOs: 1-8, at least in a region to which the antisense sequence
hybridizes with the cDNA sequence. In certain embodiments, the antisense sequence is no
more than about 50%, 40%, 30%, 20% identical to SEQ ID NO: 9,
In certain embodiments, the antisense sequence is about 10, 12, 14, 16, 20, 22, 24, 26,

28, 30 or more nucleotides in length.
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In certain embodiments, the antagonist sequence is an siRNA or miRNA sequence
that targets the destruction of any one or more of the CCAT1 ncRNA isoforms represented by
the “-” strand cDNA sequences shown in SEQ ID NOs: 1-8 (but not SEQ ID NO: 9).

In certain embodiments, the antagonist sequence is a vector that encodes the siRNA /
miRNA, or a dsRNA substrate for RNase III (such as Dicer) that can be processed to the
siRNA or miRNA.

In certain embodiments, the siRNA or miRNA comprises a guide sequence of about

20-25 nucleotides that targets the destruction of the CCAT1 ncRNA isoforms.

In a related aspect, the invention provides a method of diagnosing cancer or
precancerous lesions, comprising measuring the level of expression of any one of SEQ ID
NOs: 1-8 or a fragment thereof in a biological sample, wherein expression of any one of SEQ
ID NOs: 1-8 or a fragment thereof in the biological sample is indicative of cancer or a
precancerous lesion. In certain embodiments, the fragment is not a fragment of SEQ ID

NO: 9.

In certain embodiments, the method further comprises comparing the expression level
measured in the biological sample with a standard, wherein a higher level of expression of
any one of SEQ ID NOs: 1-8 or a fragment thereof in the biological sample is indicative of
cancer or a precancerous lesion. In certain embodiments, the fragment is not a fragment of

SEQ ID NO: 9.

In certain embodiments, the method comprising: (a) isolating nucleic acids from a
biological sample obtained from a subject; (b) hybridizing a probe capable of recognizing to
any one of SEQ ID NOs: 1-8 with the nucleic acids, under conditions allowing the formation
of hybridization complexes; and (c) comparing hybridization complex formation with a
standard; wherein a higher level of hybridization complexes in the biological sample is

indicative of cancer or a precancerous lesion. In certain embodiments, the probe does not

hybridize to SEQ ID NO:O.

In certain embodiments, the method comprising: (a) isolating nucleic acids from a
biological sample obtained from a subject; (b) amplifying any one of SEQ ID NOs: 1-8 or
any fragment thereof in the isolated nucleic acids; (c¢) visualizing the amplified CCAT1
product; and (d) comparing the amount of the CCAT1 amplification product with a standard;
wherein the presence of a higher level of a CCAT-1 amplification product is indicative of

cancer or a precancerous lesion. In certain embodiments, the fragment is not a fragment of

SEQ ID NO: 9.
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In certain embodiments, the amplification is performed by PCR (such as real-time

quantitative PCR) using a probe specific for one or more of SEQ ID NOs: 1-8.

In certain embodiments, the standard is determined by measuring the level of
expression of CCAT-1 in a subject not afflicted with cancer. In a related embodiment, the
standard is determined by measuring the level of expression of CCAT-1 in a non-cancerous

tissue of the same subject.

In certain embodiments, the cancer is selected from the group consisting of: colon
cancer (e.g., adenocarcinoma of the colon), rectal cancer, cervical cancer, lung cancer, gastric

carcinoma, liver cancer and, metastases thereof.
In certain embodiments, the precancerous lesion is an adenomatous polyp.

In certain embodiments, the biological sample is selected from the group consisting of

tissue, blood, saliva, urine, stool, and bone marrow samples.

A related aspect of the invention provides an oligonucleotide comprising at least §
contiguous nucleotides of any one of SEQ ID NOs: 1-8 or a complement thereof, useful as a
probe or a primer. In certain embodiments, the oligonucleotide does not hybridize to SEQ

ID NO: 9.

A related aspect of the invention provides a method for detecting the expression of
CCAT-1 in a biological sample, the method comprising: (a) isolating nucleic acids from the
biological sample; (b) hybridizing the CCAT]1 oligonucleotide probe of the invention to the
nucleic acids under conditions allowing the formation of hybridization complexes; and (c)
comparing hybridization complex formation with a standard, wherein a higher level of
hybridization complexes in the biological sample indicates expression of CCAT-1 in the

sample.

Another related aspect of the invention provides a vector comprising a cDNA or a
fragment thereof, wherein the cDNA is selected from the group consisting of SEQ ID NOs:
1-8. In certain embodiments, the cDNA fragment does not hybridize to SEQ ID NO: 9.

Another related aspect of the invention provides a host cell comprising the subject

vector.

Another related aspect of the invention provides a method of imaging cancer or
precancerous lesions, comprising: (a) administering to a subject a CCAT1 probe of the
invention; wherein the probe is conjugated to an indicator molecule; and (b) detecting the

indicator molecule (e.g., a radio-isotope, a fluorescent dye, a visible dye or a nano-particle)
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conjugated to the probe by an imaging device.

A further related aspect of the invention provides a method to antagonize the function
of a CCAT1 ncRNA transcript represented by any one or more of SEQ ID NOs: 1-8,
comprising contacting the CCAT1 ncRNA with a subject antagonist sequence of CCAT1
(e.g., antisense, miRNA or siRNA).

In certain embodiments, the method is carried out in vitro, and the CCAT1 ncRNA

transcript is present in cells from a tissue culture sample.

