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Whole-Genome and Targeted Haplotype Reconstruction

CROSS REFERENCE TO RELATED APPLICATIONS
This application clatms priority of U.S. Provisional Application No. 61/856,486 filed on
July 19, 2013, and U.S. Provisional Application No. 61/873,671 filed on September 4, 2013,

The contents of the applications are incorporated herein by reference tn their entireties.

FIELD OF THE INVENTION
This invention relates to methods for haplotype determination and, W particular,

haplotype determination at the whole genome level as well gs targeted haplotype determination,

BACKGROUND OF THE INVENTION

Rapid progress m DNA shotgun sequencimg iechoologies has enabled systematic
wdentification of the genetic variants of an individual (Wheeler e of., Nawre 452, 872-876
{2008}, Pushkarev er ¢/, Nature Biotechnology 27, 847-850 {2009); Kitzman e ol Science
Translational Medicine 4, 137ral 76 (2012); and Levy e al, Plos Biology 3, 254 {2007)).
However, as the buman genome consists of two homologous sets of chromosomes,
understanding the true genetic makeup of an individual requires delineation of the maternal and
paternal copies, or haplotypes, of the genetic matenial. The utility of obtaining & haplotype in an
mdividual can be several fold: first, haplotypes are useful chinically 1n predicting outcomes for
donior-host matching in organ transplantation (Crawford er o/, Annual Review Of Medicme 86,
303-320 {2003) and Petersdorf ef af., PLOS Medicine 4, ¢8 (2007} and are mereasingly used as a
means to detect disease associations {Studies ef af., Nature 447, 6535-660 (2007, Cirulli, ef al.,
Nature Reviews. Genetics 11, 415423 (2010); and Ng ef of, Nature Geneties 42, 30-35 (2010}
Second, in genes that show compound heterozygosity, haplotypes provide mformation as to
whether two deletertons vanants are located on the same or different alleles, greatly fnapacting
the prediction of whether heritance of these vanants are deleterious (Musone ¢f af., Nature
Genetics 40, 1062-1064 (2008); and Ervthematosus, of o/, Nature Genetics 40, 204-210 (2008);
and Zschocke, Journal of Inberited Metabolic Disease 31, 599-618 (2008}, In complex genomes
such as humans, compound heterozvgosity may mvoelve genetic or epigenefic vanations at non-
coding cis-regulatory sites located far from the genes they regulate (Sanval er o/, Nature 489,

1H09-113 (2012)), underscoring the mportance of obtaining chromosome-span haplotypes.
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Third, haplotypes from groups of individuals have provided information on population structure
{Imternational HapMap, C. er o/, Nature 449, 851-861 {2007); Genomes Project, C. ef ol Nature
467, 1061-1073 {2010}, and Genomes Project, C. ef ol Nanwre 491, 36-65 (2012}), and the
evolutionary history of the human race (Mever ¢/ &/, Science 338, 222-226 (2012)).  Lastly,
recently described widespread allelic imbalances m gene expression soggest that genetic or
epigenetic differences between alleles may contribute to quantitative differences in expression
{Gimelbrant ef ¢/, Science 318, 1136-1140 (2007); Kong ef af., Natore 462, 868-874 (2009); Xie
ef af., Cell 148, 816-831 (2012); and McDaniell ef o/, Science 328, 235.239 (2010)). An
understanding of haplotype structure will therefore be critical for dehineating the mechamsms of
variants that contribute to these allelic imbalances. Taken together, knowledge of complete
haplotype structure in individuals is essential for advancing personalized medicine.

Recognizing the mmportance of haplotypes, several groups have sought 1o expand the
understanding of haplotype structures both at the level of populations and individuals. Initiatives
such as International Hapmap project and 1000 genomes project have attempted o
systematically reconstruct haplotypes through linkage diseguilibrium measures based on
popualations of unrelated individuals sequencing data or by genotyping family trios. However,
the average length of accurately phased haplotypes generated using this approach s hmuted
~300kb (Fan er of | Nawre Biotechnology 29, 51-57 (2011} and Browning ef ¢, Amencan
Journal of Human Gepetics 81, 1084-1097 (2007)). Numerous experimental methods have also
been developed to faciiitate haplotype phasing of an individual, including LFR sequencing,
mate-pay sequencing, fosmid sequencing, and dilution-based sequencing (Levy ¢f of, PLoOS
Biology 5, €254 (2007); Bansal e af,, Bioinformatics 24, 1153-159 (2008); Kizman e al,,
Nature Biotechnology 29, 59-63 (2011); Suk ef o, Genome Research 21, 1672-1685 (2011}
Dustama ¢f af, Nucleic Acids Research 40, 2041-2053 (2012); and Kaper ¢ af., FProc Nad dcad
Sei USA 110, 3552-5557 (2013}). At best, these methods can reconstruct haplotypes ranging
from several kilobases o about a megabase, but none can achieve chromosome-span haplotypes.
Whole chromosome haplotype phasing has been achieved using Fluorescence Assisted Cell
Sorting {FACS) based sequencing, chromosome-segregation followed by sequencing and
chromosome micro-dissection based sequencing {(Fan ef of, Nature Biotechnology 29, 51-537
{2011); Yang ¢ al., Proceedings of the National Academy of Sciences of the United States of

America 108, 12-17 (2011); and Ma ¢r o/, Nature Methods 7, 299-301 {2010)3. However, these
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methods are low resolution as they could phase only a fiaction of the heterozygous variants in an
mdividual, and more mnportantly, they are technically challengmg to perform or require
speciatized mstruments.  Recently, whole penome haplotyping has been performed using
genotyping from sperm cells (Kirkness e7 of . Genome Research 23, 826-832 (2013)). Although
this approach can generate chromosome-span haplotypes at high resolution, 1t s not applicable to
the general population and needs deconvolution of complex metotic recombination patterns,

Along with whole-genome haplotyping, targeted haplotyping are also of unportance. In
particular, targeted haplotypmg of HLA {Human leukocyte antigen) locus can aid in host-donor
matching for organ transplantation and elucidating roles of cis-reguolatory elements in gene
activity.

Computational analysis has shown that an important factor in haplotype reconstruction
from previously established DNA shotgun sequencing methods is the length of the sequenced
genomic fragment {Tewhey ef of, Nature Reviews. Genetics 12, 215-223 (201 1)), For example,
longer baplotypes can be obtained by mate pair sequencing (hagment or insert size ~Skb)
compared with conventional genome sequencing (fragmemt or insert size ~500bp). However,
there are technical limitations on how long these fragments can be. For instance, it is difficult to
clone DNA fragments that are longer than what 15 obtained using fosmid clones. Hence, using
existing shotgon sequencing approaches, it is difficalt fo generate haplotype blocks bevond 1
million bases, even at ultra-deep sequencing coverage.

Thus, there is a need for a method for reconstructing haplotypes at the whole genome

level, as well as a method for targeted haplotyping.

SUMMARY OF INVENTION

This invention addresses the aforementioned wnmet need by providing a method of
reconstructing haplotype at the whole genome level, as well as a method of reconstructing
haplotype at a targeted region of a genome,

Accordingly, the invention features a method for whole-chromosome haplotyping of an
organism.  The method ncludes providing a cell of the organism that contains a set of
chromosomes having genomie DNA; incubating the cell or the nuclei thereof with a fixation
agent for a period of time and restricting the fixated DNA with a restriction enzyme mn order to
atlow proximity-ligation of the genomic DNA in sitw and thereby to form ligated genomic DNA;

fragmenting the hgated genomuc DNA to form a proximally ligated complex having a first
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genomic DNA fragment and a second genomic DNA fragment;) obtaining a pluraliy of the
proximally-ligated DNA fragments to form a library; sequencing the plurality of the proxamally-
ligated DNA fragments to obtain a plurality of sequence reads and assembling the plurality of
sequence reads to construct a chromosome-span haplotype for one or more of the chromosomes.

The mvention further provides a method for fargeted haplotyping of an organism. The
method includes providing a cell of the organism that contains a set of chromosomes having
genonmtic DNA; mcubating the cell or the nuclei thereof with a fixation agent for a peniod of time
and restricting the fixated DNA with a restrichion enzyme n order to allow proximity-ligation of
the genomic DNA in situ and thereby to form Ligated genomic DNA; fragmenting the hgated
genomic DNA to form a proximally-ligated complex having a first genomic DNA fragment and
a second genomic DNA fragment; comtacting the proximally-hgated DNA fragments with one or
more oligonucleotides that hybridize to pre-selected regions of a subset of the proximally-ligated
fragments to provide a subset of proximally-ligated fragments hybridized to the oligonucieotides,
separating the sobset of proximallyv-ligated fragments from the oligonucleotides; sequencing the
subset of proximally-ligated DNA fragments to obtain a plurality of sequence reads and
assembling the plorality of sequence reads fo construct a targeted haplotype.  In one
embodiment, the oligonucleotides are immobilized.

In certain embodiments, the methods turther include isolating the cell nuclet from the cell
before the mcubating step. Methods for isolating cell nucler are known i the art. For example,
methods for selating nucket from plant cells are disclosed by Lee e of, (2007) The Plant Cell
19731749

In some embodiments, the methods further mclude purifying ligated genomic DNA
before the fragmenting step. In other embodiments, the methods further include, after the
fragmenting step, labeling the first genomic DNA fragment or the second geanomic DNA
fragment with a marker; joining the first genomic DNA fragment and the second genomic DNA
fragment so that the marker is therebetween to form a labeled chimeric DNA molecule; and
shearing the lsbeled clumeric DNA wolecule to form labeled, proximally-ligated DNA
fragments.

In the above methods, the fragmenting step can be carried out by various ways koown
the art. For example, it can be carried out via enzymatic cleavage, including those mediated by,

restriction enzymes, DNAse, or transposase.  In one embodiment, this step 1s performed by
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digesting the ligated genomic DNA with a resiriction enzyme to form digested genomic DNA
fragments. Any suitable restriction enzymes (e.g., BamHl, EcoRI, HindHI, Neol, or Xholj ora
combination of two or more such restriction enzymes can be used. The fixation agemt can
comprise formaldehyde, glotaraldehyde, or formalin. The labeling step can be carried out by
flling the ends of said first or second genomic DNA fragment with a nucleotide that is labeled
with the marker, e g, biotin. In that case, the obtaining step can be carried out using
streptavidin, which can be affixed to a bead. For the joining step, it can be carried out by ligating
the first genonuc DNA fragment and the second genonsie DNA fragment using a hgase. The
Ligating step may be performed in solution or on a sohd substrate. Ligation on a solid substrate
is referred to herein as “tethered chromosomal capture.” For the sequencing, it can be carried out
using pair-end sequencing.

It one embodiment of the wvention, each patred-end sequencing read fragment can be at
least 20 by o lengh, such as 20-1000 bp or preferably 20-150 bp m length {e.g., 20, 25, 30, 40,
53, 60, 60, 80, 80, 100, 110, 120, 130, 140, or 150 bp s length). For haplotyping each
chromosome, the library contains at least 15x sequence coverage, ¢.g, 25-30x sequence
coverage. Preferably, the first genontic DNA fragroent and the second genomic DNA fragment
are on the same chromosome or M cis. Preferably, the first genomic DNA fragment and the
second genonue DNA fragment are apart in $i7e by at least 100 bp, such as 100-100 MB (eg.,
FHO0 bp, 1 kb, 10 kb, 1 Mb, 10 Mb, 20 Mb, 30 Mb, 40 Mb, 50 Mb, 60 Mb, 70 Mb, 80 Mb, 90 Mb,
or 100 Mb),

The method can be used on varous organisms, wclading procaryotes and eocaryotes.
The organisms include fungi, plants, and antmals, In one preferred embodiment the organtsm is
a plant. In another preferred embodiment, the organism 1s a mammal or a mammalian embryo,
or @ human or a hwman embryo. In one embodiment, the human is a donor or a recipient of an
organ. In that case, the organ can be haplotyped using the method of this invention before being
transplanted to a recipient with matching haplotype. The method of this invention can be used
on a diploid cell, ancuplowd cell, or a polyplowd cell, e.g., certain cancerous cells.

The detatls of one or more embodiments of the invention are set forth in the description
below, Other featiwes, objects, and advantages of the invention will be apparent from the

description and from the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1a-c are a set of diagrams showing comparison of HaploSeq with other methods for
reconsirocting haplotypes of an organism: (a} Diagram: outlining several methods used to phase
haplotvpes; (b} Frequency distiibutions of insert sizes from conventional whole genome
sequencing (WGS), mate-pair and Hi-C: (¢} Diagram idlustrating the role of proximity-ligation
reads in building chromosome span haplotvpes.

FIGs. 2a~c are a set of diagrams showing that proximnty-ligation products are
predominantly intra-haplotype; {(a) Whole genome interaction frequency heat map; (b)
Interaction frequencies {loge scale) between any two fragments as a function of linear distance;
{¢) Comparison of the A-rraisy interaction probability as a function of insert size.

FIGs. 3a-d are a set of diagrams showing that HaploSeq asllows for accurate, high-
resolution, and chromosome-span reconstruction of haplotypes: {a) Diagram of He-C reads
{upper and lower bars) arising from the 129 allele that span ~30 Mb total of chromosome 18 and
are used to link the variants mto a single chromosome span haplotype; (b) Table of the results of
Hi-C based haplotype phasing in CASTXIIR29 systemy; (¢} Comparison of haplotype phasing
methods for generating complete haplotypes by stmulation; {(d) Analysis of the adjusted span
{AS} of the haplotype phasing.