In certain embodiments, the method is carried out in vivo, comprising administering to
a subject in need thereof the subject antagonist sequence of CCAT1 (e.g., antisense, miRNA

or siRNA).

Yet another related aspect of the invention provides a pharmaceutical composition
comprising a subject antagonist sequence of CCATI (e.g., antisense, miRNA or siRNA), and

a pharmaceutically acceptable excipient and/or carrier.

It should be understood that any embodiments described in the application, including
embodiments only described under one aspect of the invention, can be combined with other

embodiments of other aspects of the invention.

A person of ordinary skill in the art will appreciate that techniques not specifically
taught herein may be found in standard molecular biology reference books, such as
Molecular Cloning: A Laboratory Manual by Sambrook and Russell, Third Edition, 2001,
published by Cold Spring Harbor Laboratory Press; Oligonucleotide Synthesis (M. J. Gait,
ed., 1984); Nucleic Acid Hybridization (B. D. Hames and S. J. Higgins. eds., 1984); PCR
Technology - principles and applications for DNA amplification, 1989, (ed. H. A. Erlich)
Stockton Press, New York; PCR Protocols: A Guide to Methods and Applications, 1990, (ed.
M. A. Innis et al.) Academic Press, San Diego; and PCR Strategies, 1995, (ed. M. A. Innis et

al.) Academic Press, San Diego; all of which are incorporated herein by reference.

EXAMPLES

The invention generally described above will be more readily understood through
reference to the following illustrative examples that are for illustration only, and are not

intended to be limiting in any respect.
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Example 1 General RICh-PET Methodology

Using RNA-DNA ligation followed by paired-end-tag sequencing (RICH-PET),
Applicants have developed an exemplary method described below to study ncRNA (non-

coding RNA) and chromatin interactions in an unbiased and genome-wide manner.

A principal concept behind the method is based on the realization that most of the
ncRNA regulatory functions, particularly those adopted by long ncRNAs (IncRNAs), likely
have direct or indirect contacts in specific chromatin loci through any combinations of RNA-
protein, RNA-DNA, and/or RNA-RNA interactions. Therefore, a comprehensive collection
of ncRNA contact addresses of chromatin locations in the entire genome would provide a
large structural framework and the detail contents of genomic elements in order to understand
the global impact as well as specific functions mediated by individual and/or collective

ncRNAs.

Through crosslinking, RNA-chromatin interactions can be captured. After
fragmentation of chromatin fibers by sonication, ncRNA and DNA fragments tethered
together via protein bindings in each chromatin complex are then subjective for RNA-DNA
ligation using the subject RNA and DNA linkers, in order to establish an artificial
connectivity relationship of the RNA molecules and the DNA fragments for high throughput
analysis with specificity.

The RNA linker of the invention may comprise a random oligonucleotide sequence,
e.g., random hexonucleotides, for annealing to the 3’-end of any tethered RN A molecules,
and as the primer for reverse transcription to convert the RNA templates into first-strand
cDNA molecules. Meanwhile, the DNA linker of the invention is ligated to the blunt-ended
chromatin DNA fragments. The RNA linker and the DNA linker each has a sticky end
complementary to each other but not to itself. Hence, once the linkers are attached
accordingly to their intended targets, the RNA and DNA fragments can be covalently
connected through ligation. The hybrid ligation products are then subjective for paired end
tag (PET) library construction and subsequent high throughput sequencing analysis. A

schematic drawing for this method is depicted in Fig 1A.

Alternatively, a modified RNA linker may be used to carry out the RNA-DNA

ligation step. A schematic drawing for this method is depicted in Fig 1B.
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Additionally, a direct RNA linker may be used to carry out the RNA-DNA ligation
step by taking advantage of certain enzymes (such as the truncated RNL2) that can directly
link RNA 3’-end to 5° adenylated ssDNA or 5 adenylated overhang, a schematic drawing for
the latter method is depicted in Fig 1C.

To further distinguish the tag sequences from their original nature as RNA or DNA,
specific nucleotide bar codes may be incorporated into RNA and/or DNA linker sequence
designs, which then allow accurate calling of the paired RNA-tag and DNA-tag in a RICh-
PET library dataset. The processed RNA-tag and DNA-tag sequences are then mapped to
reference genome (e.g., a reference human genome for human originated sequences) to

identify ncRNAs and their chromatin target loci (data not shown).

Certain experimental details are provided below for illustration purpose.

L Cell Culture and Crosslinking

HelLa S3 cells were grown in Ham's F-12 Nutrient Mix (Life Technologies,
cat.11765-054) supplemented with 5% Fetal Bovine Serum (FBS) (Life Technologies, cat.
10082147). For each batch of crosslinked cells, EGS (spacer Arm: 16.1A; Thermo Scientific,
cat.21565) and formaldehyde (spacer Arm: 2.0A; Merck — Calbiochem, cat. 344198-250ML)
were used to treat the cells for dual-crosslinking of protein-DNA, protein-RNA and protein-

protein, which could provide better connectivity than using only formaldehyde.