FIGs. 4a-d are a set of diagrams showing Haplotype reconstruction in human GM12878
cells using HaploSeq: (a) Diagram demonstrating the differences in variant frequency between
mice (CASTX129) and humans (GM12878) over the Hoxd3/HOXDI3 gene; (b) Table depicting
the completeness ("% Chr Spanned m MVP block™), resolution ("% Varants Phased m MVP
block™), and accuracy ("% Accuracy of varignis phased in MVP block™) of haplotype
reconstruction using HaploSeq analysis in a low variant density scenario in CASTXJ129 system:
{c) Table of results of the HaploSeq based haplotype reconstruction m GMI12878 cells; (d) Hi-C
generated seed haplotypes span the centromere of metacentric chromosomes.

FIGs. Sa-d are a set of diagrams showing that HaploSeq analysis conpled with local
conditional phasing permits Ingh resolution haplotype reconstraction in humans: {a) Diagram
deprcting ability to perform local conditional phasing; (b) Table demounstrating the resolution of
haplotype phasing using HaploSeq after local conditional phasing along with overall accoracy

GMI12878 cells; (o} Plot demonstrating the ability to achieve chromosome-span seed haplotype
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{MVP block) at varving parameters of read length and coverage: (d) Plot showing the ability of
different combinations of read length and coverage {o generate high-resolution seed haplotypes.

FIG. 6 15 a diagram showing A-srans mteraction probabilities of each CASTxIIZ9
chromosome plotted as a function of insert size.

FiGs. 7a-d  are a set of diagrams showing graphical explanation of completeness,
accuracy, and resolution in haplotype phasing {(a) nuclzotide bases represent heterozvgous SNPs
while ™7 represents no variability; (b) haplotype phasing of the MVP block demonstrating
resolution; (¢} true haplotypes known a priont and this knowledge helps to measure the accuracy
of predicted de-nove haplotvpes and inaccurate vartant phasing is shown at the gray box
location; (d) different metrics.

FiGs. 8a-b are a set of diagrams showing cconstrained HapCUT maodel allowing only
fragments up (o a cerlain maximum mnsert size {maxIS), where at higher maxis, the resolution of
MVP block {a) is high but contains hugher accuracy (b).

FIG. 915 a diagram showing a Captore-HiC experimental scheme.

FiGs. 10a-b show a Capture-HiC probe design: {a) a UCSC Genome Browser shot of the
HLA locus in humans (hgl®) and (b) 8 Zoom-in UCSC Genome Browser shot of the HLA-

DOQB1 gene to demonstrate the probe targeting approach.

DETAILED DESCRIPTION OF THE INVENTION
Rapid advances in high-throughput DNA sequencing technologies are accelerating the
pace of research into personalized medicine.  While methods for vanant discovery and
genotyping from whole genome sequencing {WGS) datasets have been well established, linking

variants on a chromosome {ogether into a single haplotype remains & challenge.

Whole-Genome Haplotyping and Reconstroction

This invention provides & novel approach for haplotyping, which includes a proximity-
Ligation and DNA sequencing technique with a probabilistic algorithm for haplotype assembly
{Dekker e ¢, Science 295, 1306-1311 {2002}, Lieberman-Aiden of of., Science 326, 289-293
{2009}, Kathor e of , Nawre Biotechnology 30, 90-98 (2012}, and Bansal ef &/, Rininformatics
24, 1153-159 (2008)).  The approach, termed “HaploSeq™ for Haplotyping using Proxumity-
Ligation and Sequencing, reconstructs complete haplotypes or targeted haplotypes by otihzing

proximity-hgation and DNA shotgun sequencing.  As disclosed herein, HaploSeq has been

7



WO 2015/010051 PCT/US2014/047243

experimentally validated mm a hybrid wouse embryonic stem cell lme and a human
lymphoblastoid cell hne in which the complete haplotypes are known a priori. It 1
demonstrated here that with HaploSeq, chromosome-span haplotype reconstruction can be
achieved with over 95% of alleles linked at an accuracy of ~99.5% i mouse. In the human cell
line, HaptoSeq is coupled with local conditional phasing to obtain chromosome-span haplotypes
at ~81% resolution with an accuracy of ~98% using just 17 x coverage of genome sequencing.
These results establish the utility of proximity-higation and sequencing for haplotyping in human
populations.

An embodiment of the HaploSeq method of this invention 1s shown in FIG. 1. Briefly,
FIG. 1a depicts comparison of HaploSeq with other methods for reconstructing haplotypes of an
mdividual. The diagram outlines several methods used to phase haplotypes. Unlike previous
methods, proxmmity-ligation links distal DNA fragments that are spatially close. These are then
isolated from cells and sequenced.

FIG. 1h shows frequency distributions of mnsert sizes from conventional WGS, mate-pair
{Gnerre, S. ¢f af. Proceedings of the National Academy of Sciences of the United States of
America 108, 1513-1518 (2011)) and Hi-C. The x-axis is in base-pairs (logm scale). Plots
represent random subset of data points taken from previously published for GMI2878 cells
across chromosomes 1-22. In the case of fosmids (Kidd er of., Nature 453, 56-64 (2008)), size
distribution of the clones inferred after alignment is shown. The Hi-C mnsert sizes are denved
from hibraries generated by the inventors” laboratory, Insert and clone sizes are correlated with
the ability 1o reconstract longer haplotypes.  Among these methods, ondy proximity-ligation
based Hi-C generates abundant long fragments,

FIG. Ic ilustrates the role of proximity-ligation reads in building chromosome span
haplotypes. The top and boitom sequences represent regions of two homologous chromosomes,
where -7 represents no vaniability and nucleotides represent heterozygous SNPs. Heterozvgous
SNPs and ndels can be used to distinguish the homologous chromosomes. Local haplotype
blocks (“block 17 and “block 27} can be built from short insert sequencing reads (1), similar to
what cccurs i copventional WOGN or mate pair sequencing. (iven the distance between vaciants,
these small haplotype blocks remain un-phased in relation to each other. Distally located regions

in terms of linear sequence can be brought in close proximity i xifi {11). These linkages will be
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preserved by proxmmity-ligation.  The large insert-size proximuty-lgation sequencing reads help
consolidate smaller haplotype blocks into a single chromosome span haplotype (i)

The Hi-C techaignes are known in the art and the related protocols can be found in
US20130096009 and Licherman-Aiden e¢f af., Science 326, 289-293 (20093, the contents of
which are tncorporated by reference. In one embodiment, the Hi-C method comprises purtfying
Ligation products followed by massively parallel sequencing.  In one embodiment, a Hi-C
method allows unbiased identification of chromatin interactions across an entire genome. In one
embodiment, the method may comprise steps including, but not lunited to, crosshinking cells
with formaldehyde:; digesting DNA with a restriction enzyme that leaves a Soverhang; filling
the S-overhang that includes a biotinvlated residue; and ligating blunt-end fragments under
dilute conditions wherein ligation events between the cross-linked DNA fragments are favored.
In one embodiment, the method may result i a DNA sample contaming higation products
consisting of fragments that were origimally in close spatial proximity in the nucleus, marked
with the biotin residue at the junction. In one embodiment, the method further comprises
creating a Hbrary (ie, for example, a Hi-C library). In one embodiment, the bibrary is created by
shearing the DNA and selecting the biotin~containing fragments with strepfavidin beads. In one
embodiment, the hbrary s then analvzed using massively parallel DNA sequencing, producing a
catalog of interacting fragments. See, FIG. 1a.

As disclosed herein and shown in FIG. 2, proxinuty-ligation products obtained by the
method of this wvention are predomunantly ntra-haplotype. To that end, FIG. 23 shows a whole
genome mteraction frequency heat map. Hi-C reads onginating from the CAST (°¢7) or 1129
{17} genome were distinguished based on the known haplotype structures of the parental strains.
The frequency of interactions between each allele of each chromosome was calealated using 10
Mb bin stze. The CAST or J129 allele of each chromosome primarily mnteracts in ofs, confirming
that the chromosomes territories seen in Hi-C data ocour for individual alleles.  Inset shows a
magnified view of the CAST and 129 allele for chromosomes 12 through 16, Furthermore,
FiG. 2b shows the interaction frequencies (logs scale) between any two fragments as a function
of bnear distance. From @ priodri haplotype information, read-pairs are distinguished as
mteracting in ¢is (top) and in A-rrans (bottom). The interaction frequency in cis can be several
orders of magnitude more frequent than i A-frans. Notably, the frequency of interactions in cis

approaches that of i A-frans at large genonne distances (100 Mbp) and <2% overall A-trans
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mteractions were observed. Plot generated using data from clromosomes 1-19 m CASTxII29
system. Finally, F1G. 2¢ shows comparison of the A-frans interaction probability as a function of
insert size. Plot was generated using data from chromosomes 1-19 in CASTxJII29 system.
LOWESS fit was performed at 2% smoothing. Below 30 Mb, the probability of a read being an
f-trans interaction 1s £ 5% (dashed line). Therefore, this cutoff1s used as a maximum insert size
for further analysis,

The HaploSeq approach of this invention allows for accurate, high-resolution, and
chromosome-span reconstruction of haplotypes. FIG. 3a shows a diagram of Hi-C reads arising
from the 129 allele that span ~30 Mb total of chromosome 18 and are used to hnk the variants
mnto a single chromosome span haplotype. The sequence of the Hi-C reads is shown i black text
with the variant locations i red and underhined. The sequence of the reference genome is
gray. A priori CAST and 1129 haplotypes for each genotype were used at the variant locations
as well as the predicted haplotvpe based on the Hi-C data. At these four bases, Hi-C generates a
perfect mateh in terms of the wdentification of the known haplotype stucture. HapCUT can then
use these heterozygous variants as nodes and such overlapping reads as edges to form graph
siractures.

The table in FIG. 3b shows results of Hi-C based haplotype phasing in CASTxI129
system. The “Phasable Span of Chr” column lists the numbers of phasable bases (the base-pair
difference between first and last heterozygous variant). Listed in the “Variant spanned in MVP
block™ colunm s the total number of heterozvgous vanants spanned by the MVP block per
chromosome, which 15 an alternative measuore Tor completeness and is wsed as & denominator for
estimating resolution. Listed i the “%%Chr Spanned in MVP block™ column are the percentages
of phasable bases spanned by the predicted haplotype. Listed 1n the "% Variants Phased in MVP
block™ colummn are the percentages of all heterozygous variants phased among the variants
spanned in the MVP block. Listed in the last column is the accuracy for each of the phased
heterozygous variants. For each chromosome, the nventors generated complete (399.9% of
bases spanned), high-resolution (>95% of het. variants phased), and accurate (399.5% correctly
phased het. variants} haplotypes.

FIG. 3¢ further shows the comparison of haplotvpe phasing methods for penerating
comaplete haplotypes by simulation.  The wventors simulated 75 base-pairs pamed-end

sequenicing data (chromosome 19) of conventional shotgun sequencing {mean=400, sd=100),
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mate pair {mean=4300, sd=200} and fosnnds {mean=35000, sd=2500} at 20 x coverage. While
the first read was randomly placed in the genome, the second read was chosen based on the
above-mentioped nonmal distribution parameters. The inventors sub-sampled the CASTX129
data to generate 20 x Hi-C fragments that were used for HaploSeg analysis. Y-axis represents
the span of MVP bloek as a function of phasable span of chromosome 19, The MVP block m
HaploSeq spans whole chromosome, whereas other methods MVP block spans only a fraction of
the chromosome. The inventors also combined 20 x sequencing coverage for each method with
20 x conventional WGS data for a total of 40 x coverage to compare methods at a higher
coverage.

FIG. 3d shows an analvsis of the adjusted span {AS) of the haplotype phasing. The AS is
defined as the product of span and fraction of heterozygous variants phased in that block
Haplotype blocks were ranked by number of heterozvgous variants phased in each block {x-axis
1§ ranking) and the cumulative AS over the whole chromosome 1s represented on the y-axis. In
the case of HaploSeq, the MVP block alone spans 100% of chromosome and contains 90% of
vagiants phased. In other methods, percent phasing ncreased cumulatively as the inventors
mclude non-MVP blocks. Dashed hines represent increased coverage at 40 x by combining with
WGS data as discussed above.

The HaploSeq approach of this invention also allows one to perform haplotype
reconstruction i human cells, such as GMI12874 cells. To that end, FIG. 4a demonstrates the
differences i variant frequency between mice {(CASTx129) and humans {GM12878) over the
Hoxd I3/HOXD3 gene. Also shown 1s the Hi-C read coverage (loge scale) over these loct. Hi-
C reads are more likely to contain varignts i the high SNP denstty (mouse) case (shown as
“SNP-covering reads”). This in turn allows these variants to be more readily connected to the
MVP block. in the low variant density scenario (humanj, this is not the case, and as a result
there are “gaps™ where variants remain unphased relative to the MVP block.

fn addition, the table in FIG. 4b shows the completengss ("% Clw Spansed in MVP
block™), resolution (*% Vartants Phased in MVP block™), and accuracy ("% Accoracy of variants
phased in MVP block™) of haplotype reconstruction using HaploSeq analvsis in a low variant
density scenario i CASTXIIZY system. Variants were sub-sampled in the CASTXI29 genome
to have a heterozygous variant every 1300 bases and phasing was performed as described above.

The mventors continued to generate haplotypes that are complete (99% chromosome span) and
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accurate (~99% accuracy). However, there is a reduction in the resolution of the variants phased
{~32%) i the low variant density scenario. Numbers are rounded off to three decimals.

Also, the table in FIG. 4¢ swmmarizes results of the HaploSeg based haplotype
reconstruction in GMI12878 cells. The results show completeness (% Chr Spanned in MVP
block™) and resolution ("% Variants Phased in MVP block™. The inveniors were able to
generate  chromosome-span  haplotypes (299%), albeit at a lower resolution {(~22%). In
GMI2878 cells, the inventors generated ~17 x coverage when compared to ~30x in CASTxI129
systern.  Therefore, the inventors observed a lower resolution (22%) when compared to low-
density CASTxII29 (32%). Nambers are rounded off 1o three decimals,

As shown in FIG. 44, the method of this invention allows one o generate seed haplotypes
that span the centromere of metacemtne chromosomes. Shown are two regions on either side of
the centromere of chromosome 2. The two Hi-C generated seed haplotypes are arbirarily
designated as “A™ and “B.” The actual haplotypes of the GMI12878 individual leamned from trio
sequencing are shown below designated arbitranly as "A” and “B.” The Hi-( generated seed
haplotypes match the actual haplotypes on both sides of the centromere. Of note, some variants
1 the actual haplotype remain unphased, thus contributing to the “gaps™ in the seed haplotype.
In addition, the actual haplotypes do not contain all variants as trio-sequencing was performed at
low depth, therefore the seed haplotype contains some phased vanants not in the actual
haplotype (see the third variant in the AAKT region for example}.

The HaploSeq analysis can be used m conjunction with other technigques, such as local
contcitional phasing to permit high resolution haplotype reconstruction in hamans.  FIG. 3a)
shows the ability o perform local conditional phasing. The x-axis is the chromosome span seed
haplotvpes resolution generated by simulation.  The top panel shows the error rates of local
conditional phasing using both an uncorrected (upper) and neighborhood corrected phasing
{lower, window stze = 3). Becauose of neighborhood comrection, some vanants cannot be locally
inferred.  The bottom panel shows the percentage of variants that remain unphased due 1o
neighborhood correction as a function of resolution.  All simulations are done i GMI12878
chromosome 1.

The table m FIG. 5b demonstrates the resolution of haplotvpe phasing using HaploSeq
after tocal conditional phasing along with overall accuracy in GMI2878 cells. With the local

conditional phasing, the inventors increased resolution from ~22% to ~81% on average. The
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table also depicts resolution lost due to neighborhood correction (NC), which is on average only
~3%. The mventors unsed a window size of 3 seed haplotype phased variants to check
performance of local phasing.  Apart from enbanced resolution, the lnventors also obtained
accurate haplotypes, with an overall accuracy ~98%. Accuracy here reflects ervor from MVP
block of inal HaploSeq analysis and error from local conditional phasing.  For some
chromosomes, the accuracy was lower due 1o lower coverage {see Table 1 below).

The plot in FIG. 5S¢ also demonstrates the ability to achieve chromosome-span seed
haplotype (MVP block) at varving parameters of vead length and coverage. In all cases,
chromosome span seed haplotype can be obtained with ~13x usable coverage. Al simulations
are done in GMI2878 chromosome 1. Similarly, the plot m FIG. 53d shows the ability of
different combinations of read length and coverage to generate high-resolation seed haplotypes.
In this instance, longer-read lengths contribute to a greater resolution of the Hi-C generated seed
haplotypes. All simulations are done in GM12878 chromosome 1.

The inventors describe berein a novel strategy to reconstruct a chromosome-span
haplotype for an organism.  Compared to other haplotyping methods that reconstruct complete
haplotypes from shotgun sequencing reads, the method disclosed herein can generate
chromosome-span haplotvpes (Fan ef ¢f., Nature Biotechnology 29, §1-37 (2011}, Yang ef af,,
Proceedings of the National Academyv of Sciences of the United States of America 108, 12-17
{2011); and Ma er o/, Natare Methods 7, 209301 (2010)).  Tlus approach is most suitable for
clinical and Isboratory setting, since the reagents and equipment required for HaploSeq
experiment are readily available. Farther, the method 18 more apt than sperm cell genotyping
based approach {(Kirkness e af., Genome Research 23, 826-832 (2013)), as it can generate
whole-genome haplotypes from mtact cells of any individual or cell-line.  HaploSeq is thas of
great utihity in personalized medicine. Determination of haplotypes in mdividuals allows the
identification of novel haplotvpe-disease associations, some of which have already been
identified on smaller scales (He ef o/, American Journal of Human Genetics 92, 667-680 {2013};
Zeng el ol Genetic Epidemiology 28, 70-82 (2005); and Chapman ef o/, Human Heredity 56,
18-31 (2003)). In addition, complete haplotypes will be essential for understanding allelic biases
m gene expression, which will contribute to genetic and epigenstic polvmorphisms i the
population and their phenotypic consequences at a molecular fevel (Gimelbrant ef ol Science

318, 1136-1140 (2007), Kong ef @f., Nature 462, 868-874 {2009} and McDaniell ¢ ¢/, Science
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328, 235239 (2010)). Furthermore, HaploSeq can be used to identify genetic polymorphisms m
cancer cells that either cause or are markers for resistance 1o cancer freatment drugs. Lastly,
while the approach is exemplified for diploid cells in the examples below, experimeatal and
computational improvements allow for haplotype reconstruction in cells with higher ploidy, such
as cancer cells. This can aid 1w the wnderstanding of the consequences of the genetic alterations
that are frequently seen during oncogenesis.

Previously, proximity-ligation was used to study the spatial organization of chromosomes
{Liebenman-Aiden ef o/, Science 326, 289-293 (2009)), but not haplotype determination at the
whole genome levell  As disclosed heremn, 1t 13 also a valugble ool m studving the genetic
makeup of an mndividual., As demonstrated berein, proximity-ligation based approaches can not
only tell which cis-regudatory element is physically mteracting with which target gene, but also
which alleles of these are linked on the same chromosome. Proxinuty-ligation data can also be
used for genotyping, on the same lines as WGS. Although variants far from restriction enzyme
cut sites are less likely o be genotyped owing to biases from proxsmity-ligation approaches such
as Hi-C, population based imputation (Browning ef al., American Journal Of Human Genestics
81, 1084-1097 {2007)} of un-genotyped variants can be performed in supplement fo achieve
imcreased genotype calls. Because all thus can be done using a single experiment, HaploSeq can

be used as a general tool for whoele genome analysis.

Targeted Haplotyping and Reconstruction

HaploSeq can also be used for targeted haplotyping of distinct regions. Once the ligation
step s performed and a hibrary of proximally-ligated fragments 15 obtained, custom-designed
oligonucleotides, which may be immobilized on a solid surface, are introduced to the hbravy 1o
solution, These oligonucleotides “target” specific proximity-ligation fragmems and hyvbridize 1o
those proximity-ligation fragments. The proximity-ligation fragments that are hybridized to sach
oligonucleotides are isclated to provide new hibrarv. This Library now containg a subset of
proximally-ligated fragments that were captured by the custom oligonucleotides,  These
fragments are sequenced and assemblad to generate directed haplotypes. This method is usefid
for the directed haplotyping of distinct regions. For example, directed haplotyping of the HLA
region {aslo known as human major bistocompatibility complex locus or human leukoceyte

antigen locus), which is about 3.5 Mb, can be performed by this method. Such directed
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haplotyping of the HLA region is useful s predicting outcomes for donor-host matching in organ
transplantation.

Shown i FIG. 9 is a schematic example for this targeted haplotyping. Furst, cells are
cross-linked and fixed, thereby capturing the spatially proximal DNA element (top left). Then,
the cells are digested with, e g, Hindlll and fragmented ends are filled m with a biotinylated
nucleotide, followed by re-ligation of digested ends as performed in the Hi-C protocol (top
middie). After PCR amplification of the Hi-C fragments, the final Hi-C hibrary is composed of
Hi~C di-tags that can be targeted by biotinvlated RNA probes which have been designed to
capture specihic Hi-C fragments (top night). Then, using oligonucleotide capture technology
{OCT), one can perform solution hyvbridization of the RNA probes to the Hi-C library. Here,
some Hi-C fragments will have been targeted by two RNA probes, while others only one, and all
non-targeted sequences will be unbound by RNA probe (bottom night). Next, streptavidin-coated
beads are used to bind the biotinvlated RNADNA duplexes (bottom middle), thereby exiracting
the targeted Hi-C fragments from the Hi-C library, and creating the Captore-HiC lbrary. The
bead-bound Hi-C library then is PCR amplified, purified, and subject to next-generation
sequencing (bottom left).

In the examples below, the above-described approach was used for haplotyping the
human HLA region, which is about 3.5 Mb. Shown in FIG. 10 15 a Capture-HiC probe design

used in the examples. Probe sequences were first compuiationally generated using the
SureDesien software suite (Agident). Shown in FIG. 10a 15 a UCSC Genome Browser shot of the
HELA locus 1 humans (hgl9) FIG. 10b shows a Zoom-m UCSC Genome Browser shot of the
HLA-DQBI! gene to demonstrate the probe targeung approach. In that case, the inventors
targeted the -+~ 400 bp adjacent {o the resiriction enzyme cut sites used to prepare the Hi-C
library, in this case Hindlll ("Targeted Regions” track). For the targeted regions, probes were
designed at 4X tiling density, which aims to bave each nucleotide of target sequence covered by
up to 4 probe sequences. Also note that the probes do not overlap the HindIll cut site uself
{“HLA Probes” track). It was also elected to not target any sequence within the targeted region
that was called fo contamn repetitive sequences by RepeatMasker ("Missed Regions™ and
“RepeatMasker™ track),

The targeted haplotyping approaches discussed herein, e.g., the Captwre-HiC approach,

presest an opportumnity to phase the entire HLA locus mto a single haplotype block, enabling
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better predictive HLA type matching m cell and organ transplantation procedures.  Several
studies have uncoversd numerous disease-associated non-coding vanants associated with
specific HELA genes or alleles (Trowsdale et ol dnnugl Review Of Genomics And Human
Genetics 14, 301-323, (2013) and Trowsdale, fmmunclogy letters 137, 1-8, (2001)). Therefore,
by delineating a single haplotype structure of HLLA, one can systematically deconvolute the role
of genetic variation on HLA linked diseases and phenotvpes.

As demonstrated herein, the Capture-HiC approach generally preserves the chromatin
interaction measurements detected by conventional Hi-C experiments. Therefore, Capture-HiC
can be used as & method to obtain long-range interactions at specific loct. For example, otihzing
Captuare-HiC can reveal haplotype-resolved long-range interaction mechanisms behind genome
wnprinting.  While several groups currently use the 4C and 5C technologies to study targeted
chromatin interactions {Simonis ¢f af., Nature Genetics 38, 1348-1354, (2006}, and Dostie ef al.
Genome Research 16, 1299-1309, (2000)), Capture-HiC offers a more flexible methodology. In
particular, 4C i3 hmited w0 analysis of mteractions with a single viewpoint and SC is limited by
complex primer design, limited throughput, and analysis of only contingous genomic regions.
Alternatively, Capture-HiC can be applied to detect interactions of thousands of viewpoints in a

sional and customized 3D interaction

pa

single experiment, and s capable of retneving re
frequencies in an unbiased fashion. Specifically, Caprure-HiC offers the capability to be taored
to capture any interspersed genomic element given the element’s relative proximity to the
restriction enzyme cut site, and therefore applicable o generalized cases.  For example, by
apphyving Capture-HiC to genome-~wide promoters or other genomne elements, one can generate
maps of 3D regulatory mteractions genome-wide at unprecedented resolution and relatively low
cost.

The Hi-C protocol has recently been demonstrated to be useful m assembling genomes de
novo. {Burton ef of. Nat Biotechnol 31, 1119-1125, (2013) and Kaplan ef ¢f. Nat Biotechnol 31,
1143-1147, (20130 As Capture-HiC obtains high-quality chromatin interaction datasets, similar
to Hi-C, this methodology can be used to generate diploid assembly of complex regions, such as
the T-cell Receptor beta {Treb) locos (Spicuglia ef of  Semunary in Immunology 22, 330-336,
{2010}, of human and other large genomes. Furthermore, diploid assembly of the highly
heterozygous HLA locus performed n a population scale can allow detection of novel structural

variations and enable precise delineating of hwman migration patterns as well as perform
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association studies to discover personalized medications for various disease states.  Sinularly,
Hi-C has also recently been used i mefagenonues studies to deconvolute the species present m
complex microbiome mixtures {Beitel ¢f @/, Peerd, doi 10.7287/peerj. preprints 260v1 {2014} and
Burton ¢ «f., Species-Level Deconvolution of Metagenome Assembhies with Hi-C-Based
Contact Probabibity Maps. G3, doi:10.1534/g3 114.011825 (2014). With the advent of Capture-
HiC, one can capture distinet loci that are mformative and discriminative enough to delineate
species nixtures based on the captured Hi-C fragments. Taken together, Capture-HiC and s
application for targeted phasing as well as the other applications disclosed herem enable new
avenues in personahized clinical genomics as well as biomedical research.