Around 1 x 10 cells in 245 mm square plate (Corning, cat.431110) were crosslinked
with 45 ml of 1.5 mM EGS in pre-warmed DPBS (Life Technologies, cat.14190250), first
shaking at 75 rpm for 40 min, then adding 1% formaldehyde (Merck — Calbiochem,
cat.344198-250ML), and keep shaking for 20 min, followed by quenching with 0.125 M
glycine (Promega, cat. H5071) for 10 min, then washing with ice-cold DPBS twice. Then 3
to 5 ml of ice-cold DPBS containing proteinase inhibitor (Roche, cat.11873580001) and
RNase inhibitor (such as the SUPERasee In™ RNase Inhibitor, Life Technologies, cat.
AM?2696) were added, and then cells were scraping and transferred to 15 ml-Falcon tube
(Life Technologies ,cat. AM1250). This process was repeated as necessary to ensure that all
cells were collected. Cells were spun down at 2000 rpm for Smin at 4°C, then the cell pellet

were stored at -80°C until use.

I1. Cell Lysis and Chromatin Biotinylation

Cell lysis was performed as described previously (Goh et al., J. Vis. Exp., (62), €3770,
doi:10.3791/3770, 2012; Fullwood et al., Nature, 462:58-64, 2009, both incorporate herein
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by reference). Briefly, the nuclei pellet was washed twice with an ice-cold wash buffer (50
mM Tris-HCI pH= 8.0, 150 mM Nacl, I mM EDTA, 1% TritonX-100, 0.1% SDS), and
suspended in 1 mL of the same buffer. Chromatin was sheared to fragments with average
size of about 500 bp by, for example, sonication. SDS was then added to the final
concentration of about 0.5% to the shearing chromatin, and the mixture was then incubated at
37°C for 15 min, before mixing with EZIlink Iodoacetyl-PEG2-Biotin (IPB) (Thermo
Scientific, cat.21334) and rotating at room temperature for 60 min as described previously
(Kalhor et al., Nat. Biotechnol., 30:90-98, 2012, incorporate herein by reference). The

streptavidin beads-bound chromatin was then subjected to RICh-PET library construction.

III.  RICh-PET Library Construction

The DNA fragments present in streptavidin beads-bound chromatin were end-repaired
using T4 polymerase (Promega, R0O191), followed by first-strand cDNA synthesis using
Superscript III First Strand Synthesis System (Life Technologies, cat.18080051).

Briefly, 1 ng of biotinylated RNA linker a (tube 1) and RNA linker b (tube 2)
containing a flanking Mmel site (IDT), were added to two tubes containing annealing mixture
(5 ul 10 mM dNTPs, 40 ul DEPC-treated water), respectively, and incubated at 65°C for 5
min, then placed on ice for at least about 1 min, then mixed with cDNA synthesis mixture (10
ul 10x RT (reverse transcription) buffer, 20 ul 25 mM MgCl,, 10 u1 0.1 M DTT, 5 ul
RNaseOUT, 5 ul SuperScript III RT) for incubation for 10 min at 25°C, followed by 30 min
at 50°C.

Overnight ligation was performed using 1 ug of DNA linker A (tube 1) and DNA
linker B (tube 2), respectively, in ligation mixture (140 pl 5x T4 DNA ligase buffer with
PEG, 3.5 ul RNase inhibitor, 546.5 ul nuclease free water) using 5 ul of T4 DNA ligase at
16°C. The linker-added DNA fragments were then phosphorylated with 14 ul of T4
polynucleotide kinase (NEB) in PNK master mix buffers (70 ul 10x T4 DNA ligase buffer,
3.5 pul RNase inhibitor, 612.5 ul Nuclease free water), followed by the two tubes proximity
ligation with 34 ul of T4 DNA ligase in reaction buffer (1000 ul 10x T4 DNA ligase buffer,
50 ul RNase, 8916 ul Nuclease free water) overnight at 16°C.

Chromatin DNA fragments with linkers were subjected to second-strand cDNA
synthesis with Superscript Double-stranded cDNA Synthesis Kit (Life Technologies,
cat.1197-020). Specifically, chromatin fragments were mixed with second-strand cDNA

mixture (111 pl DEPC-treated water, 30 ul 5x Second-strand reaction buffer, 3 ul 10 mM
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dNTP mix, 1 pl E. coli DNA ligase, 4 ul E. coli DNA Polymerase I, 1 ul E. coli RNase H),
and were incubated at 16°C for 2 hours. Following the reaction, 2 uL. of T4 DNA

polymerase was added for continued incubation at 16°C for 5 min.

The crosslinks in DNA/RNA/protein complexes were then reversed by incubation at
65°C overnight with 0.3% SDS (Ambion) and proteinase K (Ambion). The cDNA-DNA
fragments were purified by phenol/chloroform isopropanol precipitation. The purified
cDNA-DNA was then digested by 1 ul of Mmel (NEB) in suitable buffer (5 ul 10x NEBuffer
4, 5 ul Half linker non-Biotinylated to quench excess Mmel, 5 ul 10x SAM) for at least 2 hrs
at 37°C to release the cDNA tag-RNA linker-DNA linker -DNA tag structure (paired end tag,
PET).

The biotinylated PETs were then immobilized on streptavidin-conjugated magnetic
Dynabeads (Life Technologies, cat.11206D-10ML) in 50 pl of 2x B&W buffer (10 mM Tris-
HCl1 pH7.5, 1 mM EDTA, 1 M NaCl), rocked at room temperature for 45 min. The ends of
each PET structure were then ligated to an adaptor by 1 pl of T4 DNA ligase (Thermo
Scientific, cat. EL0013) in Adaptor ligation buffer (4 ul Adaptor A, 4 ul Adaptor B, 5 ul 10x
T4 DNA ligase buffer, 36 ul Nuclease free water) at 16°C overnight with mixing. The beads
were then washed three times with 1x B&W buffer (5 mM Tris-HCI1 pH7.5, 0.5 mM EDTA,
1 M NaCl).