The term “marker” or “junction marker” as used heremn, refers to any compound or
chemical motety that is capable of being Incorporated within a nucleic acid and can provide a
basis for selective purification.  For example, a marker may mclode, but not be himited to, a
labeled nucleotide Hnker, a labeled andfor modified nucleotide, nick wanslation, primer linkers,
or tagged linkers. The term “labeled nucleotide linker™ refers to a type of marker comprising any
nucleic acid sequence comprising a label that may be incorporated {ie., for example, ligated)
mto another nucleie acid sequence. For example, the label may serve to selectively purify the
nucleic acid sequence {i.e., for example, by affinmty clwomatography). Such a label may include,
but is not limited to, a biotin label, a lustidine label (e, 6His), or a FLAG label

The term “labeled nucleotide,” “labeled base,” or “modified base™ refers to a marker
comprising gny nucleotide base attached to g marker, wherein the marker comprises & specific
motely having a umgue affindy for a hgand. Alternatively, a binding partner may have affinity
for the junction marker. In some examples, the marker includes, but 15 not limited to, a biotin
marker, a histidine marker (/.e., 6His), or a FLAG marker. For example, dATP-Biotin may be
considered a labeled nucleotide. In some examples, a fragmented nucleic acid sequence may
undergo blunting with a labeled nucleotide followed by blunt-end ligation.

The term “label” or “detectable label” are used herem, to refer to any composition
detectable by spectroscopic, photochenucal, biochemical, immunochemical, electrical, optical or
chemical means.  Such labels inclade biotin for staiming with labeled streptavidin conjugate,
magnetic beads {e.g., Dynabeads™™), fuorescent dyes {e.g., fuorescein, texas red, thodaming,
areen fluorescent protein, and the hke), radiolabels (e.g., HOLFS M or PRy, enzymes {e.g.,

horse radish peroxidase, alkaline phosphatase and others conmmoenly used m an ELISA), and
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calorimetric labels such as colloidal pold or colored glass or plastic {e.g, polystyrene,
polypropylene, latex, etc.) beads. The labels comtemplated in the present mvention may be
detected by many methods. For example, radiolabels may be detected using photographic film
or scintiflation counters, fluorescent markers may be detected using a photodetector to detect
emitted hight. Enzymatic {abels are typically detected by providing the enzvme with a substrate
and detecting, the reaction product produced by the action of the enzyvime on the substrate, and
calorimetric {abels are detected by simply visuahzing the colored label.

The term “fragments” refers to any nucleie acid sequence that is shorter than the
sequence from which it 18 derived.  Fragments can be of any size, ranging from several
megabases andfor kilobases to only a few nucleotides long.  Experimental conditions can
determine an expected fragment size, mcluding but not linited to, restriction enzyme digestion,
sonication, ackd meubation, base meaubation, microthudization etc.

The term “clwvomosome™ as used herein, refers to a naturally occurting nucleie acid
sequence comprising a sertes of functional regions termed genes that usually encode proteins.
Other functional reglons may include microRNAs or long noncoding RNAs, or other regulatory
elements. These proteins mayv have a biological fonction or they divectly interact with the same
or other chromosonies {7.¢., for example, regulatory clromosomes).

The term “genomic region” or “region” refers to any defined length of a genome andior
chromosome. For example, a genomic region may refer to the asseciation {7.e., for example, an
miteraction) between more than one chiromoesomes, Alternatively, a genomic region may refer to
a complete chromosome or a partial chromosome.  Farther, a genomic region may refer o a
specttic nuckeic acid sequence on a chromosome {i.¢., for example, an open reading frame andior
a regulatory gene).

The term “fragmenting”™ refers to any process or method by which a compound or
composition 1§ separated into smaller units. For example, the separation may include, but s not
limited to, enzymatic cleavage (7 e, for example, transposase-mediated fragmentation, restriction
enzymes acting upon nucleic acids or protease enzymes acting on proteins), base hydrolysis, acid
hydrolysis, or heat-induced thermal destabilization.

The texm “heatmap”™ refers to any graphical representation of data where the values taken
by a variable in a two-dimensional map are represented as colors. Heat maps have been widely

used to represent the level of expression of many genes across a number of comparable samples
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{eg. cells in different states, samples from different patients) as obtained from DNA
TICTORITAYS.

The term “genome” refers to any set of chromosomes with the genes they contain, For
example, a genome may inclade, but is not limited to, eukarvotic penomes and prokarvetic
genomes.

RN

The term “fixing,” “fixation” or “fixed” refers to any method or process that immobilizes
any and all cellular processes. A fixed cell, therefore, accurately maintains the spatial
relationships between miraceliular components at the time of fixation. Many chemicals are
capable of providing fixation, ncluding but not hmited to, formaldehyde, formalin, or
glutaraldehvde.

The term “crosslink,” “crosshnking” or “crosshink™ refers to any stable chemical
association between two compounds, such that they may be further processed as a umt. Such
stability mav be based upon covalent and/or non-covalent bonding. For example, nucleic acids
andfor proteins may be cross-linked by chemical agents {Z¢., for example, a fixative} such that
they maintain their spatial relationships during routine laboratory procedures {i.e., for example,
extracting, washing, centrifugation ete.)

The term “join” refers to a unique bnkage of two nucleic acid sequences by a junction
marker. Such linkages may arise by processes including, but not limited to, fragmentation,
filling i with marked nucleotides, and blunt end ligation. Such a jown reflects the proxionty of
two genonic regions thereby providing evidence of @ functional interaction. A jom conyprising a
Junction marker may be selectively purified 1o order to facilitate a sequencing analysis.

The term “Hgated” as used herem, refers 10 any linkage of two nucleic acid sequences
usually comprising a phosphodiester bond. The linkage i3 normally facilitated by the presence of
a catalytic enzyme (e, for example, a ligase} in the presence of co-factor reagents and an
energy source {fe, for example, adenosine triphosphate (ATP)).

The term “restriction enzyme” refers to any protein that cleaves nucleic acid at a specific
base pair sequence.

The term “selective purification” refers to any process or method by which a speaific
compound and/or complex may be removed from a mixture or composition. For example, suach a
process may be based upon affinity chromatography where the specific compound to be removed

has a higher affinuty for the chromatography substrate than the renminder of the mixture or
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composition. For example, nucletc acids labeled with biotin may be selectively purified fron a
mixtare comprising nucleic acids not labeled with biotin by passing the mixtwre through a
chromatography column comprising streptavidin,

The term “purified” or “isolated” refer to a nucleic acid composition that has been
subjected to treatment (4., for example, fractionation) to remove various other components, and
which composition substantially retains its expressed biological activity.  Where the term
“substantially purified” is used, this designation will refer to a composition in which the nucleic
acid forms the major component of the composition, such as constituting about 50%, about 60%,
about 70%, about 80%, about 90%, about 93% or more of the composition (i.e., for example,
weight/weight and/or weight'volume). The term “purified to homogeneity” Is used to include
compositions that have been purtfied to “apparent homogeneity” such that there s single nucletc
acid sequence {ie., for example, based upon SDS-PAGE or HPLC analysis). A purified
composition 18 not intended to mean that some trace impurities may remam.  The term
"substantially punified” refers to molecules, either nucletc or amino acid sequences, that are
removed from their natural enviromment, isolated or separated, and are at least 60% free,
preferably 75% free, and more preferably 90% free from other components with which they are
naturally associated.  An “wolated polynucleotide™ is therefore a substantially purified
polynucleotide.

“Nucleic acid sequence” or “nucleotide sequence”™ refers to an oligonucleotide or
pobyvoucieotide, and fragments or portions thereof, and to DNA or RNA of genomic or synthetic
origit which may be single- stranded or double-stranded, and represent the sense or antisense
strand.

The term “an 1solated nucleic acid”™ refers to any nucleic acid molecule that has been
removed from its natural state {¢.g., removed from a cell and 15, in a preferred embodinent, free
of other genomic nucleic acid).

The term “variant” of a nucleotide refers to novel nucleotide sequence which differs from
a reference oligonucleotide by having deletions, insertions and substitutions.  These may be
detected using a variety of methods (e.g., sequencing, bybridization assays ete). A "deletion” is
defined as a change in either nucleotide or amino acid sequence in which one or more
nucleotides or amino acid residues, respectively, are absent.  An "msertion” or "addition” is that

change in a nucleotide or amino acul sequence which has resulted in the addition of one or more
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mucleotides or amino acid residues. A “substiiution” vesults from the replacement of one or more
nucleotides or amino acids by different nucleotides or amino acids, respectively.

The terms “homology” and “homologous™ as used herein in reference to nucleotide
sequences refer to a degree of complementarity with other nucleotide sequences. There may be
partial homoelogy or complete homology (e, identity). A nucleotide sequence which is partially
complementary, Le., "substantially homologous,” to a nucleic acid sequence 1s one that at least
partially inhibits a completely complementary sequence from hybridizing to a target nucleic acid
sequence. The mhibition of hybnidization of the completely complementary sequence to the
target sequence may be examined using & hybnidization assay {Southern or Northern blot,
sohition hybridization and the like) under conditions of low stringency. A substantially
homologons sequence or probe will compete for and inhibit the binding (Ze., the hybrdization)
of a completely homologous sequence 10 a target sequence under conditions of low stringency.

The term “cancer treatment drugs” as used hevemn refers 1o all chemotherapeutic agents to
which cancer cells can acquire chemoresistance, Examples mclude JAK/STAT mbubitors, P13

kinase inhibitors, mTOR inhibitors, ErbB inhibitors, topoisomerase mhibitors, and so forth.
ENAMPLES

EXAMPLE 1 General Methods And Matenials

This example descibes general methods and materials used in Examples 2-@ below.
Cell Culture and Experimentad Meihads

The F1 Mus suexcudus castanes  S129/5vIae (F123 line) were a gift from the laboratory
of Edith Heard and have been described previously in Gribnau ef o/, Genes & Development 17
759-773 (2003). These cells were grown in KnockQOut Serum Replacement containing mouse ES
cell mediar  DMEM  85%, 15%  KpockOut  Serwn Replacement  (Invitrogen),
penicillindstreptomycin, 1 X Non-essential amino acids {(GIBCO), 1 X GhuiaMax, 1000 Uimb
LIF (MILLIPORE), 0.4 mM B-mercaploethanol. F123 mouse ES cells were inittally coltwred on
0.1% Gelatin-coated plates with nutomyein-C treated mouse embryonic fibroblasts {Miltlipore}.
Cells were passaged twice on 0.1% gelatin-coated feeder free plates before harvesting.
GMI2878 cells {CORIELL) were cultared in suspension in 83% RPMI media supplemental with

15% fetal bovine serum and 1 X penicillin/streptomycin.
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Cells were harvested either in suspenston (GM 12878} or after trypsin treatment {F123
mouse ES cells). Formaldehvde fixation and Hi-C experiments were performed as previously
described in Lieberman-Aiden ¢ of., Science 326, 289-293 (2009}

Genotvping

Variant calls and genotypes for GMI2878 were downloaded from DePristo ef «f., Natore
Genetics 43, 491-498 (2011) and these were used for haplotvpe reconstruction.  Phasing
Information for GM12878 was downloaded from 1000 genomes project{Genomes Project, C. e/
al., Nature 467, 1061-1073 (2010)). The phasing of GMI2878 by the 1000 genomes project
atihized low coverage sequencing and so covers only ~65% of heterozygous variants genotyped
{DePriste ¢f af., Nature Genetics 43, 491-498 (2011)) 1 this individual’s genome. Of note,
“GMI2R78Y is the name of the lymphoblastoid cell ine while "NA12878” is the identifier for
the ndividual from whom this cell line was derived. GMIZE78 was used throughout the
pxanpies here for the sake of consistency and clarity,

For generating genotype calls for the hybrid CASTxIIZ9 cells, parental genome
sequencing data was downloaded from publicly available databases. For Mus muwsculus
casianens, the genome sequence was downloaded from the European Nucleotide Archive
{accession nunber ERPO0G042). S129/Sviae genome sequencing data was downloaded from the
Sequence Read Archive (accession munber SRX037820). Reads were aligned to the mm9
genome using Novoalign {www novocraft.com} and using samtools (Li ¢ @i, Biomformatics 25,
2078-2079 (2009)), and unmapped reads and PCR duphicates were filtered oot The final aligned
datasets were processed nsing the Genome Analysis Toollat (GATK) (MoKenna ef of ) Genome
Research 20, 1297-1303 (2010)). Specifically, Indel Realignment and Variant recalibration were
performed. The GATK Uwified Genotyper was used to make SNP and Indel calls. lnventors
filtered out variants that did not meet the GATK quality filters or that were called as
heterozygous variants, as the genome sequencing was performed in homozygous parental mbred
mice. The genotype calls in the parents were used both to deternine the extent of interactions in
cis versus h-trans as well as in learmog the phasing of hybrid CASTXJ129 cells a priori to
haplotype reconstruction,

Hi-C Read Alignment
For Hi~C read aligoment, Hi-C reads were aligned to the mm9 (mouse} or the hgl$

{human} genome.  In each case, any bases in the genome genotyped as SNPs in either Mus
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muscidus casloneys or S129/8vlae (for mouse) or GMI12878 (for humans) were masked. These
bases were masked to “N” in order to reduce reference bias mapping artifacts. Hi-C reads were
aligned iteratively as single end reads using Novoalign. Specifically, for terative alipnment, first
the entire sequencing read was aligned to either the mouse or human genome. Unmapped reads
were then trummed by 5 base pairs and realigned.  This process was vepeated until the read
successfully aligns to the genome or until the trimmed read is less than 25 base pairs long.
frerative alignment is useful for Hi-C data because certain reads will span a proximity-ligation
junction and fail to successfully align to the genome due to gaps and musmatches. lteratively
trimming wunapped reads allows these reads to align successtully to the genome when the
trimaing removes the part of the read that spans the Ligation junction. After iterative alignment
of reads as single ends is complete, the reads were manually paired using in-house scripts.
Unmapped and PCR duphicate reads are removed. The aligned datasets were then finally
subjected to GATK mndel realignment and variant recalibration,

Awnalypsis of nteraction Frequencies hetween Homologous Chromosomes

When aligning the Hi-C data, a paired-end read could either have both ends mapped to
the same chromosome (intra-chromosomal} or mapped to didferent chromosomes (imer-
chromosomal}.  However, the tmtial mapping of the Hi-C data uiilized a haploid reference
genome and did not distinguish to which of the two homologous copies of a chromosome an
mdividual sequencing read maps.  As a result, read pairs that mtially map as “intra-
chromosomal”™ were broken down into reads that occur on the same homologous chromosome
{which are wuly in cis) and reads that map between the two homologoos pairs (which was
defined as “h-trans™).

To determine the extent of reads that are m iy versus A-framy, it was first distinguished to
which allele an individual read mapped. This was done by identifying reads that overlap with
variant locations in the genome and then determining which allele the sequenced base at the
variant {ocation corresponds 0. Once this information is obtained, the frequency with which
reglons interact n oiv versus A-frans can be detervmned (see FIGs. 2¢ and 6).

Uisable Covergge As Defined By Intea and Inter-Chromosomal Reads

For phasing using HapCUT, both intra-chromosomal and inter-chromosomal reads were

utitized. For inter-chvomosomal reads, one can consider each inter-chromosomal read pair as

two single-end reads, as the pawed information for such reads is not useful for phasing. In

B3
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contrast, all intra-chromosomal reads are considered for phasing. The probability of a single
read to harbor more than one variant 1s small, especially in homans where the variant density is
relatively low. This, in combination with the fact that oaly the pawred intra-chromosomal reads
will have large insert sizes, means that the vast majority of reads that contribute to the success of
haplotype phasing are the intra-chromosomal reads.  Therefore, the “usable coverage” was
defined as the genomic coverage derived from intra-chromosomal reads only.

The Hi-C experiment generated ~22% inter-chromosomal reads in CASTxJ129 while
~55% of the reads m GMI2E78 were mter-chromosomal.  In other words, 620M paired-end
reads out of 795M were useful in CASTxI129, with a usable coverage of 30x. In humans, only
262M patred-end reads out of 577M were useful, resulting in a usable coverage of 17 x. Thus,
there was a lower usable coverage m humans despite a relatively smmilar total number of
sequenced reads.  In the mventors’ experience, the fraction of all reads that are mtra-
chromosomal versus inter-chromosomal in a Hi-C expenment may vary between experiments
and across cell types.

HaploSeq Using HapCUT

The HapCUT algorithm was used to perform the computational aspects of HaploSeq, the
details of which are described previously in Bansal ef ¢f,, Bioinformatics 24, 1153-159 {2008).
HapCUT was originally designed to work on conventional genome sequencing (WGS) or mate-
pair data. HapCUT construets a graph with the heterozygous variants as nodes and edges
between nodes that are covered by the same fragment(s). Therefore, enly fragments with at least
two heterozygous vartants are usefn] for haplotype phasing. HapCUT extracts such “haplotype-
tnformative” fragments from g coordinate sorted BAM file using a sorting method that stores
each potential haplotype~-informative read in a buffer until its mate 1s seen. The buffer size was
customized to allow HapCUT handle large insert sized proxmmity-higation reads.

HapCUT uses a greedy max-cut heuristic o identify the haplotype solution for each
connected component in the graph with the lowest score under the MEC scormg function. In
particular, the onginal HapCUT algorithm used Ofn) iterations to find the best cut. Since Hi-C
data resulted in chromosomal span haplotypes with a single large connected component, the
default method took several davs of computing time to phase the TASTxI129 genome, To
reduce the computation time, the impact of reducing the number of iterations on the accuracy of

phasing was assessed. For CAST*129 system, it was observed that increasing the number of

24



WO 2015/010051 PCT/US2014/047243

tterations beyond 1000 did not significantly improve the accuracy. For GMI2878, up to 100,000
iterations were allowed.  This solution was iterated muliiple times and a maximum of 21
iterations I CASTxJI29 and 101 in GMI2878 cells were used. The parameters 1 GMI12878
cells allowed HapCUT to obtain higher accuracy given the lower vanant density and reduced

sequence coverage compared to the mouse data.

Muximmon Insert Size Analypsis

As previously mentioned the probabality of a Hi-C read bemng in ois versus A-sany varies
as a function of the distance between the two read pairs (FIG. 2¢). At shorter genomic distances,
the probability that an intra-chromosomal read is in A-frans 15 very fow. At large distances {(»30
Mbp), thus probability rises substantially and is i theory more likely to mtroduce erroneous
connections for HapCUT to phase. To account for this, the Hi-C data for chromosomes 1, 5, 10,
15 and 19 1n the CASTxJI29 data were used and haplotype reconstruction repeated allowing
ariable maximum insert size values. Any reads where the msert suze between reads was greater
than the allowable maximum msert size were excluded. This analvsis was performed using the
low vartant density case, for this analysis because lower density was most amenable for
applications in humans (FIGs. 8-b). This step resulted in an mncrease in accuracy of HaploSeqg
analysis with moderate reduction in resolution.
Irvert Size Dependent Probabiity Correclion

A usetul feature of the HapCUT algorithm is that it accowsts for the base quality score at
a vartant focation i order to calealate the score of a potenual haplotype. In other words, i a
sequencing read that hinks two variants and the base quality at one variant location s low, this
read 1s given relatively lower weight by HapCUT 1o generating its final haplotype calls.
Therefore, HapCUT can use this mformation to try to disregard potential sequencing errors from
making erroneous haplotvpe connections.  As previously mentioned, in Hi-C data errors may
also arise due to A-frany interactions, which are much more frequent than sequencing ervors and
show a distance dependent behavior. Therefore, it was attempted to account for the hkelithood of
an interaction being w oy versus Ay based on the distance between the two reads. The
CASTX129 Hi-C data was used 1o wdentify reads that are in oiy or A-frans. The insert-sizes was
binned mto SO Kb bing and estimated the probability of a read being A-rrans (Hh-rransi{8ciy +Eh-

transy. Local regression (LOWESS) was then used at 2% smoothing to predict A-tranx

At
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probabilities at any given insert-size. For every intra-chromosonsal read, the ciy probabilities (1~
A-trases y were multiplied with the base qualities to account for the odds of this mtra~-chromosomal
read being a homologous trans nferaction. As a result, reads that are more likely to be A-trans
are given lower weight by HapCUT in identifying the haplotype solution.

Adding A-frans interaction probabiities increases HaploSeq accuracy moderately,
without having any effect on resolution. As a companson, chromosome 19 maxiS of 30 Mb had
an error rate of 1.1% (FIG. 8b). After adding A-frans probabilities, the error rate 15 0.9% (FIG.
4b}, where Hrror rate 1s defined as 1-Accuracy.

Local Condirional Phasing Simudation

In order to study the ability to perform local phasing at different percentages of
resolution, d stepwise analvsis was performed. First, seed haplotvpes were geperated at different
resolutions.  Then, Beagle (v4.0) (Browning ef of., Genetics 194, 459471 {2013} was osed to
perform local phasing under the guidance of the seed haplotype.  Finally, accuracy of local
phasing was checked by comparing it to phasing mformation known « priviri from 1000
CENOMES Project.

To simulate seed haplotypes at different resolations, seed genotvpes were first simulated.
Different combinations of read length and coverage were used to obtain seed genotypes of
various resolutions. In particular, Hi-C intra~chromosomal read starting positions from HI and
Hi-derived cells {unpublished data) were used to generate pairs of reads of a given read length
and coverage. This allowad one to maintain the Hi-C data structure and the observed distribution
of msert sizves 1 the simulated data. To generate the sead genotype, the mventors constructed a
graph with nodes representing heterozygous varignts m GMI2878 {chromosome 1) and edges
corresponding to reads that cover multiple vaviants. This graph is essentially a genotype graph
because the phasing was not known vet. Hence, the whole point of this graph is to provide a
subset of variants that are part of the seed genotype and that are not (gaps to be mmferred by focal
phasing), based on the resolution and Hi-C data structure. Seed genotypes were generated at
required parameters of read length and coverage 1o attain a specific resolution.  These seed
genotypes were used for both local phasing {(FIG. 3a) and to stady the minimal requirements for
generating seed haplotvpes of enough resolution (FIGs Sc-d).  These two analyvses were
performed independently and in both cases, generating seed genotypes and downstream analysis

were repeatad 10 times to note the average results.
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To perform local conditional phasing, one needs an & priort haplotype system to check
accaracy of the local conditional phasing. Because a priont haplotype information from the trio
covers only ~65% of heterozygous variants, it was decided to perform local phasing simulation
only on the trip subset. Specifically, it was conditioned that every variant that is part of either
seed genotype or “gaps,” should be part of 100 genome phased trio. Seed genotypes were
converted to seed haplotvpes using the trio information while keeping “gap” variants as
unphased. Local phasing conditioned on the seed haplotype was then used to infer phasing of
the gap varants using Beagle. Homezygous vanants were allowed to assist Beagle in making
better predictions from the hidden Markov model.

To perform neighborhood correction for a seed haplotype unphased variant, the inventors
collected 3 vanants each upstream and downstream that are phased in seed haplotype. Then it
was checked 1f there 18 100% correlation between the phasing present in seed haplotype to what
is predicted by Beagle., This gives a confidence of how well Beagle could have performed mn this
“local” region. If there s a 100% mateh, the variant was considered as conditionally phased. If
there is not 100% match, the unphased variant was disregarded in the final haplotype. Other
window sizes such as 5 and 10 were tried and no improvement in accuracy was found,

Locad Condittonal Phasing In Human GMI2878 Cells

The inventors coupled HaploSeq analysis and local conditional phasing to increase
resolution m GM12878 cells. Local conditional phasing was performed as described earlier on
genotypes that are commaon between GM12878 {refl 44) and population samples. In addition, as
the seed haplotype 18 not 100% accurate, the mventors marked the seed haplotype phased
vartants that did not agree with local phasing, These marked variants were made “unphased™ as
these could be potential errors. Hence, apart from using neighborhood correction for deciding
whether a gap variant needs to be locally phased {as in the simulation}, the mventors also used
this information to mark variants i the seed haplotvpe that could be potentially erroneous. This
atlowed a minor increase in accuracy after local phasing (see Table 1),

Overall HaploSeq accoracy is estimated as the fraction of heterozygous variants correctly
phased in the MVP block after local phasing (FIG. 5b and Table 1. In particular, the jnventors
used only the vanants phased in trio to estimate accuracy. For local phasing in cheX, the

mventors made the male haplowd genotypes as homozygous.
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GMI2878 cells have a lower variant density than CASTxI129 and a lower coverage
added more constraints on the prediction model resulting 1n relative higher HaploSeq error rate
of 2%, when compared to 0.8% in fow density CASTxI129 case. A usable coverage of 25-30x
{as shown in FIG. Sc-d) could help gain accuracy and potentially cover more rare variants i the
seed haplotype. Carrently, about 16% of the variants are not locally phased due to thew absence
m population. These could be phased either by additional Hi-C data or even conventional
genome sequencing data, which can potentially link gap variants 1o vanants in seed MVP block.
An mmportant aspect in HaploSeq analysis s the ability to form seed chromosome-span
haplotype, which cannot be made from conventional genome sequencing or mate-pair or
fosmids.

Fosmid Sinnilations

To simulate fosmid based sequencing {FIGs. 4b and ¢}, the mventors emulated fosnud
clones as paired end sequencing, with insert sizes close to 40 kb, The inventors reasoned that
this approach 15 easier to simulate and yet maintains the data stracture that fosmids add to
haplotype reconstruction.  As evidence, the simulation produces haplotype blocks of size up to
IMb in humans, as reported by other groups (Kitzman ef af., Nature Biotechnology 29, 59-63
{20113 Suk el gf, Genome Research 21, 1672-1685 (201 1) and Duitama ef «/., Nucleie Aads
Research 40, 2041-2083 (2012)).

To that end, simulated 100bp pared-end reads were at various sequencing coverage for
GMI12878 clwomosome |, Reads were simulated with random starting positions with a mean
msert size as mentioned and a standard deviation of 10% of the mean. Fosnud imserts represents
simulations with “fosmid-size™ msert to pinpoint the ability of these large tragments to generate
longer haplotypes. 500bp Skewed mix inserts contained 70% of S00bp insert sizes, 20% mate-
pair mserts and 10% 40000 bp inserts. 40000 bp skewes contained 70% 40000 bp inserts and
10% 300bp inserts. The NSO defined span of 50% of haplotype blocks containing NSO span.
Simulations were repeated for 10 times and noted average NSO in the Y axis. The results
demonstrated that higher coverage alone cannot form longer haplotpes.  Further, these data

demonstrated {onger the msert size fragments generate longer haplotypes.