Nick translation was performed with 4 ul of E. coli DNA polymerase I in a reaction
mixture (38.5 pl Nuclease free water, 10x NEBuffer 2, 2.5 ul 10 mM dNTPs), which was
incubated at room temperature for 2 hours with rotation on an Intelli-Mixer (F8, 30 rpm,
U=50, u=60; ELMI Ltd., Riga, Latvia). This was followed by 16 rounds of PCR to amplify
the PETs. RICh-PET libraries were sequenced on an Illumina HiSeq2000 (2 x 36 bp reads).

All steps were performed in buffer with protease inhibitor and RNase-inhibitors to

prevent or minimize protein and RNA degradation.

The various polynucleotides or primers used herein are listed below:

Polynucleotides Name Sequences

DNA linker A2 Rb-top-6 | 5'-Phos-GTTGGACTTGTACGATAGCTCTC-3'

Rb-bot-6 | 5-OH-GCTA/iBIOdT/CGTACAAGTCCAAC
NNNNNV-3'

DNA linker B2 DB-top-6 | 5-OH-GCGATATCACTGTTCCAAC-3'
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Polynucleotides Name Sequences

DB-bot-6 | 5-OH-GTTGGAACAGTGATATCGCGAGA-3'

linker without biotin for | top 5-GGCCGCGATATCGGATCCAAC -3
sequencing access

Mmel

bottom 5’- GTTGGATCCGATATCGC -3’

Adaptor A top 5S-CCATCTCATCCCTGCGTGTCCCATC
TGTTCCCTCCCTGTCTCAGNN-3'

bottom 5’-CTGAGACAGGGAGGGAACAGAT
GGGACACGCAGGGATGAGATGG-3’

Adaptor B top 5’-CTGAGACACGCAACAGGGGAT
AGGCAAGGCACACAGGGGATAGG-3

bottom 5’-CCTATCCCCTGTGTGCCTTGC
CTATCCCCTGTTGCGTGTCTCAGNN-3’

PCR primer 1 5’-AATGATACGGCGACCACCGAGAT
CTACACCCTATCCCCTGTGTGCCTTG-3’

PCR primer 2 5-CAAGCAGAAGACGGCATACGAGA
TCGGTCCATCTCATCCCTGCGTGTC-3'

sequencing primer 1 5-GTGCCTTGCCTATCCCCTGTT
GCGTGTCTCAG-3'

sequencing primer 2 S“TGCGTGTCCCATCTGTTCCCT
CCCTGTCTCAG-3'
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Example 2~ RICh-PET Library Statistics

Three RICh-PET library datasets were generated using technical and biological

replicates from Hela S3 cells.

HeLa S3 RICh-PET data mapping results

Libraries Replicates Reads Unique PET Cluster PET2)
CHH2430 1 (Tec) 52,254,130 2,367,898 5,371
JCHH2430 2 (Tec) 211,837,204 2,920,369 9,089
JCHH2431 3 (Bio) 83,143,999 2,049,942 3,128

RICh-PET data is classified either as singleton PET (i.e., no overlap on both RNA-tag
and DNA-tag with other PET sequences) or as PET cluster (i.e., both of the paired RNA-tag
and DNA-tag sequences overlap with other PETs) with 2 and more PET sequences. The PET
clusters are considered to be more reliable, or as high confidence data reflecting recurrent
detection of more reliable events of ncRNA-chromatin interactions, whereas the singleton
PETs may represent weak linking signals, but are indistinguishable from random background
noises. Using the clustering criterion, approximately 700 putative RNA loci that are

connected to about 5000 chromatin loci were identified (Fig 2A).

As a quick verification, RNA-seq signals for these RNA and DNA loci were checked,
and it was found that the RNA loci indeed had significantly higher RNA counts than the
DNA loci, suggesting that the RICh-PET data are as expected (Fig 2B).

About one fifth (about 22%) of the obtained RNA-DNA connectivity data can be
considered as cis-acting in nature (i.e., <100kb from the RNA to DNA mapping sites), while
the majority of the RNA-DNA connectivity data is trans-acting (Figs. 2C).

One concern was that the chromatin RNA-DNA ligation approach may capture
mostly the nascent mRNA when transcription is still in process. Surprisingly, the data shows
that most nascent mRNA transcripts appear to have their 3’-ends hidden within the center of
the RNA polymerase complex, such that the method of the invention, which is partly based
on using the supposedly free 3’-ends of ncRNA molecules, largely avoids the interference

from nascent mRNA.

Specifically, mapping paired RICh-PET data reveals the distance between the paired

RNA and DNA tags, thus suggesting possible mode of interacting action, cis or frans. The
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mapping results showed that only a small set of the data was cis-acting, and the majority was
trans-acting and inter-chromosomal, indicating that the likelihood of capturing nascent

transcripts in the RICh-PET protocol is low.

Further annotation analysis of the RNA tag clusters (see below) showed that only 3%

of the RNA tags mapped to mRNA exons, while the vast majority mapped to ncRNAs.

Another concern was the abundance of rRNAs in cells, which is a general issue for

RNA related analysis because in some cells, rRNA could be as high as 80% of total RNAs.

One strategy to deal with rRNAs includes the avoidance approach, such as the polyA+
selection approach for mRNA and subtractive depletion of rRNA, used prior to the start of
specific analysis. We assessed the abundance level of rRNA sequences in one of the RICh-
PET libraries, and found that rRNA sequences constitute about 26% of the total RNA tags.