EXAMPLE 2 Experimental Strategies of HaploSeg
In HaploSeq, the wventors first performed proximiuty-ligation sequencing based on the

previously established Hi-C protoceol (Lieberman-Aiden ef af, Science 326, 289-293 {2009}
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Proximity-higation was first performed i séy prior to the wolation of DNA from cells, as
opposed to purified genomic DNA in other haplotyping approaches (FIG. 1a). Specifically,
spatiatly proximal genomic regions were cross-linked i iy, digested with a restriction enzyme,
re-ligated to form artificial fragments, which were subsequently isolated (FIG. 1a). The purified
DNA fragments thus isolated may capture two distani genomic loct that looped together in 3D
space i viva {Dekker e af., Science 295, 1306-1311 (2002); Licberman-Aiden ef /., Science
326, 2R89-293 (2009); and Kalhor ef o/, Natore Biotechnology 30, 90-98 (2012)). Indeed, after
shotgun DNA-sequencing of the resulting DNA library, paired-end sequencmg reads have “insert
sizes” that range from several hundred base pairs to tens of million base pairs, while other
methods tend to generate “inserts” ranging from several hundreds to tens of kilobase pairs (FIG.
ta-bj  Theoretcally, the experimental approach i HaploSeq preserves haplotype mformation
because it allows two regions of the same chromosome that are linearly far apart to be linked mto
a short and contiguous DNA fragmert (FIG. 1a). While the short fragments generated in a Hi-C
experintent can form small haplotype blocks, long fragments oltumately can link these small
blocks together (FIG. Ic). With enough sequencing coverage, such an approach permits one to
hink vatianis in discontinuous blocks and assemble every such block fo a single haplotype.
Therefore, with proximuty-ligation based methods to prepare DNA sequencing libraries one can
reconstruct chromosome-span haplotype blocks.

One factor to be considered is that proximity-ligation can capture interactions both & cis
within  an  iadividual allele and In trany between homeologeus and  non-homologous
chromosomes. While non-homologous frans imteractions between different chromosomes do not
affect phasing, interactions in frans between homologous chromosomes (referred to as A-frans
hereafter) may complicate haplotype reconstraction if A-frany mteractions were as frequent as oy
wieractions. Therefore, the mventors set out to determine the relative frequency of A-fruny
versus ofs interactions i proxinuty-ligation sequencing data. To accomplish this, the inventors
used hybrid mouse embryonic stem cell (ES) Hne dertved from a cross between two inbred
homozygous stratns (Mus musculus caxtaneouns (CANT) and 12984/SvJae (J129)), for which the
pareptal inbred whole genome seguences {WGS) were publicly avalable.  As a result, the
knowledge of the maternal and paternal haplotypes within this cells line are known o priori as a
product of the breeding stracture, and the frequency of interactions between alleles can then be

explicitly tested.  The wmventors performed Hi-C experiment and generated over 620 nullion
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usable 75 base-pair paired-end reads from these hybrid ES cells, corresponding to 30x coverage
of the genome,

To determune the extent of intra-haplotype {cis) versas inter-haplotype (f-irang)
interactions, the mmventors used the prior haplotype information to distinguish reads from CAST
and J129 alleles. To examine the A-irany interaction patterns, the mventors at first visually
checked the pattern of mteractions between every allele (FIG. 2a). Previous Hi-C studies have
confinmed the long established concept of chromosome territories, albeit withouwt distinguishing
between the two alleles for each chromosome (Lieberman-Aiden er o/, Science 326, 288-.293
{2009); and Kathor ¢ ¢f , Nature Biotechnology 30, 90-98 (2012)). The inventors observed that
the CAST and J129 alleles for each chromosome form mdividual chromosome territories {(FIG.
Ja). Further, the inventors observed <2% b-frans interactions when compared with ofy
mteractions, indicating that the vast majority of Hi-C reads arve truly in oix(FIG. 2b). In addition,
the probability of a DNA read bemg in cls versus i A-frans appears 1o vary as g function of the
insert size between the read pairs (FIG. 2¢, and FIG. 6). As shown FIG. 6, each plot depicts
lowess smoothened curve and the black plot results from combining all chromosomes. This
shows that every clromwosome follows a stmilar pattern of A-framy interaction probabilities,

These observations indicate that the A-frany interactions are a rare phepomenon.

EXAMPLE 3 Accurate Reconstruction of Chromesome-Span Haplotypes in the Hybrid Mouse
ES Cells at High Resolution

The existence of rare A-frans mteracting reads and phenomena such as sequencing errors
at the variant locations can cause erroneous connections between the homologous pairs and raise
conflicts for haplotype reconstraction. To overcome these problems, the inventors mecorporated
HapCUT™ software into HaploSeq analysis to probabilistically predict haplotypes. In particular,
HapCUT constrocts a graph with belerozygous vartants as nodes and edges as explained by
overtapping fragments. This graph might contain several spurious edges due to sequencing
grrors ot fA-frany tmevactions.  HapCUT uses a max-cut algonthm o predict parstmonions
solutions that are maximally consistent with the haplotype iformation provided by the set of
input sequencing reads {(FIG. 3a). Becguse proximity-higation generates larger graphs than
conventional genome sequencing or mate-pair, the inventors modified HapCUT to reduce Hs
computing time, making it feasible for HaploSeq analysis. To test the ability of HapCUT to
generate haplotype blocks from proximity-hgation and sequencing data, the mventors agam
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atihized the CASTN129 mouse ES cell Hi-C data.  In this instance, the inventors did not
distinguish @ priori to which allele a sequencing read belongs. Instead, the mventors allowed
HapCUT to reconstruct de nove haplotype blocks of the heterozygous variants. The inventors
then utilized the known haplotype information of the CAST and J129 alleles to assess the
performance of the algorithm. The inventors ased the metrics of completeness, resolution, and
accuracy to assess the success of the HaploSeq analvsis in haplotype reconstruction (FI1G. 7).

In FIG. 7a, heterozygous SNPs are considered as nodes, and edges are made between
nodes that belong to same fragment. This graph system establishes two homologous
chromosomes (or haplotypes) de-novo. Nevertheless, there can be multiple blocks formed and in
this example, and the inventors had identified one large MVP component that spans 96.15% and
one other small block that cannot be connected to MVE block (shown in the black edged box).

The completeness of haplotype phasing is measwred by the size of the haplotype blocks

generated m terms of the number of base-pairs spanned or by the total number of heterozygous
aaviants spanped per block.  In general, HapCUT will generate several haplotype blocks of
vagious sizes for each chromosome depending on heterozvgous varlant connections.  The
haplotype block containing the most heterozygous variants phased (MVP) is generally the most
interesting, as it is often the largest spanning block. In addition, a nunority of heterozygous
variants may be assigned to smaller blocks due to their inability to be connected with MVP
block. The MVP block in this case spans greater than 99.9% of the phasable base-pairs for sach
chromosome (FIG. 30}, demonstrating that HaploSeq analysis using Hi-C data can generate
complete chromosome-span haplotypes.

While completeness 18 detined as the base-pair span of MVP block, resolution is denoted
as the fraction of phased heterozygous vananis relative to the total variants spanned in the MVP
block (FIG. 7). These MVYP blocks generated for each chromosome are of high resolution, as the
mventors could phase about 95% of the heterozygous vanants on any given chromosome (FIG.
3b). The inability to link the remuaining 5% of heterozygous variants is likely due to either the
ahsence of sequencing fragments covering these variants or the inabihty to link these
heteroxyvgouns vananis fo the MVP haplotype block. As a result, the MVP block, while spanning
the majority of the chromosome, contains approximately 3% gaps in variants phased.

To assess the accaracy of the heterozygous variants within the MVP block, the mventors

compared the predicted haplotypes generated de nove by HaploSeq analysis with the known
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haplotypes of the CAST and 1129 alleles. The inventors define accuracy as the fraction of
phased heterozygous vartants that are correctly phased in the MVP block (FIG. 7). Of the
variants that were assigned to MVP haplotype block, the inventors observed »99.5% accuracy in
distinguishing between the two known haplotypes (FIG. 3b).

Lastly, as the mventors had previously demonstrated that the Afrans mnteraction
probability increases with the genomic distance separating two sequencing reads (F1G. 2¢), the
mventors incorporated the A-frass interaction probabilities into the HapCUT algorithm and
capped the maximuin insert size for sequencing reads at 30 milhion base pairs. These conditions
did not sacuifice the completeness of the haplotypes the inventors generated. Instead, the
mventors observe a further improvement in the accuracy of the variants in the MVP block with a
modest reduction of the resolution of the variants phased (FIGs. 8a and b).

As shown m these figares, constramed HapCUT model allowed only fragments up to a
certain maximum insert size (maxiS), The lowest maxIS was 5 megabases, below which the
ability to form chromosome-span haplotypes tn MVP block 1s lost. At higher maxiS, the
resolution of MVP block {a) is high but contains higher accuracy (b}, Hence, 30 megabases was
chosen as the maxiS as to allow acceptable levels of resolution and accuracy. This simulation
was performed in different chromosomes i CASTRIZ9 system in the low vanant density
scenario, as this was more close to human applications. This analysis did not incorporate the 4-
frans probabilities, so that the effect of maxiS alone is realized.

In summary, these results demenstrate that HaploSeq analysis vields complete, high

resolution and accurate haplotypes for all atosomal chromosomes.

EXAMPLE 4 Comparisons of HaploSeq with Other Haplotype Phasing Methods

To compare the method disclosed here with previous established haplotyping methods,
the mventors simuolated 20 x coverage DNA sequencing data for conventional patred-end
shotgun DNA sequencing (WGS), mate-pair sequencing, fosmids and proximity-ligation to
assess each method’s ability to recosstruct haplotypes.  The imventors observed that only
HaploSeq analysis using proximity-ligation could generate a chromosome-span MVP block,
while other methods generated significantly smaller MVP blocks and thus have a fragmented
haplotype structure (FIG. 3¢y, In particular, mate-pair and fosmids based sequencing approaches
generated blocks of few hundred kilobases and sbout a megabase in size, respectively, The

mventors combined WOS data with mate pair, fosmuds and proximity-ligation to mcrease
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coverage and add vanability in data strocture, and vet the ability to generate longer haplotypes
did not change significantly (FIG. 3¢). To compare the resolution of the methods, the inventors
examined the cumulative adjusted span of the top 100 variant-phased haplotype blocks (FIG.
3d), where adjusted span is denoted as the product of completeness and resolution. The MVP
block alone obtamed in HaploSeq was complete and had ~90% resolution.  In countrast,
conventional shotgun seguencing, mate pairs and fosmids can only cover 5%, 65%, and 90% of
the chromosome when all blocks are considered cumulatively. Cunmulative completeness is of
less potential usage than the size of the MVP block since vartants m different blocks remain
unphased with each other. Higher coverage (dashed hnes, FIG. 3d} did not sigmificantly change
the cunmilative span pattern.  This shows that total sequencing coverage appears to be less
unportant than the method used for phasing m order to generate chromosome-span haplotype
blocks.

EXAMPLE 5 HaploSeq Performance Depends On Variant Density

A distinet feature of the CASTxI129 ES cell hne is the high density of heterozygous
variants present throughout the genome. On average, there 1s a heterozygous variant every 150
bases, which is 7-10 times more frequent than in humans {Wheeler of ¢/., Nature 452, 872-876
{2008} and Pashkarev ¢f ol Nature Biotechnology 27, R47-850 (20000 (FI1G. 4a). To initially
test the feasibulity of HaploSeq to generate haplotypes in lnuman cells, the mventors sub-sampled
heterozygons variants in CASTxII29 system so that the variant density mimics that in homan
populations. The inventors then tested how lower variant density affects the ability of HaploSeq
to reconstruct haplotvpes.  While a redoced variant density rapidly decreases the ability of
fragments to harbor belerozygous variants, the ability to obtain accurate and complete haplotype
blocks by HaploSeq did not change (FIG. 4b). The inventors still observed complete haplotypes
over each chromosome, and the average accuracy decreased only margmmally, from -99.6% to
~99 2% i fow vartant density case (FIG. 4b). However, a lower variant density did resolt m less
usable veads, which in turn provides lesser opportunities for the prediction model 1o resolve
haplotvpes. As a result, the MVP block generated using “human” variamt density has lower
resolution with fower variants phased compared to high-densiiy condition.  Approximately 32%
of heterozygous variants are now phased in the MVP block (FIG. 4b), instead of 95% i the
high-density case (FIG. 3b). In swmmary, low variant density does not affect completeness or

accuracy, but does affect the resolution of chromosome-span haplotypes by HaploSeq analysis,
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EXAMPLE 6 HaploSeq Analvsis of a Human Individual

To realistically assess the ability of the method here to phase haplotypes in homans, the
inventars performed HaploSeq in the GMI2878 lymphoblastoid cell line. The complete
haplotvpe of this cell line has been determined by the 1000 genomes project from family trio
WGSY, The inventors generated over 262 million usable 100 base pair paired-end reads
corresponding to ~17 x coverage.  HaploSeq successfully generated chromosome-span
haplotypes i all acrocentric chromosomes and in 17 out of 18 metacentric chromosomes in the
GMI2878 cells (FIGs. 4e-d). Of note, previous methods attemapting haplotype reconstruction in
humans are unable to reconstroct haplotypes spanning across the highly repetitive centromenc
regions of metacentric chromosomes (Levy ef af., PLoS Biology 5, €254 (2007); Kitzman ef o/f.,
Nature Biotechoology 29, 59-63 (201 1); Suk e ¢/, Genoeme Research 21, 1672-1685 (2011 )
Duttama e o/, Nucleic Acids Research 40, 2041-2053 (2012); and Kaper ef ol Proc Natl Acad
Sci I734 110, 5552-5557 (2013)).  Using HaploSeq, the wmventors generated haplotypes that
spatmed the centromere in all metacentric clromosomes with the exception of chromosome 9,
where an erroneous linkage causes switching of haplotype calls at the centromere. In addition to
having a large 15 Mbp poorly mapped centromere region, chromosome 9 has relatively lower
usable coverage (13.7 x). The mventors hypothesized that additional coverage might offer a
better chance in spanning the centromere. Therefore, the inventors combined the Hi-C data with
previously geperated Hi-C and TCC data v chromosome 8, which increased its coverage to
~15x,  Tethered chromatin capture (TCC)Y is similar to Hi-C where the cross-linked DNA
fragments are tethered and ligated together on a solid swrface. TCC generates sinular data as a
Hi-C experiment with shghtly better abilitv to capture true long-range chromatin interactions
{Kalhor e ¢f, Nature Biotechnology 30, 90-98 (2012)). Using this combined dataset, the
mventors were able to accurately phase the entire chromosome 9. In summmary, the inventors
generated complete chromosome-span  haplotypes, for all homan chromosomes including
chromosome X, albeit at reduced resolution of ~22% {(FIG. ¢, from just 17 x genome coverage

of HaploSeq analysis,

EXAMPLE 7 Complete and High Resolution Haplotype Phasing By Combining HaploSeq and
Local Conditional Phasing
While HaploSeq generated complete chromosome span haplotypes, it was unable to
achieve a lugh resohution of vartants phased due to the low vanant density m a human
34