In contrast, almost none (0.23%) of the DNA tags correspond to rRNA sequences. Thus a
digital depletion approach may be used to remove all rRNA sequences before any further

analysis to reduce data noise due to rRNA.

RICh-PET Total Non-rRNA rRNA
RNA Tag 2308959 1699014 (73.58%) 609945 (26.42%)
DNA Tag 2308959 2303550 (99.77%) 5409 (0.23%)

Example 3  Reproducibility and Sensitivity of the RICh-PET Method

To assess the reproducibility of the RICh-PET data, two technical replicates (same
cell preparations split into two aliquots for parallel library construction and sequencing
analysis) and two biological replicates (different cell preparations collected at different times
for use in library construction using nearly identical procedures with slight modifications)
were performed. The resulting replicate results showed genuine reproducibility (Fig. 3). For
example, the two well studied IncRNAs NEATI1 and MALATI, known to be involved in

cancers, were reproducibly detected in all three libraries (data not shown).

It is noteworthy that the two IncRNA genes were found to be spatially organized in an
extensive chromatin interaction loop structure mediated by RNA polymerase II (RNAPII or
RNA Pol2), indicating that their expressions are most likely co-regulated under a common

transcription complex of machinery.
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In RICh-PET data obtained herein, both MALAT1 and NEAT1 were highly expressed
in HeLa S3 cells, and were abundantly detected in all three RICh-PET datasets. Specifically,
NEAT]1 was expressed relatively less compared to MALAT] in the cells, thus the RICH-PET
data counts to NEAT1 was less than that to MALAT1 (data not shown). As a control,
HOTAIR is another known IncRNA expressed in low level in HeLa S3 cells, and it was not
detected in the obtained RICh-PET data (data not shown).

Thus it appeared that the detection of ncRNA in RICh-PET data was well correlated

with ncRNA expression levels.

Example 4  Validation of the RICh-PET Data

Based on the obtained RICh-PET mapping data, it is intriguing that even though these
two ncRNAs are co-transcribed in the same transcription factory, their interaction properties
are very different. Specifically, NEAT1 RNA is restrictively in cis, binding only to where it
was transcribed; whereas MALAT] is mostly out going in trans, interacting with many loci
in the genome (Fig 4A).

To validate this observation, RNA-FISH experiments were conducted using NEAT]1
and MALAT1 RNAs as fluorescent probes to examine HeLa nuclei (Fig 4B). As expected,
the NEAT1 probe yielded only 1 or 2 spots per nucleus, whereas the MALAT1 probe spotted
all over the nuclear space, consistent to what were observed in the RICh-PET data. Similar
RNA-FISH result for NEAT1 and MALAT] in A549 cells was also obtained. This
validation suggests that RICh-PET data is qualitative and accurate in detecting and

distinguishing authentic cis and trans interactions.

Example 5  Characterization of the RICh-PET Data

The RNA and DNA tag clusters were characterized based on Genecode V14
annotation of the human genome. Only 3% of the RNA tag clusters overlapped with protein-
coding exons, and the vast majority of the RNA tag clusters were mapped to non-coding
regions, many of which are previously known ncRNAs (172, 24%). The rest are potentially
novel ncRNAs located in protein-coding intron regions, antisense, and inter-genetic regions
(Fig 5A).

All putative ncRNAs identified in the RICh-PET data have RNA-Seq data support,

indicating that they are actively transcribed in HeLa cells. In contrary, the DNA tag clusters
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of the RICh-PET data mapped mostly to protein-coding genes, and a significant portion to
gene promoters (Fig 5B).

A set of chromatin activity marks around the RNA and DNA tag clusters were
subjected to further analysis. It is interesting to note that the center of RNA tag clusters are
off the peaks of transcription activity defined by the signals of RNA Pol2 and DHS for open
chromatin state, and such “off-center” property is strand specific (data not shown). This
strand-specific “off-center” property is consistent with the RICh-PET methodology, as it is
designed to capture the 3’-end of RNAs. Therefore, the RNA tag clusters are expected to be
downstream of transcription start sites. In contrast, the chromatin activity signals are
symmetrically peaked around the center of DNA tag clusters (data not shown), reflecting the

random shearing of chromatin fibers by sonication.

Example 6 MALAT!I interacts with many genomic features and may function for both

gene activation and gene repression

Using all RICh-PET data connected to MALAT] (including singleton PETs),
Applicants generated the chromosome-wide and genome-wide MALAT 1-interaction profile,
showing that MALAT] has a potential to interact with a large territory in the genome (data
not shown). Of more than 50 high-confidence interactions (PET cluster with tag counts >2)
sites, about half are located in promoters and a quarter in intron regions of known genes (Fig
6A). RNA-Seq and RNA Pol2 ChIP-seq data from the same cells showed that genes with
MALAT]I presence in their promoters have significantly higher transcriptional activities than
those with MALATI interacting at their intron regions (Figure 6B; data not shown). It had
been reported that MALAT] was involved in modulating splicing functions through
interacting with a number of splicing factors including SRSF2 (Tripathi ef al., 2011).

Applicants also found that MALAT1 RNA may be directly involved in modulating
the expression of SRSF2 by interacting with its promoter (data not shown). These
observations suggest that MALAT1 may have multiple functional roles in regulating gene

activation and repression.