WO 2015/010051 PCT/US2014/047243

population.  This resulted in “gaps”™ where heterorygous variants remained unphased relative to
the MVP haplotype block. The inventors rcasoned that these gap variants could be
probabilistically linked to the MVP block using linkage disequilibrium patterns derived from
population scale sequencing data.  For this purpose, the inventors used the Beagle (v4.0)
{Brownmg ¢ aof., Genetics 194, 4539-471 (2013)) software and sequencing data from the 1000
genomes project {(Genomes Project, €. er of, Nature 491, 36-65 (2012)). The mventors used the
HaploSeq generated chromosome-span haplotype as a “sced haplotvpe™ to guide the local
phasmg.  As a result, the inventors could generate local phasing predictions from linkage
disequilibrium (LD} measures for the remaining unphased “gapped” vartants relative to the MVP
block.

To inttially investigate the effectiveness of this appreach, the inventors sunulated
chromosome-span seed haplotypes i the GMIZRTS genome with different percentages of
resolution in terms of the number of variants phased in the MVP block. The simulation results
indicate that the mventors can accorately mfer local phasing even at low-resolution seed
haplotype mputs (3% error at 10% seed haplotype resolution, upper curve in FIG. 3a). Due to
complex population structures, occasional mismatch occurs between phase predictions from
local haplotypes predicted by Beagle and the HaploSeq seed haplotvpe. To correct this
phenomenon, the inventors checked a neighborhood window region surroundmg every
heterozygous variant to be inferred and analyzed the agreement in phasing between seed
haplotype and local phasing. By only accepting variants as being phased relative 1o the seed
haplotype if they have a 100% agreement, the inventors could reduce the error rate to ~0.7%
regardless of seed haplotype resolution (lower curve, FIG. 5a). Because of this, the fraction of
heterozvgous vanants for which the mventors can infer local phasing increases with greater seed
haplotype resolution (bottom panel, FIG. Sa). The inventors used a neighborhood window size
of 3 phased seed haplotvpe variants, and an increase m window size did not increase accuracy
significantly.

Based by these results, the tvemtors used the MVP chromosome-span haplotypes
generated from HaploSeq analysis as seed haplotypes and performed local conditional phasing.
Overall, the nventors generated clromosome-span haplotypes with ~81% resolution at an
accuracy of ~98%, on average {FIG. 5b). Notably, among the 19% heterozygous variants that

cannot be locally phased, ~16% were due to their sbsence in population samples and ~3%

At

3
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because of neighbothood correction, which only margmally affects resolution (FIG. Shy
Therefore, by couphing HaploSeq analysis and local conditional phasing, the inventors were able

to achieve high resolution and accurate chromosome-span haplotypes in humans.

EXAMPLE 8 Requirements to Obtain Accurate and High-Resolution Chromosome-Span
Haplotypes by HaploSeq

From the local conditional phasing analysis, the tnventors deduced that a seed haplotype
with ~20-30% resolution is sufficient to obtain accurate and high-reselution chromosome-span
haplotypes. A subsequent gaestion theretore is what are the muumal experimental reqairements
to achieve chromosome-span seed haplotypes with ~20-30% resolution. To mvestigate this, the
invenors generated simulated proxinuty-ligation sequencing data with varying read length and
sequencing coverage. Based on the simulations, to first achieve chromosome-span haplotvpes
depends on obtaining a usable sequencing coverage of ~15x, irrespective of the read length (FIG.
3¢} After obtaining chromosome span-haplotypes, achieving the desived fraction of ~20-30%
resolution would require approximately 25-30x usable coverage with 100 base-pair paired-end
reads (FIG. 3d}. The simulation also emphasizes the need for longer read lengths, as longer read
lengths mmcrease seed haplotype resolution significantly. In addition, this simulation did not take
accuracy inte account and vet from the analvsis of GMI2878 cells, the inventors could deduce
that the ability to reconstruct accurate haplotypes depends on usable coverage. For instance, low
coverage chromosomes such as 17 and 19, have a relatively lower accuracy. In particular, lower
coverage niight cause many variants to be linked with fewer edges, which i turn can propagate
high error structures to the entirety of chromosome-span haplotypes. See Table | below.

Table 1 shows the relationship between coverage and accuracy of MVP blocks. Low
coverage affects the abibity of proxinuty-ligation to achieve accurate haplotypes as seen in
chromosomes 17, 19 and 20, After local conditional phasing (LOP), resolution was increased
from 22% to 81% (FIG. 5b) without reducing accuracy further. In fact, 8 minor increase was
seen i accuracy based on neighborhood corvection. The last colunm reflects overall accuracy,
as also shown in FI1G. Sb.

Furthermore, while the inventors did not reach ~23 x usable coverage for any of the
chromosomes, the mventors could sull achieve about ~98% accuracy on average. Additional
coverage can increase gccuracy even further, gs observed i low-density CASTxI129 systenm
Theretore, 25-30x usable coverage with 100 base pair pared-end reads is safficient to achieve
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chromosome-span haplotypes with ~20-30% resolution and allow accurate local conditional
phasing using HaploSeq analysis.

Table 1.

tsabile
Chwr fovarage

chel 17708

ohd 20883

chrd 20,583

ohwid 2183 §7.083 HR.A5Q

riwd 19813 QF 8578 88 818

chef 23416 {7 4% GR.432

gha? 17988 G7 B UG8 445

b 18777 8543 BETES

ohed 14,748 87 8858 SR.08Y

ohwif FEAY .48 98,743

ahrtt YETE 28.184 QB.ATd

ehri2 18840 SB0N43 $8.562
Q7 403 [8.428
28170 g8 74
SFr g SR U2
B 488

ahwdi RERINY BE.34E
chdd T EAR 97,843
aheX 18,780 [F 890 QA8

EXAMPLE 9 HaploSeq Analysis of Haman Individuals

In this example, HaploSeq analysis was carnied out wsing samples from four human
mdividuals. To that end, human tissne samples were flash frozen and pulverized prior to
formaldehyde cross-linking. Hi€ was then conducted on the samples as described o
Lieberman-Aiden ef gl Science 326, 289-293 (2009). Haplotyping was performed using the
previously described HaploSeq method (Selvaray ef of ., Nat Biotechnol. 2013 Dec:31{12) 1111
8. Briefly, Hi-CC reads from each donor were used as iput sequencing wnto the HapCUT

37



WO 2015/010051 PCT/US2014/047243

software {Bansal ¢ o/, Bioinformatics. 2008 Aug 15:24(16)3153-9) m order to generate
haplotype predictions. For final haplotype calls, Hi-C data was combined with WGS mate-pasn
data for the donor genomes. Because Hi-C data can phase only some of the SNPs, the local
conditional phasing procedure was performed by utilizing popualation sequencing data from the
1000 genomes project.  HaploSeq generates two haplotypes for each chromosome, one for the
maternal allele and one for the paternal alfele. One allele is named as P1 (parentl} and another
allele is named as P2 {parent2) since mformation regarding the parent of origin in each donor
genome was not available.

For four different tissue donors, the mventors were able to generate haplotypes spanning
entire chromosomes with 99.3% completeness (the coverage of haplotype resoived genomic
regions) on average and with an average resolution {the coverage of phased heterozyvgous SNPs)
ranging from 78% to 8§89% m each tissue donor. The accuracy of haplotype predictions was
validated by comparing the concordance of predicted haplotypes with the SNPs residing in the
same paired-end sequencing reads. The concordance rates were 99.7% for H3K27ac ChiP-seq

reads and 98.4% for mRNA-seq reads indicating a high degree of accaracy.

EXAMPLE 10 Targeted Haplotypmmg Using Capture-HiC and Sequencing

I this example, Capture-HiC with oligonucieotide probes was used to capture chromatin
interactions for targeted haplotyping of the entire human HLA locus.

To generate Hi-C libraries, GMI2878 {CORIELL) cells were cultored in suspension in
85% RPMI media supplemented with 13% FBS and IX penicillin/streptomyvein. GM12878 cells
were harvested, formaldehyde fixed, and subject to the Hi-C protocol as desenibed in Liebenman-
Auden ef af. Science 326, 289-293, {(2009), with some modifications prior to capture sequencing.
After Hluming adapters were ligated onto Hi-C fragments, ibraries were subjected to 14 cycles
of PCR amplification prior {0 capture hybridization using a lngh-fidelity (Fusion) polymerase.
The number of pre-capture PCR cveles can be tatlored depending on how puch DNA s required
for downstream captare hvbridization reactions. In thus case, several parallel POR reactions were
performed using small amounts of bead-bound HiI-C library mput at 14 cycles to maximize PCR
yield and to obtain sufficient material for reproducible Capture-HiC expenments. NGS was
performed on the pre-capture (14 cycle) hibranes in order fo examine library quality and to

provide an mternal depth-maiched control for Capture-HiC libraries.

e
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Using the protocols described above, a conventional Hi-C Hbrary was first generated with
encugh material to enable oligonucieotide probe based capturing of the entire HLA region (FIG.
9 and FIG. 10a).

To obtain targeted haplotyping of the huwman HLA locus, ohponucleotide probe
sequences were computationally generated and targeted the non-repetitive -+~ 400 bp regions
adjacent to HindI cut sites over the HLA locus (FIG. 10). For that, a haplotyping performance
simulation was carried out.  Brefly, HaploSeq performance was simulated in terms of
haplotyping resolution (Y-axis) as a function of sequencing coverage (x-axis). This study was
performed to more generally ask how well HaploSeq would perform if only Hi-C fragments
containing Hindlll cut site-adjacent sequences were present in the hbrary. In theory, a Capture-
HiC hibrary would only comtain Hi-C fragments i which at least one read-end originated from a
Hindltl cute ssie-adjacent sequence. Therefore, using an m-house conventional Hi-C dataset,
HaploSeq analysis was performed using all mepped Hi-C reads without restricting any of the
reads (Resohution Nores). The usable reads were also restricted to only those contamning at least
I read end within 500bp of a HindHI cut site (Resolution_pm300) or 250 bp of a cut site
{Resolation pm230). Results from this simulation indicated that althoogh there was a ~20%
decrease in haplotyping resolution, the resolution would stll be sufficient for haplotyping
purposes. The results also indicated that there was minimal difference in resolution whether the
reads were restricted to 250 bp or S00bp adjacent to Hindl cut sites.  Accordingly, 400 bp was
chosen for the targeted approach,

Using SureDesign parameters, probes were designed at 4 X tthng density at the target
regions to optinuize capture efficiency and consequently maximizing haplotyping resolution and
accuracy. More specifically, to generate RNA haits, probes were designed using the SweDesign
software suite (AGILENT TECHNOLOGIES). The custom design targeted the upstream and
downstream 400 bp adjacent to Hindil cut sites spanning the MHC locus using the hgl9
genome butld (chr6:29689001-33098938). SureDesign parameters were set to 4 X tiling density,
maximum probe boosting, and maximun repetitive sequence masking,  Despiie not being
adjacent to HindHI cut sites, the mventors also targeted HLA gene exons at 2 X tiling density,
balanced boosting, and maximum repetitive element masking.  In sum, 12,298 probes were

computationally generated by SureDesign using design parameters described herein.
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Next, single~stranded DNA {ssDNA) oligos were synthesized by CustomArray Inc.
ssDNA oligos contained wuversal forward and reverse priming sequences. Forward primnng
sequences comprised of a truncated SP6 RNA polymerase recognition sequence. The reverse
universal priming sequence contained a BstDI recognition sequence for 37 cleavage prior to in
vitro transeription. To convert oligos into biotnylated RNA bais, oligos were diluted and then
PCR-amplified using high-fidelity DNA polymerase (KAPA) and then column-purified
{PROMEGA)Y. The PCR reaction also served to fill in the remainder of the SP6 recognition
sequence. Next, reverse pruming sequences were removed by digesting the dsDNA with BsrDl
{New England Brosciences) and purified again to remove the digested fragment. Lastly, i vitro
transcription  (IVT) was performed according to manufacturer’s protocol (AMBION} in the
presence of blotnyvlated UTP (EPICENTRE). RNA was then column-purified (QIAGEN),
dihuted to working concentration {300 ng/ul) and stored at ~80 °C until use,

To enrich the Hi-C libraries for Hi-C fragments mapping o the HLA locus, capture
hybridization was performed followed by PUR  amplification primanly according o a
CustomArray protocol with some modifications.  Briefly, 500 ng of Hi-C library was incubated
overnight at 65 °C with 500 ng of biotinylated RNA probe. Because the targeted sequence (320
kb} is only ~0.01% of the genome, the inventors carried out 16 parallel hybridization reactions
per experiment and pooled the final hvbridization products prior to sequencing.  Then,
RNADNA bybrids were pulled down using streptavidin coated beads (INVITROGEN), non-
bound DNA fragments were washed away, and captured products were elited.  After captured
products were eluted, they were desalted on QIAGEN MinElute cohnnns, and PCR amplified
(FLISION} using 11 cycles. In thus procedure, sl steps were carnied out independently for each
hybridization reaction. In other words, several parallel post-capture PCR reactions were
performed on the desalted captured fragments, and each post-capture PCR. product was purified
mdependently using AMPure XP beads (Beckman Coulter). PCR products were then pooled and
then concentrated using a speed-vac. The resulting Capture-HiC libraries were then subject to
next-generation sequences on Hhunina HiSeq2300.