Example 7  XIST’s Function Beyond X-Chromosome

The most well characterized IncRNA is XIST, which is transcribed from one copy of

the X chromosome and binds (cis-acting) to the same site in the other copy of the X
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chromosome, and further extends to coat the entire chromosome for inactivation (not shown).
The RICh-PET mapping data indeed showed that the DNA tags paired with the RNA tags of

XIST were highly enriched in the X chromosome, while the background noise was scattered

throughout the genome, indicating that XIST is specifically bound to the X chromosome as

expected.

Interestingly, it also appeared that there was some level of XIST-binding enrichment
in one non-X chromosome, and somehow depleted to another non-X chromosome. More

data and further analysis are being obtained to further validate this observation.

Example 8  Complex interaction networks by ncRNAs

The RICh-PET data presented here provided a first glimpse into the complex systems
of ncRNA interaction networks. In addition to the classic view that one ncRNA may have
multiple targets in the genome (MALAT]1), it had been found that many putative ncRNA loci
have “in-and-out” RICh-PET data, in that a locus was found to be interacted by an ncRNA

and from where an interactive ncRNA was also detected to interact with another locus.

In many sense, this ncRNA interaction network is similar to transcription factor (TF)
binding networks, in which many TFs bind to each other’s genes for transcriptional
modulation. More data will help to further illustrate how ncRNAs function, and how the

ncRNA interaction networks impact the genome system.

Example 9  IncRNA Encoded by CCATI Is a Transcription Co-Activator

The RICh-PET method was used to identify global ncRNA - genomic DNA
interaction. Among the identified interactions, one ncRNA - the Colon Cancer Associated

Transcript 1 - was of particular interest.

Colon Cancer Associated Transcript 1 (CCATTI) is a 2628 nucleotide-long, non-
coding RNA recently discovered using Representational Difference Analysis (RDA), cDNA
cloning, and rapid amplification of cDNA ends (RACE) (Nissan et al., “Colon cancer
associated transcript-1: A novel RNA expressed in malignant and pre-malignant human
tissues,” Int. J. Cancer, 13:1598-1606, 2012). It is recently found to be over-expressed in
colon cancer (CC), but not in normal tissues, thereby making it a potential disease-specific
biomarker (Nissan et al., Int. J. Cancer, 130(7):1598-606, 2012; Alaiyan et al., BMC Cancer,
13:196, 2013).
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Careful analysis based on the RICh-PET data revealed a new complex model of
isoform transcripts in this locus (data not shown). In addition, CCATI is highly transcribed

in the cervical cancer cell line Hela cells.

RICh-PET data also revealed that the CCAT1 IncRNA transcripts targets many other
loci in the genome (data not shown), including all the human chromosomes except for

chromosomes 15, 16, 20, X and Y.

Among the CCAT1 chromatin targets having at least 2 CCAT1 tags, many show the
strongest IncRNA-genomic DNA association in enhancers or promoters (data not shown). For
example, for the 122 CCAT1 genomic target loci associated with at least 3 CCAT1 RNA
tags, 88 target loci are in the enhancer region, including 6 of the enhancer loci with RNAPII

interaction. Another 34 genomic target loci of CCAT]1 are in promoters.

These CCATI target genes have an average expression level several folds higher than
randomly selected collections of control genes, suggesting that CCAT1 IncRNA promotes

target gene expression.

One of these CCAT]1 target genes is c-myc, an oncogene overexpressed in a wide
variety of human cancers, including about 80% of breast cancers, 70% of colon cancers, 90%
of gynecological cancers, 50% of hepatocellular carcinomas, and a variety of hematological
tumors (such as Burkitt’s lymphoma) possessing abnormal myc expression. Additional data
suggests that the CCAT1 IncRNA functions by binding to the CCAT1 locus itself as well as
the myc locus, thus bringing the CCAT1 and myc loci to close physical proximity, and
allowing the enhancers in the CCAT1 locus to stimulate myc transcription. In addition, the
CCAT]I transcribed IncRNA may bind to protein factors and serve as transcription co-
activators, thus directly enhancing transcription of myc, as well as other CCAT]1 target genes

such as FAM84B and SNX14.

Example 10  Additional Applications in Human B-lymphoblastoid Cells GM 12878 and
Drosophila S2 Cells

Using substantially the same RICh-PET methods described above, Applicants
obtained additional data from the human B-lymphoblastoid cells GM 12878 and the
Drosophila S2 cells to further support the general applicability of the RICh-PET methods.

Specifically, the human GM12878 cells were used for RICh-PET analysis because the
ncRNA gene XIST is highly expressed in this cell line, while the previous HeLa cells used
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for RICh-PET analysis have low level of XIST expression, and HCT116 is derived from a
male, thus having no XIST expression. Hence, GM12878 is a much better cell type for
RICh-PET analysis when using XIST as a model to evaluate the performance of RICh-PET

analysis to detect ncRNA interaction with chromatin.

As previously described, XIST specifically or preferentially binds to the X-
chromosome. See FIG. 9A, which shows the counts of XIST measured by RNA-Seq data, in
reads per kb per million reads (RPKM); and FIG. 9B, which shows the proportion of each
chromosome covered by XIST binding. In GM 12878 cells, most of the chromosomes were
only covered by XIST in 10-20% of the total chromosome space, whereas the X-chromosome
was covered by nearly 90% by XIST. This coverage represents almost 6-fold (5.9-fold)
specificity of the XIST to its targeting chromosome over the other non-specific
chromosomes. In contrast, in HeLa cells, the coverage represented about 3.4-fold specificity
of the XIST to its targeting chromosome over the other non-specific chromosomes, and in

HCT116 cells, there was no observed X-chromosome enrichment, as expected.

Similarly, in Drosophila S2 cells, the ncRNA gene rox2 - an equivalent to XIST of
human - showed similar enrichment of rox2 binding to X-chromosome: 5-fold over the other
chromosomes (data not shown). Specifically, rox2 binding data in whole Drosophila genome
was obtained. More than 80% of the rox2-linked DNA-tags bind to the X-chromosome,
representing a 5-fold enrichment to the X-chromosome. There was a reasonably strong
correlation value (0.6) observed between rox2 mapping on X-chromosome by CHART-seq,

and by the RICh-PET method, demonstrating the suitability of the RICh-PET method.

The majority of the RNA-tags of the RICh-PET data mapped to non-coding regions,
while only about 26% are in coding regions, indicating the method has enrichment for
ncRNA (data not shown). Comparison of the RNA-tags of RICh-PET data with the RNA-seq
data from Drosophila S2 cells showed significant enrichment for know ncRNAs (data not

shown).

In summary, data presented in the examples above demonstrates that the method of
the invention (e.g., RICh-PET method) works as designed. The vast majority of the RNA
tags in the RICh-PET data were mapped to non-coding regions, and some of them mapped to
known IncRNAs such as MALAT1 and NEATI. This is a strong indication that this method
performed as expected. More importantly, through the RNA-DNA connectivity mapping

data, Applicants are able to identify potential ncRNA-chromatin interaction loci genome-
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wide. Several lines of preliminary validations done so far have suggested that RICh-PET

identified ncRNA interactions are bona fide.
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We Claim:

1. A kit comprising:

() an RNA linker comprising:
(1) a first polynucleotide, and,
(ii) a second polynucleotide,
wherein the first and the second polynucleotides form a first double stranded
region flanked by a first ligation compatible end, and a 3’-overhang at the 3’-
end of the first polynucleotide, wherein the 3’-overhang comprises a random-
sequence primer; and,

(2) a DNA linker comprising:
(iii)  a third polynucleotide, and,
(iv)  afourth polynucleotide,
wherein the third and the fourth polynucleotides form a second double
stranded region flanked by a blunt end and a second ligation compatible end,

wherein the first and the second ligation compatible ends ligate to each other, or are

adaptable to ligate to each other.

2. The kit of claim 1, wherein the first ligation compatible end is a 3’-overhang at the 3’-
end of the second polynucleotide, and the second ligation compatible end is a 3’-
overhang at the 3’-end of the third polynucleotide, wherein both 3’-overhangs anneal

to each other for ligation.

3. The kit of claim 1, wherein the first double stranded region comprises a first
recognition site for a first restriction enzyme (RE) that cleaves 3’ to the random-

sequence primer.

4. The kit of claim 1, wherein the second double stranded region comprises a second
recognition site for a second restriction enzyme (RE) that cleaves 5’ to the third

polynucleotide.

5. The kit of claim 1, wherein one or more of said first, second, third, and fourth

polynucleotides are DNA.

6. The kit of claim 1, wherein one or more of said first, second, third, and fourth

polynucleotides comprise a modified nucleotide.

7. The kit of claim 6, wherein said modified nucleotide is a biotinylated T (Thymidine).
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The kit of claim 1, wherein said first polynucleotide comprises a plurality of

polynucleotides, each differing only at the random-sequence primer region.

The kit of claim 1, wherein said first polynucleotide comprises a homogeneous

population of polynucleotides having identical random-sequence primer.

The kit of claim 1, wherein said random-sequence primer comprises 4, 5, 6, 7, 8, or

more nucleotides.

The kit of claim 1, wherein the first double stranded region comprises a unique

sequence that distinguishes the RNA linker from the DNA linker.

The kit of claim 1, wherein the second double stranded region comprises a unique

sequence that distinguishes the RNA linker from the DNA linker.

The kit of claim 1, wherein the last nucleotide of the first recognition site is the last

base-paired nucleotide 5’ to the random-sequence primer.

The kit of claim 1, wherein the last nucleotide of the second recognition site is a base-

paired nucleotide at the blunt end.
The kit of claim 1, wherein the first and the second restriction enzymes are the same.

The kit of claim 1, wherein the first or the second restriction enzyme is independently
selected from: Aarl, Acelll, Alol, Bael, Bbr7I, Bbvl, Bbvll, Becl, Bece831, BeeAl,
Bceefl, Begl, BeiV1, Bfil, Binl, Bpll, BsaXI, BscAl, BseMII, BseRI, Bsgl, Bsml,
BsmAlI, BsmFI, Bsp24I, BspCNI, BspMI, Bsrl, BsrDI, BstF51, BtgZl, Btsl, Cjel,
CjePl, Ecil, Eco311, Eco571, Eco5S7MI, EcoP151, Esp3l, Fall, Faul, Fokl, Gsul,
HaelV, Hgal, Hin4l, Hphl, HpyAV, Ksp632I, Mboll, Mlyl, Mmel, Mnll, Plel, Ppil,
Psrl, RleAl Sapl, SfaNI, SspD5I, Sth1321, Stsl, Taqll, TspDTIL, TspGWI, TspRI or
Tth1111L

The kit of claim 1, wherein the cleavage site of the first or the second restriction
enzyme is at least about 10, 12, 14, 16, 18, 20, or more nucleotides 3’ to the last

nucleotide of the recognition site.