Move specifically, after preparing the Capture Hi-U lbrary, the resulting hbrary was
sequenced at ~1X sequencing depth, using paired-end 100bp read lengths. In theory, this
sequencing depth would be enough to cover each base m the genome once. The coverage over

the entire HLA locus (including all non-targeted sequences across the locus) was then computed
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and determuped to be ~32.1 XU To compute the HLA locus enrichment, the HLA coverage was
divided by the genomic coverage. All monoclonal mapped reads from the Captore-HhC
sequencing data were binned into 100 kb bins genome wide. Here, the total number of reads
falling mto each bin at the HLA locus and the adjacent off-target region on chromosome 6 was
plotied. H was found that the targeted HLA locus was approximately from 29 M to 33.4 M,
which displays significant enrichment relative 1o non-targeted adjacent regions on chromosome
6.

tn sum, by performing the above-described capture sequencmg on the Hi-C hibrary, a
Captare-HiC hibrary of the GM12878 human lymphoblastoid cell hine (LCL) was generated at
~1.1 X sequencing depth with ~30-fokd enrichment over the HLA locus.

As haplotvping efficacy depends on the fidelity of 3D chromosomal contacts, 1t was
mvestigated whether Capture-HiC datasets preserved the velative contact frequencies compared
to a conventional Hi-C library at the same locus. To that end, chromatin interactions from
Captore Hi-C were compared with previously published Hi-C data at the HLA locus from
GMI12878 cells. Briefly, contact matrices were generated over the HLA locus in 20 kb bins
using Capture-HiC data from GMIZ878 {top). and pubhished data from GMI2878 (Selvaraj of
al., Nat Birotechnol. 2013 Dec;31(12x1111). Prior to generating contact matrices, each dataset
was normalized by read depth, which simply divides each matrix value (1) by the total nomber
of reads mapping to the locus. It was found that there was a highly significant concordance
between these datasets (p<0.01).

in addition to examining whether the relative 3D contact frequencies were preserved n
Capture-HiCC data, assays were also performed to examume the Hi-C fragment characteristics
more closely. First, using all Capture-Hi(C data {including off-target sequences captored by the
experiment), the mventors compared the proportion of trachromosomal {cis) and
mterchromosomal {trans) reads tn the Capture and Conventional Hi-C libraries and found the
cistrans ratios 1o be consistent with each other. Second, if each dataset was resiricted to only
reads mapping to the HLA locus, # was again found that each dataset contained roughly the
same cisirans ratio. Third, as HaploSeq i3 critically dependent on 8 high Requency of
ciscontacts occurring within the same homeologous chromosome (h-cis) (~99%), the h-cis rate in
the Capture-HiC data was explored. It was found that Capture-HiC data also contamed an

pverwhelming majority (about 98%) of h-cis Hi-C fragments, thus enabling etfective HaploSeq
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analvsis.  This analysis revealed that conventional Hi-C and Captwre-HiC hibranes generally
have comparable cisitrans read ratios and that Capture-HiC has similar homologous-trans
interactions, thus preserving the intra-haplotype contact frequencies, which is critical to maintain
high haplotyping accuracy using HaploSeq.

In addition, analysis of Captare-HiC RNA probe sensitivity was carvied out. As melrics
to evaluate the performance of the Capture-HiC probes, the mventors analyzed the read density
over each probe sequence as well as the total fraction of probes with at least 1 captured H-C
fragment. To that end, the read density {Y-axis) was plotted for each umique RNA probe
sequences {(X-axis) to generate a histogram. Fach vertical lne in this histogram represents a
single unigue probe. It was found that of all 7,883 total unique probes, 7,650 (~97%) had a least
one read mapping to the sequence targeted by the probe. This provides some sense of the overall
sensitivity of the capture sequencing approach.

Taken together, the above results shown that the Capture-HiC protocol data was of high
quality data and therefore enables accurate analyses of haplotvpe patterns.

Next, haplotype reconstruction from Capture-HiC data was performed using HaploSeq
{Selvaray ef al., Nat Biotechnol, 2013 Dec,31(1231111-8) and LUP protocols.  First, phasing
imformation for GM12878 was obtained from previously published data (Genomes Project, C. e
al. Natwre 467, 1061-1073, {(2010)). Then, the HaploSeq and the local conditional phasing
{L.CP} protocols were utilized to generate a single haplotype structure over the HLA locus and
phased ~95% of alleles w GMI2878. The haplotvping resulis from HaploSeq analysis are
sammarized W the table below. The predicted haplotype structre was then compared with
previously reported haplotype structures and estimated the accuracy of Capture-HiC to be
~87.7% {see Table 2 below}.

Table 2

Haplotyping Results

Completeness 100%
Resolution 42109112 (4o 2%
,,,,,,,,,,,,,,,,,,, Acegracy | WL0ece

Completeness 100%
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Resolution BRI6IO112 (Pa.5%
Loy flavnnl )
HAPCUT Accuracy 4039/4206 (96023

IMPUTATION Accuracy 4400/4430 (99.3%

As shown in the table, after HapCUT, the mventors generated a complete haplotype
structare of the HLA locus and phase ~46% of all heterozygous SNPs at ~96% accuracy. After
LECP, ~95% of all heterozvgous SNPs were phased at ~98% accuracy. Of the final haplotvpes
structure, the accuracies of the SNPs phased by HapCUT and LCP were found 1o be ~96% and
9%, respectively.

Notably, the method disclosed herein is the first to demonstrate high-guality haplotyping
across the entire HLA locus, phasing not only the lughly diverse major and minor HLA allele
loct, but also other important immunoclogieal genes and non-HILA genes across the locus together
m a single haplotype structare. More broadly, this methodology is among the first to achieve
complete haplotype structure of a user-defined targeted loct {Kaper et ol Proc Nail dewd Sci
U84 110, 5552-57 (2013)). By achieving accurate haplotypes (~98%) for 95% alleles, this
approach can be used i personalized genomics and population genetics.

The foregoing examples and description of the preferred embodiments should be taken as
itlustrating, rather than as limiting the present imvention as defined by the claims. Ay will be
readily appreciated, numerous variations and combinations of the features set forth above can be
atilized without departing from the present invention as set forth in the clams. Such variations
are not regarded as a departure from the scope of the mvention, and all such variations are
mtended to be included within the scope of the following clatms, All references cited herein ave

incorporated herein i their entireties.
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CLAIMS
WHAT IS CLAIMED IS:

i A method for whole-chromosome haplotyping an organism, comprising

providing a cell of the organism that contains a set of chromosomes having genomic
DNA

incubating the cell or the nucle thereof with a fixation agent for a penod of time to allow
crosshinking of the genomic DNA in st and thereby to form crosshinked genomic DNA;

fragmenting the crosshnked genomic DNA and ligating  the proximally located
crosshnked and fragmented genomic DNA to form a proximally hgated complex having a first
genomic DNA fragment and a second genomic DNA fragmment;

shearing the proximally higated complex 1o form proximalliy-ligated DNA fragments;

obtaining a plurality of the proximally-ligated DNA fragments o form a library;

sequencing the plurality of the proximally-ligated DNA fragments 1o obtain a plurality of
sequence reads and

assembling the plurality of sequence reads o construgt a chromosome-span haplotvpe for

one o more of the chromosomes.

g cell of

o]

2. A method for targeted haplotyping of an orgamsm comprising providin
the organisin that contams g set of chromosomes having genonue DNA; incubating the cell or
the nuclel thereot with a fixation agent for a period of time to allow crosslinking of the genonne
DNA m situ and thereby to form crosslinked genomic DNA; fagmenting the crosslinked
genonmtic DNA and ligating the proximally located crosslinked and fragmented DNA o form a
proximally hizated complex having a first genomic DNA fragment and a second genomic DNA
fragment; shearing the proximally ligated complex to form proximally-higated DNA fragments;
contacting the proximally-hgated DNA {fragments with one or more oligonucleotides that
hvbridize 1o pre-selected regions of a subset of the proximally-ligated fragments to provide a
subset of proximally-ligated fragments hybridized to the ohigonucleotides, separating the subset
of proximalty-ligated fragments from the oligonucleotides; sequencing the subset of proximally-
ligated DNA fragments to obtain a plurality of sequence reads and assembling the plurality of

sequence reads to construct a targeted haplotype.
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3. The method of claim 2 wherein the oligonucleotides are immobilized on a solid

substrate,

4. The method of claim 1 or 2, further comprising isolating the cell nuclei from the

cell betore the incubating step.

s The method of claim 1 or 2, further comprising punfyimng hpated genomic DNA

betore the fragmenting step.

6. The method of claim 1 or 2, further comprising after the fragmenting step

fabehng the first genonye DNA fragment or the second genomic DNA fragment with a
marker;

joming the first gepomic DNA fragment and the second genomic DNA fragment so that
the maker is there between 1o form a labeled chimeric DNA molecule; and

shearing the labeled chimeric DNA molecule to form labeled, proximally-ligated DNA
{fragments.

o

The method of claim 1 or 2, wherein the fragmenting step is varried out by

:-§1

digesting the hgated penomic DNA with ¢ restriction enzyme o form digested genomic DNA

fragments.

8. The method of claim 1 or 2, wherem the fixation agent comprises formaldehyde,

glutaraldehyde, or formalin.

9. The method of clatin 6, wherein the labeling step is carried out by filling the ends

of said first or second genomic DNA fragment with a nucleotide that 1s labeled with the marker.

10, The method of claim 9, wherein the marker is hiotin.

o
T4t
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11, The method of claim 10, wherein the oblaining step is camied owf using
streptavidin,

12, The method of claim 11, wherein the streptavidin is affixed to a bead.

13. The method of claim 6, wherein the joining step is carried out by ligating the st

genontc DNA fragment and the second genomyic DNA fragment using a ligase.

14, The method of claim 13, wherein the higanng 15 performed m solution.

-
A

The method of claim 13 wherein the ligating is performed on a solid substrate.

16, The method of claim 1 or 2, wherein the sequencing is carried out using pair-end

sequencing of parr end sequencing fragmends,

17.  The method of claim 16, wherein each pair-end sequencing vead fragment is at

least 20 bp in length.

18, The method of claim 16, wherein cach pair-end sequencing read fragment is 20-

P50 bp in fength.

19 The method of claim 16, wherein each paw-end sequencing read fragment is 20,

23, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, or 150 bp in length.

20, The method of claim 1 or 2, wherein, for each chromosome, the library contains

at least 15x sequence coverage.

21 The method of claim 20, wherem, for each chromosome, the lihrary containg at

least 25-30x sequence coverage.

22, The method of claim I8, wherein the first genomic DNA fragment and the

second genomic DNA fragment are on the same chromosome.
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23, The method of claim 22, wherein the first genomic DNA fragment and the second

genomic DNA fragment ave apart i sitr by at least 100bp.

24, The method of claim 23, wherein the first genomic DNA fragment and the second

genomic DNA fragment are apart in ifu by 100 bp -100 Mb
25 The method of claim 24, wherem the first genomic DNA fragiment and the second
genomic DINA fragment are apart in sincby 100 bp, 1 kb, 10 kb, 1 Mb, 10 Mb, 20 Mb, 30 Mb, 40

Mb, 30 Mb, 60 Mb, 70 Mb, 80 Mb, 50 Mb, or 100 Mb.

26, The method of clamm 1 or 2 wherein the organism 1s a eukaryote.

27, The method of claim 1 or 2 wherein the orgamsm is a fungas.
28, The method of clanm 1 or 2 wherein the organism is a plant.
29, The method of claim | or 2, wherein the organism is an animal.

30, The method of clamm | or 2, wherein the orgamisny is & manumal or a mammalian

embryo.

31, Themethod of claam 1 or 2, wherein the organism is & human or a human embryo.

32, The method of claim 31, wherem the human is a donor or a recipient of an organ,

33, The method of claim 32, wherein the organ 1s haplotyped hefore the organ i3

transplanted to a recipient with matching haplotype.

34, The method of claim 1 or 2, wherein the cell 13 a diploid cell.
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35 The method of claim 1 or 2, wherein the cell is a anguploid cell.
36, The method of claim 1 or 2, wherein the cell is a cancerous cell
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Completness = Span of the MVP block
= 7578 = 86.15%

Resolution = #Het. Varianis phased in MVP block
#Het, Variants spanned in MVP block
= 4113 = 84 8%

Accuracy = Correctly Phased het. variants in the MVP block
= 1011 = 80.8%
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