The kit of claim 1, wherein the first and the fourth polynucleotides are

dephosphorylated.
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19. The kit of claim 1, further comprising a reagent that cross-links protein and
polynucleotide.

20. The kit of claim 19, wherein the reagent comprises formaldehyde.

21. The kit of claim 1, further comprising an affinity reagent (e.g., an antibody, or a

monoclonal antibody) that specifically or selectively bind a component of chromatin

(e.g., histone).

22.  The kit of claim 1, further comprising an end-repairing mixture that converts DNA
containing damaged or incompatible 5°- and/or 3’-protruding ends to 5°-

phosphorylated, blunt-ended DNA.
23. The kit of claim 1, further comprising a DNA ligase (e.g., T4 ligase).

24. The kit of claim 1, further comprising a reagent that reverses cross-linking of protein

and polynucleotide (e.g., Proteinase K).

25. The kit of claim 1, further comprising the first and/or the second restriction
enzyme(s).
26. The kit of claim 1, further comprising a pair of concatenating adapters for PCR

amplification of blunt-ended double stranded DNA.
27. The kit of claim 1, further comprising a Taqg DNA polymerase.
28. The kit of claim 1, further comprising a reverse transcriptase.

29. A paired-end tag (PET) polynucleotide comprising a central region comprising the

first and second double stranded regions of claim 1, said central region being flanked

by:

(D) at a site proximal to said first double stranded region, a sequence tag of a non-
coding RNA (ncRNA); and

(2) at a site proximal to said second double stranded region, a sequence tag of a

genomic DNA.

30.  The PET polynucleotide of claim 29, wherein the sequence tag of the non-coding

RNA (ncRNA) has a free end resulting from digestion by said first restriction enzyme.

31. The PET polynucleotide of claim 29, wherein the sequence tag of the non-coding
RNA (ncRNA) uniquely identifies a genomic region from which the ncRNA is

transcribed.
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32. The PET polynucleotide of claim 29, wherein said sequence tag of the non-coding
RNA (ncRNA) is about 8-30 base pairs in length.

33. The PET polynucleotide of claim 29, wherein the sequence tag of the genomic DNA

has a free end resulting from digestion by said second restriction enzyme.

34. The PET polynucleotide of claim 29, wherein the sequence tag of the genomic DNA

uniquely identifies a genomic region at which the genomic DNA is located.

35.  The PET polynucleotide of claim 29, wherein said sequence tag of the genomic DNA
is about 8-30 base pairs in length.

36. A paired-end tag (PET) library comprising two or more members of the PET
polynucleotide of claim 29, wherein each member of the PET library comprises the
same said central region, and different said sequence tag of the non-coding RNA
(ncRNA) of claim 29 or different said sequence tag of the genomic DNA of claim 29
or both.

37. A vector comprising a PET polynucleotide of claim 29.

38. The vector of claim 37, comprising a plurality of concatenated PET polynucleotide of
claim 29.

39. A concatemer of two or more PET polynucleotides of claim 29.

40. A method of identifying functional interaction loci within a genome for non-coding

RNAs (ncRNAs) of the genome, the method comprising:

() providing chromatin fragments comprising cross-linked genomic DNA
fragments and cross-linked ncRNAs;

(2) using the RNA linker and the DNA linker of claim 1, ligating an end of a
cross-linked genomic DNA fragment to an end of a cDNA of a cross-linked
ncRNA, under a condition for proximity ligation, wherein said end of the
cross-linked genomic DNA fragment is ligated to the DNA linker, and said
end of the cDNA of the cross-linked ncRNA comprises the RNA linker;

(3) isolating a PET polynucleotide of claim 29 for sequencing analysis; and,

4 mapping the sequence tag of the genomic DNA and the sequence tag of the
ncRNA within each said PET polynucleotide to a reference genome,

thereby identifying functional interaction loci within the reference genome for said

non-coding RNAs (ncRNAs) of the reference genome.
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41. The method of claim 40, wherein the ncRNAs and the genomic DNA are cross-linked

in live cells through formaldehyde-mediated cross-linking.
42. The method of claim 40, wherein chromatin fragments are generated by sonication.

43. The method of claim 40, wherein the cDNA of the cross-linked ncRNA comprises a
first strand cDNA reverse transcribed from the random-sequence primer of the RNA

linker, and the ncRNA template.

44.  The method of claim 40, wherein 2™ strand cDNA synthesis is carried out after

proximity ligation but before step (3).

45. The method of claim 40, further comprising repairing the ends of the cross-linked
genomic DNA fragments to 5’-phosphorylated, blunt-ended DNA prior to step (2).

46. The method of claim 40, wherein the third polynucleotide of the DNA linker is
dephosphorylated and the DNA linker does not self-ligate.

47. The method of claim 40, further comprising identifying clusters of two or more PET
polynucleotides having overlapping sequence tags of the genomic DNA and

overlapping sequence tags of the ncRNA.

48. The method of claim 47, further comprising excluding PET polynucleotides

comprising sequence tags of rRNA.

49. The method of claim 40, further comprising isolating or enriching a subset of

chromatin fragments prior to step (2).

50. The method of claim 49, wherein the subset of chromatin fragments is isolated or
enriched by immunoprecipitation using an antibody specific for a protein component

of the subset of chromatin fragments.

51. The method of claim 50, wherein the protein component is a histone, a transcription
factor, a polycomb-group (PcG) family protein; a recombination involved factor; a
chromatin insulator or chromatin waver; a methyl-CpG-binding protein; or an RNA

binding protein.
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